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Preface

With increasing concern regarding the undesirable environmental and socioeconomic
consequences of petrochemicals and limited fossil resources, biomass, bio-based polymers, and
other renewable natural resources have increasingly become alternatives for the production of
functional materials. Natural biomass, such as wood, bamboo, rattan, cellulose, bacterial
cellulose, lignin, hemicellulose, chitin, alginate, silk, fibroin, starch, protein, collagen, gelatin,
natural rubber, and their modified derivatives/composites, has been widely consumed for the
preparation of bioplastics/biorubber in the form of film/member/hydrogel/foam/aerogels/fibers
for various applications. Biobased synthetic polymers such as polyester, PLA, PHA, PBAT, PC, PBS,
polyurethane, and so on can be derived from a variety of molecular biomasses such as straw glucose,
plant oils, fatty acids, furan, terpenes, rosin acids, and amino acids. The use of such environmentally
friendly or “green” polymer materials can avoid dependence on petroleum resources and reduce
carbon emissions. Additionally,green solvent/process/technology for polymers and polymers for
capturing pollution also contribute to the aim of global green and low-carbon transformation.

The presented reprint contains 30 high-quality original research and review papers by 202
authors from various research centers, including China, the USA, Australia, France, Brazil, Saudi
Arabia, Thailand, and Indonesia. These papers were published in a Special Issue, “Eco Polymeric
Materials and Natural Polymers”, of the journal Polymers. These papers provide examples of the most
recent developments in eco-polymeric materials and natural polymers. The Guest Editors would like
to thank all authors who contributed to this Special Issue. The Guest Editors would also like to
thank Special Issue Editor Jenny Hu for her overall professional attitude and kind assistance with the

publications.

Jingpeng Li, Yun Lu, and Huiqing Wang
Editors
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With the increasing concern regarding the undesirable environmental and socioeconomic
consequences of petrochemicals and limited fossil resources, biomass, bio-based poly-
mers, and other renewable natural resources have increasingly become alternatives for
the production of functional materials [1-3]. Natural biomasses, such as wood, bam-
boo, rattan, cellulose, bacterial cellulose, lignin, hemicellulose, chitin, alginate, silk, fibroin,
starch, protein, collagen, gelatin, natural rubber, and their modified derivatives/composites,
have been widely consumed for the preparation of bioplastics /biorubber in the form of
films/members/hydrogels/foams/aerogels/fibers for various applications [4—6]. Biobased
synthetic polymers such as polyester, poly(lactic acid) (PLA), polyhydroxyalkanoate (PHA),
poly (butylene adipate-co-terephthalate) (PBAT), polycarbonate (PC), poly(butylene succi-
nate) (PBS), polyurethane, and so on can be derived from a variety of molecular biomasses
such as straw glucose, plant oils, fatty acids, furan, terpenes, rosin acids, and amino acids [7].
The use of such environmentally friendly or “green” polymer materials can avoid the depen-
dence on petroleum resources and reduce carbon emissions [8,9]. Additionally, the green
solvents, processes and technologies for polymers and the use of polymers for capturing
pollution also contribute to the aim of global green and low-carbon transformation.

Nevertheless, eco polymeric materials and natural polymers face new challenges and
problems every day. This Special Issue brings together different research works and reviews
and attempts to cover the majority of the recent advances and applications of eco polymeric
materials and natural polymers in the last few years.

This Special Issue gathers scientific works from research groups examining various eco
polymeric materials, indicating advances in structural features, functions, and applications.
The total number of manuscripts (30) published in this Special Issue indicates the impor-
tance of eco polymeric materials and natural polymers and the fact that many research
groups and relevant members of the scientific community are thoroughly interested in the
advancement of eco-friendly polymers and their advanced applications.

In their paper, Duan et al. (contribution 1) prepared an egg white dual cross-linked
hydrogel through the induction of sodium hydroxide and the secondary cross-linking of
protein chains by calcium ions. Characteristics of the dual cross-linked hydrogel were
remarkably affected by the concentrations of calcium ions. The incorporation of calcium
ions could benefit the thermal stability, swelling rate and texture of the hydrogels, while
also reducing their swelling capacity. Calcium ions could impact the secondary structure of
polypeptide chains and interact with protein chains, leading to more compact microstruc-
ture formation of the hydrogels. The results suggested that the egg white dual cross-linked
hydrogels exhibited biocompatibility and cell-surface adhesion in vitro, indicating the
potential for biomedical application.

In the study by Wu et al. (contribution 2), a stable composite hydrogel was prepared
by incorporating konjac glucomannan (KGM) with oxidized hyaluronic acid (OHA), after
which alkali processing and thermal treatment were conducted. The obtained hydrogel
was pale yellow, smooth in surface, and had a favorable swelling capacity, which met the
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essential requirements for ideal drug-delivery applications. The OHA played an effective
role in adjusting the swelling ratio and increasing the biodegradation rate. Furthermore,
both the encapsulation efficiency of epigallocatechin gallate (EGCG) and the release proper-
ties of the hydrogels were significantly raised with the presence of OHA. The overall results
suggest that the KGM/OHA hydrogel, loaded with EGCG, exhibited potential applications
in controlled release.

In another study, Zhang et al. (contribution 3) prepared poly(vinyl alcohol)—chitosan/
sodium alginate-Ca?* (PVA-CS/SA~Ca?*) core-shell hydrogels with a bilayer space by
cross-linking PVA and CS to form a core structure and chelating SA and Ca?" to form a
shell structure to achieve multiple substance loading and multifunctional expression. The
SA concentration and SA/Ca?* cross-linking time show a positive correlation with the
thickness of the shell structure; the PVA /CS mass ratio affects the structural characteristics
of the core structure; and a higher CS content indicates the more obvious three-dimensional
network structure of the hydrogel. Their optimal experimental conditions for the swelling
degree of the core-shell hydrogel included an SA concentration of 5%; an SA /Ca?* cross-
linking time of 90 min; a PVA/CS mass ratio of 1:0.7; and a maximum swelling degree of
50g/g.

Another piece of research, conducted by Wei et al. (contribution 4), presented a facile
and scalable method to produce a mass of chitosan tartaric ester via solvent-evaporation
causing crystallization, in which tartaric acid was used as the crystallization and the
crosslinking agent. In their article, chitosan tartaric sodium was prepared via hydrolysis
with NaOH aqueous solution. As a result, the acquired nanostructured chitosan tartaric
sodium, which is dispersed in an aqueous solution 20-50 nm in length and 10-15 nm in
width, shows both the features of carboxyl and amino functional groups. Moreover, mor-
phology regulation of the chitosan tartaric sodium nanostructures can be easily achieved
by adjusting the solvent evaporation temperature. This work proves that this is a simple
route to prepare chitosan-based nanostructure patterns.

A study by Filho et al. (contribution 5) found that the properties of PLA can be tailored
by adding small concentrations of ethylene elastomeric grafted with glycidyl methacrylate
(EE-g-GMA) and poly(ethylene-octene) grafted with glycidyl methacrylate (POE-g-GMA),
generating promising eco-friendly materials. The blends PLA /EE-g-GMA and PLA /POE-
g-GMA showed better impact properties and thermal stability compared to pure PLA. The
increase in crystallinity contributed to maintaining the thermomechanical strength, Shore D
hardness, and shifting the thermal stability of the PLA/EE-g-GMA and PLA /POE-g-GMA
blends to a higher temperature. The obtained results suggested a good interaction between
PLA and the EE-g-GMA and POE-g-GMA systems, due to the glycidyl methacrylate
functional group. In light of this, new environmentally friendly and semi-biodegradable
materials can be manufactured for application in the packaging industry.

In their paper, Sun et al. (contribution 6) prepared a carboxymethyl bacterial cellulose-
based composite film with good thermal stability and mechanical properties. For the
composite films with the addition of 1.5% carboxymethyl bacterial cellulose (% v/v), 1%
sodium alginate, and 0.4% glycerin, the tensile strength was 38.13 MPa, the elongation
at break was 13.4%, the kinematic viscosity of the film solution was 257.3 mm?/s, the
opacity was 4.76 A/mm, the water vapor permeability was 11.85%, and the pyrolysis
residue was 45%. Regression analysis of the data on mechanical properties yielded a
significant correlation between thickeners and plasticizers regarding the tensile strength
and elongation at break of the composite films.

In order to improve the survival rate of transplanted seedlings and improve the
efficiency of seedling transplantation, Wang et al. (contribution 7) developed an environ-
mentally friendly polymer konjac glucomannan (KGM)/chitosan (CA)/poly(vinyl alcohol)
(PVA) ternary blend soil consolidation agent to consolidate the soil ball at the root of
transplanted seedlings. They found that the film-forming performance of the adhesive was
better when the KGM content was 4.5%, the CA content was in the range of 2-3%, the PVA
content was in the range of 3-4%, and the preparation temperature was higher than 50 °C.



Polymers 2023, 15, 4021

The polymer soil consolidation agent prepared under this condition has good application
prospects in seedling transplanting.

As one of the hazardous heavy metal ion pollutants, Cr(VI) has attracted much atten-
tion in the sewage treatment research field due to its broad distribution range and serious
toxicity [10]. Wang et al. (contribution 8) developed a simple and effective strategy for
preparing cellulose fibers with a stable 3D network structure using dissolution, regenera-
tion, wet spinning, and freeze drying. Based on the rich pore structure of cellulose fibers,
thioglycolic acid was used to deeply sulthydryl-modify them to obtain sulfhydryl-modified
cellulose fibers for efficient and rapid adsorption of Cr(VI). The maximum adsorption
capacity of sulfhydryl-modified cellulose fibers to Cr(VI) can reach 120.60 mg g~ !, the
adsorption equilibrium can be achieved within 300 s, and its adsorption rate can reach
0.319 mg g~! s~!. The in-depth sulfhydryl-modified cellulose fibers are also available
for other heavy metal ions. The low cost and environmentally friendly properties of the
as-synthesized material demonstrate its potential for practical usage for the treatment of
heavy metal ion pollution in wastewater.

The paper by Yao et al. (contribution 9) investigated the effects of five plant sources
on the resulting properties of sodium carboxymethyl cellulose (CMC) and CMC/sodium
alginate/glycerol composite films. The degree of substitution and resulting tensile strength
tended to be 20% lower in leaf-derived CMC compared to those prepared from wood or
bamboo. Microstructures of bamboo cellulose, bamboo CMC powder, and bamboo leaf
CMC composites’ films all differed from pine-derived material, but plant sources had
no noticeable effect on the X-ray diffraction characteristics, Fourier transform infrared
spectroscopy spectra, or pyrolysis properties of the CMC or composite films. The results
highlighted the potential for using plant sources as a tool for varying CMC properties for
specific applications.

In one study, Hakim et al. (contribution 10) examined the performance of citric
acid-bonded orientation boards from a modified fibrovascular bundle salacca frond un-
der NaOH + NaySO; treatment and the bonding mechanism between the modified fi-
brovascular bundle frond and citric acid. Their results found that the combination of
1% NaOH + 0.2% NaSOs3 treatment for 30 and 60 min immersion is successful in reducing
the water absorption and thickness swelling of the orientation board. The findings of
this study indicated that there is a reaction between the hydroxyl group in the modified
fibrovascular bundle and the carboxyl group in citric acid.

A one-dimensional heat transfer model of natural fiber-reinforced thermoplastic com-
posites during hot pressing was established by Qi et al. (contribution 11). The novelty of
this study is that the apparent heat capacity of thermoplastics was first simulated and then
coupled with the heat transfer model to simulate the temperature distribution of natural
fiber-reinforced thermoplastics composites during hot pressing. Both the experimental and
simulated data suggested that a higher temperature and/or a longer duration during the
hot-pressing process should be used to fabricate oriented sorghum fiber-reinforced high-
density polyethylene film composites as the high-density polyethylene content increases.

Another interesting paper by Shahzad et al. (contribution 12) evaluated the environ-
mental burden of polyhydroxyalkanoate production from slaughtering residues by utilizing
the Emergy Accounting methodology. The emergy intensity for polyhydroxyalkanoate
production (seJ/g) shows a minor improvement ranging from 1.5% to 2% by changing only
the electricity provision resources. This impact reaches up to 17% when electricity and heat
provision resources are replaced with biomass resources. Similarly, the emergy intensity
for polyhydroxyalkanoate production using electricity EU27 mix, coal, hydropower, wind
power, and biomass is about 5% to 7% lower than the emergy intensity of polyethylene
high density. In comparison, its value is up to 21% lower for electricity and heat provision
from biomass.

Wood is a typical natural polymeric material. Wood drying is an essential step in
wood processing, and it is also the most energy- and time-demanding step. Fu et al.
(contribution 13) presented an electrochemical method to determine wood moisture content
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and shrinkage strain during drying. As the moisture content changed from 42% to 12%,
the resistance increased from 1.0 x 107 Q to 1.2 x 10% Q. Both the shrinkage strain and
resistance change rate increased with the decrease in wood moisture content, especially
for the moisture content range of 23% to 8%, where the shrinkage strain and resistance
change rate increased by 4% and 30%, respectively. This demonstrated the feasibility of the
electrochemical method for measuring wood moisture content and shrinkage strain.

Wood modification can improve the dimensional stability, strength, and other proper-
ties of wood, and it has been extensively used. Hu et al. (contribution 14) improved the
dimensional stability of wood via the in situ polymerization of water-soluble monomers
in water. 2-Hydroxyethyl methacrylate and glyoxal were injected into the wood cell walls
and activated cross-linking reactions to form interpenetrating polymer network structures.
The polymer network blocked the partial pores and reduced wood hydroxyl, which si-
multaneously and significantly increased the wood’s transverse connections, dimensions,
and stability. This work advances fast-growing-wood modification by introducing a novel
research strategy.

In another study, poplar veneer-thermoplastic composites and oriented strand—
thermoplastic composites were fabricated by Shen et al. (contribution 15) using hot press-
ing. Their result found that the use of both KH550 and MDI as coupling agents improved
the interfacial bond strength between wood and thermoplastics under dry conditions. The
use of MDI resulted in a much greater increase in the interfacial bond strength than KH550
under both dry and wet conditions, while KH550 had a negative effect under wet condi-
tions. The better interfacial bond strength between wood and thermoplastics provided
oriented strand-thermoplastic composites with better mechanical properties and dimen-
sional stability. The obtained results will guide the industry to produce high-performance
wood-plastic composites using hot pressing for general applications.

During outdoor use, wood composites are susceptible to destruction by rot fungi. Bao
et al. (contribution 16) investigated the effects of resin content and density on the resis-
tance of outdoor wood mat-based engineering composites to fungal decay through fungal
decay tests for a period of 12 weeks. The highest antifungal effects against T. versicolor
(12.34% mass loss) and G. trabeum (19.43% mass loss) were observed at a density of
1.15 g/m? and a resin content of 13%. As a result of the chemical composition and mi-
crostructure measurements, the resistance of the outdoor wood mat-based engineering com-
posite against T. versicolor and G. trabeum fungi was improved remarkably by increasing the
density and resin content. The results of this study will provide a technical basis to improve
the decay resistance of wood mat-based engineering composite in outdoor environments.

In the study by Ye et al. (contribution 17), the stability coefficient calculation theories
in different national standards were analyzed and then the stability bearing capacity of
cross-laminated timber elements with four slenderness ratios was investigated. Their
results show that the average deviation between the fitting curve and calculated results
of European and American standard was 5.43% and 3.73%, respectively, and the average
deviation between the fitting curve and the actual test results was 8.15%. The stability
coefficients calculation formulae could be used to reliably predict the stability coefficients
of cross-laminated timber specimens with different slenderness ratios.

Another interesting paper by Nun-Anan et al. (contribution 18) investigated the effects
of Aquilaria crassna wood (ACW) on the antifungal, physical and mechanical properties of
natural rubber as air-dried sheets (ADS) and ADS filled with ACW. They found that the
ACW-filled ADS had an increased Mooney viscosity, initial plasticity, and high thermo-
oxidation plasticity (i.e., high plasticity retention index PRI). Additionally, superior green
strength was observed for the ACW-filled ADS over the ADS without an additive because of
chemical interactions between lignin and proteins in the natural rubber molecules eliciting
greater gel formation. A significant inhibition of fungal growth on the natural rubber
products during storage over a long period (5 months) was observed for ACW-filled ADS.
The results suggested that these filled intermediate natural rubber products provide added
value through an environmentally friendly approach, which is attractive to consumers.
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Bamboo is a natural fiber-reinforced composite with excellent performance which is,
to a certain extent, an alternative to the shortage of wood resources. In one study, the distri-
bution of lignin components and lignin content in bamboo micro-morphological regions
was measured by Liu et al. (contribution 19) at a semi-quantitative level according to age
and radial location by means of visible-light microspectrophotometry coupled with the
Wiesner and Maule reaction. They found that lignification develops with aging. Guaiacyl
lignin units and syringyl lignin units were found in the cell wall of the fiber, parenchyma,
and vessel. Differences in lignin content among different ages, different radial locations,
and different micro-morphological regions of the cell wall were observed in this paper. It is
considered that lignin plays an important role in cell-wall formation and the cell wall’s me-
chanical properties. Lignin is related to the physical and mechanical properties of bamboo.
Therefore, this study of the distribution of and change in lignin in bamboo development is
conducive to the mastery and prediction of various properties in the bamboo development,
and has guiding significance for bamboo and lignin industrial utilization.

In another study, combined microscopic techniques were used by Jin et al. (contribu-
tion 20) to non-destructively investigate the compositional heterogeneity and variation in
cell wall mechanics in moso bamboo. Along the radius of bamboo culms, the concentration
of xylan within the fiber sheath increased, while that of cellulose and lignin decreased
gradually. At the cellular level, although the consecutive broad layer of fiber revealed a
relatively uniform cellulose orientation and concentration, the outer broad layer with a
higher lignification level has a higher elastic modulus (19.59-20.31 GPa) than that of the
inner broad layer close to the lumen area (17.07-19.99 GPa). Comparatively, the cell corner
displayed the highest lignification level, while its hardness and modulus were lower than
that of the fiber broad layer, indicating that the cellulose skeleton is the prerequisite of
cell-wall mechanics. The obtained cytological information is helpful to understand the
origin of the anisotropic mechanical properties of bamboo.

Huang et al. (contribution 21) investigated the different shear performances of bamboo
using four test methods: the tensile-shear, step-shear, cross-shear, and short-beam-shear
methods. They indicated that the shear strength was significantly different in the four test
methods and was highest in the step-shear-test method, but lowest in the tensile-shear-test
method. The compound mode of compression and shear for the axial resulted in the
maximum shear strength in the step-shear test, while the interface shear caused the tensile-
shear strength to be the lowest. However, the shear changed the original fracture behavior
of the tension, bending, and compression. Additionally, the axial-shear-test method caused
typical interface-shear failure in the tensile-shear test and the overall tearing of fiber bundles
in the step-shear test, while the parenchyma-cells collapsed in the cross-shear test. However,
the short-beam-shear shearing characteristics resembled bending with the fiber bundle
being pulled out. The findings of this study will inform the good use and manufacturing
process of bamboo culm.

A study by Tang et al. (contribution 22) investigated the effects of tung oil thermal
treatment on bamboo color at different temperatures and durations of time. The obtained
results showed that the lightness (L*) of bamboo decreased as the tung oil temperature
or duration of time increased. The red—green coordinates (a*) and color saturation (C*) of
bamboo were gradually increased as the tung oil temperature rose from 23 °C to 160 °C,
while the a* and C* were gradually decreased when the temperature continued to rise from
160 °C to 200 °C. Eye movement data showed that the popularity of bamboo furniture was
significantly improved at 23-100 °C and slightly improved at 160-180 °C with tung oil
treatment. The findings of this study suggested that tung oil thermal treatment played a
positive role in improving the visual effects and additional value of bamboo.

In another study, natural resin rosin was used by Su et al. (contribution 23) to treat
round bamboo culm using the impregnation method. The obtained results showed that
proper heating of the modified system was conducive to the formation of a continuous
rosin film, which increased the gloss value. Heating decreased the brightness of the bamboo
culm and changed the color from the green and yellow tones to red and blue. However,
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the heating temperature should not exceed 60 °C. They also used eye tracking technology
to evaluate the users’ preference for the visual characteristics of the bamboo culm surface.
The findings of this study indicated that natural rosin resin could effectively improve the
visual characteristics of bamboo culm, and different visual effects on bamboo culm surfaces
were obtained in different temperature ranges.

Bamboo is easily attacked by fungus, resulting in a shorter service life and higher loss
in storage and transportation [11]. The mold resistance of bamboo strips treated with low-
molecular-weight organic acids and inorganic acid was first tested by Yu et al. (contribution
24), and then effect of citric acid with different concentrations was studied. Bamboo treated
with acetic acid, propionic acid, oxalic acid, citric acid, and hydrochloric acid in a low
concentration could improve their fungus growth rating from 4 in control samples to 2 or 3.
Citric acid is effective in preventing mildew, and the mold resistance increased with the
increased concentration of citric acid, and the fungus growth rating could reach 1 when
the citric acid concentration was greater than 8%, while treating bamboo with citric acid
in the concentration of 10% could control the infected area in the range of 10-17%. The
improved mold and blue-stain resistance of treated bamboo could be attributed to the
reduced nutrients in bamboo due to the hydrolysis of starch grains in parenchyma cells
and the dissolution of soluble sugar.

In another paper, Peng et al. (contribution 25) synthesized the sustained-release system
loading citral by using PNIPAm nanohydrogel as a carrier and analyzed its drug-release
kinetics and mechanism. Their experimental results revealed that the release kinetics
equation of the system conformed to the first order; the higher the external temperature, the
better the match was. In the release process, PNIPAm demonstrated a good protection and
sustained-release effect on citral. The laboratory mold control experiment results revealed
that under the optimal conditions of release and impregnation time, the control efficiency
of the bamboo treatment with pressure impregnation against the common bamboo molds,
such as P. citrinum, T. viride, A. niger, and mixed mold reached 100% after 28 days, and the
original colour of the bamboo was maintained during the mold control process.

Two manuscripts focusing on bamboo scrimber composites are also included in this
Special Issue. In the first study, Ji et al. (contribution 26) prepared the bamboo scrimber
composites using moso bamboo and phenol-formaldehyde resin, and the changes in the
macroscopic and microscopic bonding interfaces before and after 28 h water-resistance
tests were observed and analyzed. They showed that the water resistance of the bamboo
scrimber composite increased with increasing resin content, with higher thickness swelling
rates observed at higher densities. Obvious cracks were found at the macroscopic interface
after 28 h tests, with higher resin contents leading to fewer and smaller cracks. With
increasing density, the longitudinal fissures due to the defibering process decreased, having
an effect on the width swelling rates. They suggested that the macroscopic and microscopic
bonding interface structures of the bamboo scrimber composite are closely related to their
water resistance.

The second study, by Wang et al. (contribution 27), investigated the influence of
grain direction on the compression properties and failure mechanism of bamboo scrimber.
They showed that the compressive load-displacement curves of bamboo scrimber in the
longitudinal, tangential and radial directions contained elastic, yield and failure stages.
The compressive strength and elastic modulus of the bamboo scrimber in the longitudinal
direction were greater than those in the radial and tangential directions, and there were no
significant differences between the radial and tangential specimens. The main failure mode
of bamboo scrimber under longitudinal and radial compression was shear failure, and the
main failure mode under tangential compression was interlayer separation failure. This
study can provide benefits for the rational design and safe application of bamboo scrimber
in practical engineering.

Moreover, Liang et al. (contribution 28) developed a facile strategy using the surfactant-
induced reconfiguration of urea—formaldehyde (UF) resins to enhance the interface with
bamboo and significantly improve its gluability. Through the coupling of a variety of
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surfactants, the viscosity and surface tension of the UF resins were properly regulated. The
resultant surfactant-reconfigured UF resin showed much improved wettability and spread-
ing performance to the surface of both green bamboo and yellow bamboo. Moreover, their
reconfigured UF resin can reduce the amount of glue spread applied to bond the laminated
commercial bamboo veneer products to 60 g m~2, while the products prepared using the
initial UF resin are unable to meet the requirements of the test standard, suggesting that
this facile method is an effective way to decrease the application of petroleum-based resins
and production costs.

In addition, in another study, bamboo delignification is a common method for studying
its functional value-added applications. In Yu et al. (contribution 29)’s study, bamboo
samples were delignified by means of treatment with sodium chlorite. They demonstrated
that the lignin peak decreased or disappeared, and some hemicellulose peaks decreased,
indicating that sodium chlorite treatment effectively removed lignin and partly decomposed
hemicellulose, although cellulose was less affected. They suggested that delignified bamboo
develops loose surfaces, increased pores, and noticeable fibers, indicating that alkali-treated
bamboo has promising application potential due to its novel and specific functionalities.

Finally, in their review article, Li et al. (contribution 30) summarized the methods for
preparing transparent bamboo, including delignification and resin impregnation. Potential
applications of transparent bamboo are discussed using various functionalizations achieved
through doping nanomaterials or modified resins to realize advanced energy-efficient
building materials, decorative elements, and optoelectronic devices. Finally, challenges
associated with the preparation, performance improvement, and production scaling of
transparent bamboo are summarized, suggesting opportunities for the future development
of this novel, bio-based, and advanced material.

This Special Issue has brought together experts that have studied and explored various
aspects of eco polymeric materials and natural polymers. We would like to thank all
researchers who have contributed to the production of this Special Issue of Polymers. In
addition, I would like to express my gratitude to the Editorial Team who helped prepare
the “Eco Polymeric Materials and Natural Polymer” Special Issue.
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Abstract: In this study, an egg white dual cross-linked hydrogel was developed based on the principle
that the external stimulus can denature proteins and cause them to aggregate, forming hydrogel. The
sodium hydroxide was used to induce gelation of the egg white protein, subsequently introducing
calcium ions to cross-link with protein chains, thereby producing a dual cross-linked hydrogel. The
characteristics of the dual cross-linked hydrogels—including the secondary structure, stability, mi-
crostructure, swelling performance, texture properties, and biosafety—were investigated to determine
the effects of calcium ion on the egg white hydrogel (EWG) and evaluate the potential application in
the field of tissue engineering. Results showed that calcium ions could change the 3-sheet content of
the protein in EWG after soaking it in different concentrations of CaCl, solution, leading to changes
in the hydrogen bonds and the secondary structure of polypeptide chains. It was confirmed that
calcium ions promoted the secondary cross-linking of the protein chain, which facilitated polypeptide
folding and aggregation, resulting in enhanced stability of the egg white dual cross-linked hydrogel.
Furthermore, the swelling capacity of the EWG decreased with increasing concentration of calcium
ions, and the texture properties including hardness, cohesiveness and springiness of the hydrogels
were improved. In addition, the calcium cross-linked EWG hydrogels exhibited biocompatibility
and cell-surface adhesion in vitro. Hence, this work develops a versatile strategy to fabricate dual
cross-linked protein hydrogel with biosafety and cell-surface adhesion, and both the strategy and
calcium-egg white cross-linked hydrogels have potential for use in bone tissue engineering.

Keywords: egg white hydrogel; dual cross-linking; metal ions; secondary structure; biocompatibility

1. Introduction

Natural macromolecules are a kind of polymer, existing in plants and animals, in-
cluding the human body. They include polysaccharides, peptides, polynucleotides, and
polyesters [1]. Natural polymers are an abundant resource for applications in the food
and medical industries, due to that they have many advantages such as good biocom-
patibility, biodegradability, non-toxicity, and sustainability [2,3]. Hydrogel is a kind of
three-dimensional network material. Hydrogels prepared from natural polymers should
inherit the advantages of natural macromolecules, such as biocompatibility and biodegrad-
ability [4]. Thus, they are attracting attention particularly in biotechnology for uses such as
drug delivery [5], biological sensing [6], wound dressing [7], and desalination [8,9].

Protein is a kind of natural polymer, abundant in nature, and with great prospects
in polymer research [10,11]. In the field of polymer material science, the development of
protein hydrogels is an important direction of current research [12-14]. Protein hydro-
gels retain a three-dimensional network structure similar to the extracellular matrix of
animal tissue, featuring high water content. Hydrogels based on the proteins collagen [15],
fibrin [16], elastin [17], and silk [18] have exhibited superior characteristics as compared
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to synthetic polymer-based hydrogels, such as biocompatibility, biodegradability, and
low immunogenicity. Thus, these natural hydrogels are being extensively used for tissue
engineering of bone and cartilage and in other biomedical application [19-22].

Egg white protein has a variety of functional characteristics, such as gelation, water
holding capacity, foaming and emulsification. It is important in food manufacturing be-
cause it can improve the functionality, texture and flavor of food products [23]. Under
heating, freezing, high pressure, extreme acid and alkali, ions, enzyme and other treatments,
egg white protein is able to coagulate and form hydrogel with a three-dimensional network
structure, which can strongly affect the structures, senses and flavors of egg white protein
products [24,25]. The formation of protein hydrogels can be attributed to the formation
of hydrogen bonds, disulfide bonds and electrostatic interaction, which induce the aggre-
gation of protein molecules [26]. Proteins undergo denaturation in response to certain
external stimuli (e.g., physical factors such as heating, ultraviolet light and pressure or
pH, metal ions), and denaturation is one of the important mechanisms in the formation of
protein hydrogels. The gelation of egg white protein involves multiple processes, including
denaturation, aggregation and formation of gel network, and the gelling properties mainly
depend on the medium conditions such as pH, ionic strength and salt type [27]. The interac-
tion and the molecular conformation of protein chains will change during protein hydrogel
formation. Studies have revealed that metal ions are able to impact the intermolecular and
intramolecular interactions of protein chains and the conformation of protein molecules,
further affecting the characteristics of protein gels [28,29].

In recent years, hydrogel materials have been extensively used in bone tissue engineer-
ing [30,31]; however, the application of protein hydrogels in bone tissue restoration and
bone scaffold are severely limited due to their poor mechanical property [32]. Currently,
tough and strong hydrogels are achieved by building dual network structures, composit-
ing inorganic nanoparticles and introducing conductive materials and fibrous networks,
improving the mechanical properties and the bone tissue repair ability of hydrogels [32].
Traditional hydrogels are fabricated through a single cross-linked mode, resulting in the
lack of the energy dissipation pathways. Meanwhile, the dual crosslinking can improve
the intermolecular interaction and cross-linking density in the hydrogel, providing an
effective way to dissipate energy and increase the mechanical strength [33]. In this study,
we prepared egg white hydrogel (EWG) according to the principle that proteins could be
denatured by strong alkali, subsequently introducing calcium ions to induce aggregation
and cross-linking with protein chains, thereby producing a dual cross-linked hydrogel
(Figure 1a). Moreover, the secondary structure, stability, microstructure, swelling perfor-
mance, texture and biocompatibility of the obtained hydrogels were investigated to research
the effect of calcium ion on EWG.
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Figure 1. (a) Schematic of the EWG hydrogel preparation process; (b) photos of the hydrogel

immersed in different concentrations of CaCl, solution. The number represents the concentration of
CaCl, solution; (c¢) FT—IR spectra of the hydrogels.

2. Materials and Methods
2.1. Materials

Sodium hydroxide (NaOH) and calcium chloride (CaCl,) were provided by Aladdin
(Shanghai, China). Fresh eggs were purchased from a supermarket. The egg white was
carefully separated from the yolk and then kept in a sealed chamber at 4 °C until further use.
The Dulbecco’s Modified Eagle’s Medium (DMEM; glutamine, high glucose), fetal bovine
serum (FBS), 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) and the
cell staining agent (Calcein AM and PI) were obtained from Sangon Biotech (Shanghai)
Co., Ltd., Shanghai, China. All other chemicals were of analytical grade and used without
further purification.

2.2. Preparation of the Egg White Hydrogel

NaOH solution (25 mg/mL) was added dropwise into the egg white (3:7 volume
ratio) at room temperature with gentle stirring, then the solution was transferred to a mold
(60 mm x 15 mm x 40 mm) and kept stationary 4 °C to release any air bubble present in
the solution. After gelling, the egg white hydrogel was obtained and washed thoroughly
with pure water to remove the residual sodium hydroxide.

CaCl, was dissolved in deionized water to obtain the sample solution at different
concentrations. The egg white hydrogel samples (the samples were prepared in the size
of 15 mm x 15 mm x 50 mm with a knife) were immersed in CaCl, solution (0.1%, 0.5%,
1%, 2%, 3% w/v), respectively, for 2 h at room temperature. After soaking, the hydrogel
samples were taken and washed with pure water to remove the calcium chloride on the
surface. The hydrogel samples soaked by pure water and CaCl, solution by 0.1%, 0.5%, 1%
and 2% (w/v) were coded as EWG0, EWG1, EWG2, EWG3 and EWG4, respectively.

2.3. Characterization

The wet hydrogels were frozen in liquid nitrogen and snapped immediately, then
freeze-dried using a vacuum freezing dryer (LEG-10C, Sihuan Furui Technology Develop-
ment Co., Ltd., Hong Kong, China). The freeze-drying conditions were as follows: vacuum:
1Pa; cryo-temperature: —70 °C; material temperature: —50 °C; duration of drying: 24 h.
The fracture sections of the freeze-dried samples were sputtered with gold for scanning
electron microscopy (SEM, Zeiss, SIGMA, Roedermark, Germany) analysis.

The hydrogel samples were cut into particle-like size after being freeze-dried and
vacuum-dried for 2 h at 60 °C. Then samples were transfer to a mortar and grind to a fine
powder for measurements. The structural changes of the hydrogels were characterized
by Fourier transform infrared spectroscopy (FT—IR, Spectrum3, Perkin Elmer, Waltham,
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MA, USA), X-ray Diffraction Analysis (XRD, Regaku ultima IV, Japan). The data of amide I
band (1700-1600 cm ') of FT-IR spectrum were analyzed by PeakFit software.

2.4. Swelling Tests

The thermal stability of the hydrogels was investigated by thermogravimetric analysis
(TG, Discovery TGA 550, New Castle, DE, USA). The analysis was performed from room
temperature to 800 °C with a heating rate of 15 °C/min in air atmosphere.

The swelling ratios of the hydrogels in pure water were tested through the gravimetric
method. The freeze-dried hydrogels were immersed into pure water at 37 °C for modelling
the body temperatures. Then the water in the surface of the hydrogels was gently wiped,
and the weight of the samples was registered at predefined period. The swelling ratio
(SR) was calculated as SR = (Ws — Wd)/Wd, where the Ws and Wd are the weight of
the swollen and dried hydrogel, respectively. Similarly, the porosity (Ws — Wd)/Ws)
of different hydrogels after achieving swelling equilibrium was determined by using the
identical measurement method of the mass swelling ratio [34].

2.5. Texture Tests

Texture analysis was performed using a texture analyzer (TA, BROOKFIELD CT3,
USA) at room temperature. The hydrogel samples were prepared in the size of 10 mm X
10 mm x 15 mm with a knife, and the cylindrical probe TA4 /1000 cylinder was selected
for measurement. The clipped samples were compressed twice at 1 mm/s to 50% of their
original height. The results were calculated with Texture Expert version 1.22 (Stable Micro
Systems, Surrey, UK). All of these steps were performed six times.

2.6. Cell Experiments

HEK293 cells (human embryonic kidney-293 cells) were obtained from the China
Center for Typical Culture Collection and cultured at 37 °C in a 5% CO, incubator. The
culture medium containing 89.20% DMEM with 98 ng/mL penicillin/Streptomycin, 9.80%
fetal bovine serum was changed every 2 days.

The cytotoxicity of the hydrogels was determined via an MTT assay. The hydrogel
samples (100 mg) were sterilized under a UV lamp for 24 h, and then placed in DMEM
containing 9.80% fetal bovine serum for 24 h at 37 °C to prepare the hydrogel extract
solution. Thereafter, the resulting extracts were filtered using a 0.22-mm syringe for MTT
tests. HEK293 cells (5 x 103 cells/well) were incubated in 96-wells plates for 12 h, and the
extract solution of different hydrogels was added for 24 h incubation. Then the medium was
aspirated and 10 uL of MTT (5 mg/mL) was added to each well for another 4-h incubation.
After the culture medium was removed, 200 uL. of DMSO was added in each well. After
gently shaking for few minutes, the plates were carried out to measure the absorbance at
492 nm using a microplate reader (SparkTM 10M, Tecan). The cell viability was calculated
based on the equation: Cell viability (%) = (the absorbance of sample-treated group/the
absorbance of PBS-treated group) x 100%.

The live/dead cell staining assays were performed to evaluate the cell adhesion on
the hydrogel surfaces and the biocompatibility. The hydrogel EWG4 sample with 10 mm
diameter and a thickness of about 0.1 cm was sterilized under a UV lamp for 24 h, and
then transferred to the bottom of 24-well plastic culture plates. HEK293 cells were seed to
24-well plastic culture plates on the sample (5 x 10* cells/well) for 48 h incubation. Then,
the samples were washed by physiological saline and stained by the cell staining agent
(Calcein AM and PI) for 30 min at 37 °C. Thereafter, the samples were washed again for
three times with physiological saline and then observed using a fluorescence microscope
(Olympus BX51, Olympus Corporation, Tokyo, Japan).

2.7. Statistical Analysis

All measurements were repeated at least three times independently and expressed as
mean = standard deviation (SD). All values reported in this study are expressed as mean
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=+ standard deviation, and p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***) signify significant and
extremely significant differences, respectively.

3. Results and Discussion
3.1. Preparation and Morphology Analysis of the EWG Hydrogel

There are a variety of proteins in fresh egg white solution. In the liquid state, these
proteins are stabilized via electrostatic interaction, hydrogen bonds and thiol ester bonds
between protein chains. However, when heated or exposed to high pressure, alkali or
acid, these chains are induced to unfold and rearrange into various forms. In this work,
the egg white hydrogel was prepared by alkali induction and it was transparent, light
yellow, smooth and ductile. Then, the egg white hydrogel was soaked in calcium chloride
solution with different concentrations in order to induce secondary cross-linking between
the calcium ions and the egg white hydrogel through the interaction of calcium ions with
the particular amino acids on the polypeptide chain. As shown in Figure 1b, the hydrogel
samples remained solid without breaking or decomposition after soaking in calcium chlo-
ride solution for 2 h. With increasing concentration, more calcium ions gradually infiltrated
into the hydrogel, leading to deeper color and decreased transparency of the hydrogels.

3.2. FT—IR Analysis

The structural characteristics and conformational changes of the hydrogels were
evaluated by Fourier transform infrared spectroscopy (FT—IR). As shown in Figure 1c,
the absorption peaks at ~3350 and 2953 cm ! were assigned to the stretching vibrations
of N-H and O-H and of intermolecular hydrogen bonds, respectively [35]. With the
increase of calcium concentration, the absorption band at 3436.2 cm ™! gradually shifted
to 3292.3 cm~! and the intensity of peaks at 2953 cm ! increased significantly, suggesting
that the introduction of calcium ions affected the hydrogen bonds between the amino and
hydroxyl groups in the polypeptide chain and the protein molecular chain. The typical
absorption peaks at 1656 and 1533 cm~! were related to the amide I (C=O stretching)
and amide II (N-H bending) modes of the protein chain structure, respectively [36]. The
intensity changes of the peaks at 1533.5 cm ! indicated that the amino and hydrogen
bond in the protein molecular were impacted by calcium ions. Previous studies [35] have
demonstrated that the amide I band (17001600 cm ') is the most characteristic spectral
region related to the secondary structure of proteins and polypeptides, and the secondary
structures and conformational changes could be investigated by quantitative analysis of
the amide I band. Therefore, the absorption peak of this region was used to quantitatively
calculate the specific proportion of each secondary structure («-helices 1650-1658 cm ™!,
B-sheets 1640-1610 cm ™!, B-turns 17001660 cm !, random coils 1650-1640 cm~1) [35,37].
The results showed (Table 1 and Figure S1) that the {3-sheets content of the hydrogel
increased significantly as calcium ion concentration increased up to 1%, and then decreased
at higher calcium concentrations. It had been indicated that the structure of 3-sheets is
prone to protein aggregation and particularly important for the hydrogel formation and
stability [37]. The interaction of calcium ions and protein molecules could facilitate the
polypeptides to fold the (-sheets; however, the cross-linking between calcium ion and
protein chains along with the increasing of calcium ion concentration was dominated and
disturbed gradually the hydrogen bonding in 3-sheets structures of the protein, leading
to the reduce of the (3-sheets content in the hydrogels soaking with high concentrations
of CaCl, solution. Meanwhile, the original conformation of EWGO0 was changed after
introducing calcium ion, resulting in the decrease of 3-turns content and the increase of
random coil structure. In addition, the changes of the band at 1030-1090 cm ! assigned to
C-O stretching vibration indicated that the structure of the polypeptide chain was changed
by the calcium ions. Together, the results suggested that calcium ions were able to interact
with the polypeptides and change secondary structure of the protein in the hydrogel.
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Table 1. Effect of CaCl, addition on the secondary structures of egg white protein.

Concentrations of

Relative Content (%)

CaCl; Solution Hydrogel Samples 3-Sheets Random Coil a-Helices B-Turns
0% EWGO0 23.56 14.93 14.56 46.96
0.1% EWG1 34.54 12.35 11.41 41.71
0.5% EWG2 33.21 13.55 13.34 39.91
1% EWG3 36.38 14.54 15.11 33.98
2% EWG4 21.98 31.12 15.81 31.08

3.3. XRD Analysis and Thermal Stability

To further study the influence of calcium ions on hydrogel structure, the hydrogels
were characterized by XRD, TG and DTG. The XRD spectra of the EWG0, EWG1, EWG2,
EWG3 and EWG4 are shown in Figure 2a. The hydrogels exhibited distinct peaks at
20 =20°, which was indicated to the 3-sheets secondary structure of the egg white protein.
The XRD diffraction intensity of the EWG1 (5885) and EWG2 (5713) was enhanced in
comparison with that of EWGO (5233), and then the intensity decreased along with the
increase in the concentration of calcium ions (EWG3:4378; EWG4:3096), confirming that the
[-sheets structure in the crystalline region of the protein was disturbed by the interaction
of protein with calcium ions [38,39], which was consistent with the FT—IR results.
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Figure 2. XRD patterns (a), TG curves (b) and DTG patterns (c) of hydrogels.

TG and DTG analyses were applied to investigate the thermal properties of the hy-
drogels. The TG curves (Figure 2b) revealed that the weight loss of EWG4 (17.3%) was
higher than that of EWGO (9.8%), and the temperature corresponding to the endothermic
peak on the DTG curve of the hydrogels cross-linked by calcium ions (EWG1, EWG2,
EWG3 and EWG4) (Figure 2¢c) was increased as compared with EWGO, indicating the water
retention capacity and thermal stability of the hydrogel was enhanced after interacting with
calcium ion. The second stage of weight loss was mainly due to the breaking of unstable
non-covalent bonds of the protein chains and the covalent bonds of the small molecules
in the protein backbone. As more calcium ions were added, the hydrogel exhibited an
increased degradation temperature and decreased weight loss rate. Meanwhile, the weight
loss decreased from 50.767% (EWGO) to 43.926% (EWG4), which was indicative of enhanced
thermal stability. The explanation for this pattern is that the interaction of calcium ions
with protein promoted secondary cross-linking of the protein chain and increased hydrogel
cross-linking density, which could effectively inhibit heat conduction, thereby hindering
thermal degradation of protein skeleton, and enhancing the thermal stability of the hydro-
gel [40,41]. In summary, the results indicated that the dual cross-linked structure involving
the calcium ion formed a heat-stable system, which translated into improved stability of
the hydrogel.

3.4. Microscopic Examination

SEM was used to study the microstructure changes of the hydrogels. As shown in
Figure 3, EWGO exhibited a loose and homogeneous three-dimensional structure with
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lots of pores. It had been reported that protein molecule chains were able to unfold
and rearrange themselves to form an ordered three-dimensional protein network under
strong alkaline condition [42]. After soaking in calcium chloride, the hydrogels exhibited
inhomogeneous and rough microstructure with the disordered porous structure. When the
calcium ion concentration reached 1.0% and 2.0%, the porous structure of EWG3 and EWG4
was significantly reduced, accompanied by the appearance of rough, flat edges and coarse
fibers (Figure S2). The results suggested that the interaction with calcium cations induced
the secondary crosslinking of the protein chains and improved the degree of crosslinking,
leading to the formation of more compact microstructure of the hydrogel [43,44].

Figure 3. SEM images of the hydrogels. The scale bar is 10 pm.

3.5. Effect of Calcium lons on Hydrogel Swelling Performance

The swelling performance of the hydrogels was strongly associated with hydrophilic
groups and the pore network structure of the hydrogel, both of which are key to absorbing
water. The swelling behavior of the hydrogel was tested in ultra-pure water. The results
(Figure 4) show that the swelling rate increased rapidly with the extension of time and
reached the swelling equilibrium after about 4 h. This pattern is common for hydrogels.
Compared with the EWGO group, EWGI, the hydrogel soaked in a low concentration of
calcium ions (0.1%) showed a similar swelling rate, whereas EWG2, EWG3 and EWG4
showed gradual decreases with increasing concentration of calcium ions. The formation
of the EWGO hydrogel depended on the physical cross-linking with only weak binding
between protein chains, giving water molecules easy access to the hydrogel interior and
resulting in high expansibility. Moreover, it was found that the EWGO0 hydrogel was
gradually degraded and ruptured with extended soaking time, which was because the
water molecules destroyed the three-dimensional structure with weak intermolecular
forces [45]. It is well known that the degree of cross-linking directly affects the water
absorption of a hydrogel [35]. When the egg white hydrogel was soaked in calcium chloride
solution, calcium ions interacted with the amino acids of the protein chain to prompt the
cross-linking and aggregation of the egg white protein and induce the formation of a
tight three-dimensional network, resulting in significant decreases in water absorption
and storage capacity of the hydrogels. Moreover, the cross-linked networks with tight
structure could resist the destructive infiltration of moisture. The porosities of EWGO,
EWG1, EWG2, EWG3 and EWG4 were 97.2 4+ 2.34, 969 + 3.16, 93.7 + 4.24,91.4 + 4.94
and 82.4 £ 3.41, respectively (Figure S3). The porosities of the hydrogels decrease with
increasing concentration of calcium ions, suggesting that the interaction between calcium
ions and protein facilitate the cross-linking and aggregation of the protein chains, leading
to the decrease of hydrogel porosity. It was found that the equilibrium swelling ratio of
EWGO was seven times higher than that of EWG4, indicating that the high concentration
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of calcium ions could effectively reduce the swelling capacity of the original egg white
hydrogel. Therefore, it has great potential for preparing the sensitive double-layer hydrogel
actuators using the EWG0 and EWG4 as the humidity responder and humidity inert layer,
respectively (Figure S4) [46].
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Figure 4. (a) Swelling kinetics of the hydrogels in distilled water at 37 °C; (b) equilibrium swelling
ratio of the hydrogels in distilled water as a function of CaCl, concentration. ** p < 0.01, *** p < 0.001;
(c) plots of In(S¢/S) versus Int; and (d) t/S¢ versus t for the hydrogels.

Swelling kinetic of the hydrogels is evaluated by Schott’s second-order diffusion
kinetic model and Fickian diffusional kinetic model [47,48]. The swelling data achieved
from the first 60% of the fractional water uptake are fitted with the following equation
to determine water diffusion mechanism of hydrogel samples: In(S;/S«) = Ink + nint,
where S; and S, are the water uptake at time t and the equilibrium water uptake. The
k parameter is a constant of the solvent-polymer system; the n parameter specifies the
diffusion mechanism of water molecules. n < 0.5 indicates Fickian diffusion, 0.5 <n <1
indicates non-Fickian diffusion and n = 1 indicates that the diffusion mechanism is case-IL
Figure 4c shows the plots of In(S;/Se) versus Int, the slopes and intercepts of the plotted
lines could be used to calculate n and k. The values of n for EW0 and EWGT1 are close to 1,
indicating that the water diffusion mechanism in EWG0 and EWGT1 is case-II (relaxation-
controlled) transport. The values of n for EWG2, EWG3 and EWG4 are greater than
0.5, implying the water diffusion mechanisms are non-Fickian diffusion type. The water
diffusion mechanism changes of the hydrogels are caused by the secondary cross-linking
of the protein chain and the increased crosslinking density of hydrogels, which limit the
protein chains relaxation and hinder the diffusion of water [49]. The Schott’s second-
order diffusion kinetic model is used to get further information about the swelling rate:

t/St = A + Bt, where A = é is the initial swelling rate of the hydrogel and K is the

swelling rate constant, B =1/ Se is the converse of the equilibrium swelling. The plots of
t/St versus t are plotted for the hydrogel samples (Figure 4d). The theoretical swelling
equilibrium (shown in Table 2) of EWGO0, EWG1, EWG2, EWG3 and EWG4 hydrogels
are close to their corresponding experimental values. The swelling rate constants (Ks) of
EWG3 and EWG4 are higher than that of EWGO, suggesting that the hydrogels with high
crosslinking density possess the faster swelling rate and reach the swelling equilibrium in
a shorter time, which is consistent with the experimental results.
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Table 2. Second-order kinetic parameters for hydrogels.

Sample EWGO EWG1 EWG2 EWG3 EWG4
A 52.02 57.89 148.32 96.25 63.46
B 0.23 0.28 0.39 0.59 2.19
Kg x 1073 (min~1) 1.08 1.39 1.09 3.68 75.83
Seo (%) 3969.3 3501.9 1675.5 1756.4 492.5
ESR (%) 5463.1 4786.1 2657.8 2219.7 518.1

ESR: experimental swelling equilibrium value.

3.6. Effect of Calcium Ions on Hydrogel Texture

Soaking the egg white hydrogel in different concentrations of calcium ions can change
their microstructure, and, thereby, their properties. The textural properties of hardness,
cohesiveness and springiness of the hydrogels were tested using a texture analyzer. As
shown in Figure 5, the hardness of the hydrogels remained basically unchanged when
the concentration of ions was less than 0.5% and when it was significantly enhanced as
calcium ion concentration increased. Hardness is related to the structural strength of a
hydrogel [50,51], and the overall structure of the protein is changed by the cross-linking of
calcium ions with particular amino acids of adjacent peptides, resulting in the enhancement
of the hydrogel hardness. Cohesiveness and springiness of the hydrogel were also affected
by the addition of calcium. Previous studies [52,53] have shown that the conformation
of proteins and polymerized protein chains are affected by divalent metal ions, leading
to changes of the texture properties of protein hydrogels. In addition, cohesiveness and
elasticity are influenced by the microstructure of the hydrogel. The SEM results showed
that the introduction of calcium ions promoted a smaller three-dimensional pore structure
and more compact microstructure of the hydrogel, which resulted in the enhancement of
the cohesiveness and elasticity of the hydrogels. It could be found that the trends toward
less hardness, cohesiveness and springiness of the hydrogels at low calcium concentration
that might be because the calcium ions consumed hydroxyl ions, such that the three-
dimensional network structure of the original hydrogel could not be maintained. As
calcium concentration increased, the equilibrium between calcium and hydroxide ions
was reached, and the interactions of the redundant calcium with the particular amino
acids of the peptide chains gradually dominated and impacted the texture properties of
the hydrogels.
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Figure 5. (a) Changes in hardness (a), cohesiveness (b) and springiness (c) of the hydrogels as a
function of CaCl, concentration. * p < 0.05, ** p < 0.01, ** p < 0.001.

3.7. Cytocompatibility

To investigate the potential of the hydrogels in biomedical applications (e.g., wound
healing and bone tissue repair requiring calcium ions [54]), the hydrogels were co-cultured
with HEK-293 cells for assessing the cytocompatibility and cell adhesion on the hydrogel.
The MTT results (Figure 6a) showed that EWGO0 and EWG1 showed cell survival rates
similar to the control. With the increase of calcium chloride concentration, the cell survival
rates of EWG2, EWG3 and EWG4 groups decreased slightly but remained above 80%,
indicating that all hydrogels possessed cytocompatibility. Compared to the egg-white-
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/eggshell-based biomimetic hybrid hydrogels, the cells treated with EWG1 hydrogel for
24 h presented the similar proliferation rate [31], while the EWG2, EWG3 and EWG4
exhibited the lower proliferation rate, indicating that the high concentration calcium ions
might be not advantageous to the cell proliferation. In addition, the live/dead cell staining
assays (i.e., live cells stained fluorescent green, dead cells stained fluorescent red) were
performed to study the cell adhesion and viability on the hydrogel surfaces. The results
appear in Figure 6b. HEK-293 cells was able to survival normally and adhere to the EWG4
surface, demonstrating that the cross-linked hydrogels prepared with the highest calcium
concentration were non-toxic, cytocompatible and adaptive for cell survival. In conclusion,
calcium ion secondary cross-linked egg white gel showed excellent biocompatibility and
biosafety. It should have great value for potential applications in the biomedical fields,
particularly bone tissue engineering.
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Figure 6. (a) Cell viability of HEK-293 cells on EWG0, EWG1, EWG2, EWG3 and EWG4 after 24 h
culturing. (b) Live/dead staining florescent photographs of HEK-293 cells loaded with EWG4 for
48 h.

4. Conclusions

In summary, an egg white dual cross-linked hydrogel was prepared through the
induction of sodium hydroxide and the secondary cross-linking of protein chains by
calcium ions. Characteristics of the dual cross-linked hydrogel were remarkably affected by
the concentrations of calcium ions. The incorporation of calcium ions could benefit thermal
stability, swelling rate and texture of the hydrogels, while also reducing swelling capacity.
Calcium ions could impact the secondary structure of polypeptide chains and interact
with protein chains, leading to more compact microstructure formation of the hydrogels.
Remarkably, the egg white dual cross-linked hydrogels exhibited biocompatibility and
cell-surface adhesion in vitro, indicating the potential for biomedical application.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14235116/s1, Figure S1. Normalized FT—IR spectra of
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1640-1610 cm !, B-turns 1700-1660 cm !, random coils 1650-1640 cm~1). Figure S2. SEM images of
the hydrogels. The scale bar is 5 um. Figure S3. The porosities of the hydrogels. Figure S4. The photo
of self-bending double layer hydrogel. The upper layer (white) is the hydrogel that soaked in calcium
chloride, the lower layer (pale yellow) is the hydrogel that soaked without calcium chloride. The
double layer hydrogel exhibited a smaller curvature that could be duo to the inapposite gel thickness.
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Abstract: This study aims to improve the thermal stability and mechanical properties of carboxymethyl
bacterial cellulose (CMBC) composite films. Experiments were conducted by preparing bacterial
cellulose (BC) into CMBC, then parametrically mixing sodium alginate/starch/xanthan gum/gelatin
and glycerin/sorbitol /PEG 400/PEG 6000 with CMBC to form the film. Scanning electron microscopy,
X-ray diffractometry, infrared spectroscopy, mechanical tests, and thermogravimetric analysis showed
that the composite films had better mechanical properties and thermal stability with the addition of
1.5% CMBC (% v/v), 1% sodium alginate, and 0.4% glycerin. Tensile strength was 38.13 MPa, the
elongation at break was 13.4%, the kinematic viscosity of the film solution was 257.3 mm?/s, the
opacity was 4.76 A/mm, the water vapor permeability was 11.85%, and the pyrolysis residue was 45%.
The potential causes for the differences in the performance of the composite films were discussed and
compared, leading to the conclusion that CMBC/Sodium alginate (SA)/glycerin (GL) had the best
thermal stability and mechanical properties.

Keywords: glycerin; sodium alginate; tensile strength; elongation at break

1. Introduction

Bacterial cellulose (BC) is a porous reticulated nanoscale biopolymer synthesized by
microbial fermentation [1]. It is a straight-chain molecule consisting of (3-D-glucose bound
by (3-1,4-glycosidic bonds and is also known as 3-1,4-glucan [2]. It was first discovered
by the British scientist A.]. Brown in 1886 and was identified by physical and chemical
analysis as a hydrolyzed cellulose-like substance, with glucose as the main component of
the hydrolysate [3]. Bacterial cellulose consists of unique filamentous fibers with a diameter
of 0.01-0.10 pum, two to three orders of magnitude smaller than vegetable cellulose. Each
filamentous fiber consists of several microfibers in a mesh structure [4]. In addition,
bacterial cellulose has high crystallinity, good elasticity and mechanical properties [5],
biodegradability, low cost and toxicity [6], and high biocompatibility [7], making it useful
as a medical packaging material.

Carboxymethyl cellulose (CMC) is an industrially essential biopolymer resulting from
the partial substitution of the 2, 3, and 6 hydroxyl groups on the glucose unit of cellulose
by the carboxymethyl group [8,9]. To reduce the use of plastics, researchers have stud-
ied a wide range of materials such as CMC, gelatin, carrageenan, starch films, and other
biosourced polymers. However, all pure polymer films have some drawbacks, such as the
brittleness of gelatin [10,11], the poor thermal stability of carrageenan films [12,13], and
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the poor water solubility and weak mechanical properties of CMC and starch films [14-17].
The tensile strength of pure CMC films is 6-9 MPa [18-21], which cannot meet the require-
ments for most commercial applications. Modification of CMC-based composite films has
been explored by adding different materials to produce composite films with improved
mechanical properties [22], thermal stability [23], and degradability, potentially making
these materials useful for food preservation [24].

Many studies have been carried out on CMC-based composite films. Rungsiri et al.
prepared CMC from durian peel and combined it with rice starch to produce composite
films [25]. The performance of these composite films varied between starch and CMC
blends, as the amounts of straight-chain and branched-chain polymers in the starch affected
functional properties and interactions with other materials [26]. The composite film was
tested on tomatoes for its ability to inhibit spoilage and quality loss. Nazmi et al. showed
that the addition of gelatine to CMC reduced the flexibility of the film but improved the
tensile strength, puncture resistance, and thermal stability [27]. In addition, different
gelatin sources had different effects on the mechanical properties of the films. In summary,
adding starch, gelatine, and sodium alginate to most CMC films improves their mechanical
properties and thermal stability [28,29]. However, BC is also a type of cellulose. There
are few reports on the preparation of CMBC and its compounding with macromolecular
polymers to produce films with improved mechanical properties and thermal stability.

2. Materials and Methods
2.1. BC Preparation

BC made from Taonella mepensis was supplied by Beinacruz Biotechnology Co., Ltd.
(Suzhou, Jiangsu Province, China). A batch of 54 experimental bottles (cylindrical contain-
ers with a diameter of 6cm and a height of 8 cm) was cultivated by autoclaving, inoculating
with the bacterium, incubating at 120 °C for 30 min, and finally incubating for 7 days at
37 °C in a medium containing: 20.0 g glucose (Tianjin Fuyu Fine Chemical Co., Ltd., Tianjin,
China), 5.0 g yeast paste (Beijing Aoboxing Bio-tech Co., Ltd., Beijing, China), 1.0 g K;HPO4
(Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China), 15.0 g MgSO,
(Tianjin Windship Chemical Reagent Technology Co., Ltd., Tianjin, China), 5 mL anhydrous
ethanol (Tianjin Fuyu Fine Chemical Co., Ltd., Tianjin, China), and 1.0 L distilled water
at pH 4.5. The wet BC (Figure 1A) was taken out and soaked in distilled water, and the
distilled water was changed every hour for 12 consecutive times. The wet BC was cut into
3 cm-diameter pieces that were treated with 1% sodium hydroxide solution (Tianjin Fuyu
Fine Chemical Co., Ltd., Tianjin, China) at 80 °C for 1 h. The treated BC was soaked in an
excess of distilled water, which was changed every 2 h until the pH was 7. The BC gel was
drained and vacuum-dried for 72 h at —80 °C before being crushed into a powder using a
high-speed pulverizer (Yongkang Pu’ou Hardware Products Co., Ltd., Jinhua, Zhejiang
Province, China). The ground material was passed through a 60-mesh sieve, and prepared
for use.

'-.
Sodium alginate h
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Figure 1. Cont.
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Figure 1. (A) Examples of BC (Contains water), (B) Sodium alginate, starch, xanthan gum, and
gelatin, (C) Composite film solution, (D) CMBC/SA /GL composite film.

2.2. Carboxymethyl Cellulose BC (CMBC) Preparation

8 g BC, 160 mL of 95% ethanol (Tianjin Fuyu Fine Chemical Co., Ltd., Tianjin, China),
and 40 mL of 30% NaOH (Tianjin Fuyu Fine Chemical Co., Ltd., Tianjin, China) solution
were mixed and stirred for 60 min at 30 °C. Then 10 g of sodium chloroacetate (Shanghai
Macklin Biochemical Co., Ltd., Shanghai, China)were added and the temperature was
increased to 65 °C and stirred for 3 h. Glacial acetic acid (90%) (Tianjin Hengxing Chemical
Preparation Co., Ltd., Tianjin, China) solution was added to reduce the pH of the mixture
and then the samples were washed with ethanol (Tianjin Fuyu Fine Chemical Co., Ltd.,
Tianjin, China) until the pH was 7. The neutralized samples were oven-dried at 65 °C and
stored for later use.

2.3. Preparation of CMBC Composite films

1.5 g of CMBC was placed in a heated magnetic mixer (Shanghai Lichenbang Instru-
ment Technology Co., Ltd, DF-101Z, Shanghai, China) for 30 min at 45 °C at a stirring rate of
900-1000 r/min while different proportions of sodium alginate (Beijing Coolaber Technol-
ogy Co., Ltd., Beijing, China) (Figure 1B), starch (SR) (Chengdu Jinshan Chemical Reagent
Co., Ltd., Chengdu, Sichuan Province, China), xanthan gum (XG) (Shanghai Yuanye Biotech-
nology Co., Ltd., Shanghai, China), gelatin (GEL) (Tianjin Windship Chemical Reagent
Technology Co., Ltd., Tianjin, China) were added to produce a final concentration of 1.5 per-
cent solution (0.2%, 0.4%, 0.7%, 1%, 1.3%, all the above proportions are based on the mass
of the solvent, the same below) along with different levels of glycerin (Shanghai Yuanye
Biotechnology Co., Ltd., Shanghai, China), sorbitol (Tianjin Fuyu Fine Chemical Co., Ltd.,
Tianjin, China) (SO), PEG 400 (Beijing Coolaber Technology Co., Ltd., Beijing, China), and
PEG 6000 (Beijing Coolaber Technology Co., Ltd., Beijing, China) (0.2%, 0.4%, 0.6% ). The
mixtures were stirred to dissolve the components and then the film solution (Figure 1C)
was placed in an ultrasonic apparatus (Kunshan ultrasonic Intrasonic Co., Ltd., KF-101Z,
Kunming, China) operated at 50 HZ for 12 min to remove air bubbles. The film was cast on
a PTFE mold (Yangzhong Fuda Insulation Electric Co., Ltd., Yangzhong, Jiangsu Province,
China), dried in a blast box (Shanghai Yiheng Scientific Instruments Co., Ltd., Shanghai,
China) at 30 °C for 48 h, and then removed (Figure 1D).

2.4. Properties of the Composite Films

Tensile strength (MPa) and elongation at break (%) were measured on ten 0.089- to
0.098-mm by 150-mm-long dog-bone samples of each material on a Universal Testing
Machine according to procedures described in GB/T 1040.1-20 06 (Plastics Determination
of tensile properties). A load was applied to failure at a rate of 1 mm/min.

The opacity of the CMBC composite films was tested by cutting 10- by 40-mm-long
samples and placing them on the inner surface on one side of a cuvette and then measuring
absorbance at 600 nm on a 752# ultraviolet spectrophotometer (XP-Spectrum Company,
Shanghai, China). Five tests were performed for each material [30].
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The viscosity of the composite film solution was measured using a Nicolay rotational
rheometer meter (MARS60, Thermo Fisher Scientific, Waltham, MA, USA).

Water vapor permeability examined the ability of water vapor to pass through the
composite film in order to determine the suitability of each film for maintaining internal
moisture.

The water vapor transmission coefficient of the specimen was calculated according to
Equation (1) [31].

Am x d
 AXtxAP @)

where P is the water vapor transmission coefficient of the sample in grams of centimeters
per square centimeter per second Pascal [g. cm/(cm?. s. Pa)],

Am is the amount of change in the mass of the sample in grams (g) during the period t,

A is the sample area through the water vapor in square meters (m?),

t is the difference in time between two intervals after the mass change has stabilized
in hours (h),

d is the thickness of the specimen in centimeters (cm), and

AP is the difference in water vapor pressure between the two sides of the specimen in
Pascal (Pa).

2.5. Material Characterization

Microstructure: The composite films were placed on an aluminum grid and examined
by field emission scanning electron microscopy on a Nova Nano SEM450 microscope (FEL,
Hillsboro, OR, USA). At least five fields were examined for each material.

Fourier Transform Infrared Spectroscopy (FTIR): The composite films were analyzed
on a Nicolet i50 FTIR Analyzer (Thermo Scientific, Waltham, MA, USA). The samples were
subjected to 64 scans, and the resulting spectra were baseline-corrected and then analyzed
for differences in spectra for different raw materials.

X-ray diffraction (XRD): Bacterial cellulose and carboxymethyl bacterial cellulose were
examined by X-ray diffractometry on a Rigaku Ultima IV X-ray diffractometer (Rigaku
Corp, Tokyo, Japan) (XRD, Ulti,) using a scanning angle from 10° to 40°, a step size of 0.026°
(accelerating current = 30 mA and voltage = 40 kV), and Cu-K« radiation of A = 0.154 nm.

Thermogravimetric (TG) analysis: Approximately 5.0 to 6.0 mg of the Carboxymethyl
BC composite films were ground to pass an 80-mesh to 120-mesh screen and placed into
sample holders for analysis on a TGA 92 thermo gravimetric analyzer (KEP Technologies
EMEA, Caluire, France). N, was used as the shielding gas and Al,O3 as the reference
compound. The temperature was increased from room temperature (approx. 20-23 °C) to
600 °C at a rate of 20 °C/min to produce thermogravimetric curves.

3. Results and Discussion
3.1. TS and EB of the Composite Films

Tensile strength (TS) and elongation at break (EB) are the basic indicators for evaluating
the film properties. Tables 1-4 show that the additions of glycerin, sorbitol, PEG 400, and
PEG 6000 were positively correlated with the elongation at break of the films, and this
result is consistent with the results of previous studies [32]. It is worth mentioning that
the addition of glycerin had the most significant effect on the elongation at break of the
composite films. In addition, the tensile strength of the composite films first increased and
then decreased with the addition of sodium alginate, starch, xanthan gum, or gelatin.
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Table 1. The effect of GI addition on tensile strength (TS) and elongation at break (EB) of the
composite films.

GI Addition G1(0.2%) Gl (0.4%) Gl (0.6%)
properties TS (MPa) EB (%) TS (MPa) EB (%) TS (MPa) EB (%)
SA (0.2%) 12.2(2.28) 29.7(3.05) 10.6(2.02) 48.2(4.09) 6.70(0.42) 52.5(4.17)
SA (0.4%) 13.7(1.19) 253 (2.04) 13.6(2.01) 42.1(2.89) 13.3(1.19) 51.4(3.34)
SA (0.7%) 19.2(1.23) 239(2.36) 149(2.77) 37.6(249) 12.1(1.89) 45.6(3.31)
SA (1.0%) 38.1(13.4) 25.3(2.04) 151(1.18) 352(3.35) 15.6(1.82) 44.3(3.57)
SA (1.3%) 21.1(2.05) 10.3(0.78) 24.6(2.71) 31.5(2.55) 152(1.27) 35.4(2.60)
SR (0.2%) 18.7 (1.71) 33.5(4.15) 20.8(3.48) 55.7(1.68) 12.5(1.83) 65.7(9.07)
SR (0.4%) 249(2.13) 25.0(2.13) 30.1(5.36) 53.6(3.57) 20.9(2.69) 65.0(3.18)
SR (0.7%) 21.1(3.01) 16.8(1.22) 21.4(3.13) 435(2.24) 10.4(1.82) 52.6(2.92)
SR (1.0%) 18.5(3.13) 10.6 (2.26) 21.2(2.83) 39.9(2.56) 10.5(1.61) 50.0(1.91)
SR (1.3%) 149 (1.26) 7.03(1.03) 23.8(1.90) 20.8(2.81) 8.90(0.72) 15.8 (1.59)

XG (0.4%) 227 (3.65) 7.54(0.76) 30.3(5.66) 28.6(2.38) 12.4(2.18) 30.8(2.76)
XG (0.7%) 252(279) 835(1.53) 26.6(2.66) 25.4(249) 142(2.30) 29.3(2.89)
XG (1.0%) 262(293) 9.19(1.57) 29.4(439) 147(143) 133(2.64) 29.9 (2.81)
XG (1.3%) 29.1(393) 6.79(1.01) 30.1(325) 13.0(2.64) 16.1(2.99) 21.5(3.69)
GEL (0.2%) 153(3.15) 239(491) 10.8(0.89) 259(1.65 11.9(1.23) 27.0(2.78)
GEL (0.4%) 30.6 (0.24) 462 (5.08) 132(228) 49.8(4.94) 10.7(1.48) 57.8(6.03)
GEL (0.7%) 15.6(1.30) 18.7(1.09) 19.7(1.89) 19.0 (2.34) 21.3(3.26) 35.7 (4.67)
GEL (1.0%) 7.01(2.05) 10.8(1.84) 15.1(1.18) 322(2.65) 15.8(1.22) 23.6(2.44)
GEL (1.3%) 10.7 (2.60) 14.6 (2.85) 27.0(3.85) 384 (0.42) 14.1(3.69) 13.6(0.42)

Numbers in parentheses are standard deviations.
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Table 2. The effect of SO addition on the tensile strength (TS) and elongation at break (EB) of the
composite films.

SO Addition SO (0.2%) SO (0.4%) SO (0.6%)
properties TS (MPa) EB (%) TS (MPa) EB (%) TS (MPa) EB (%)
SA (0.2%) 246 (3.97) 24.4(0.75) 24.0(4.88) 30.5(2.51) 221(3.77) 45.8(0.36)
SA (0.4%) 25.6 (4.65) 15.9(1.90) 18.8(1.94) 29.7(2.11) 17.5(0.27) 32.4(2.93)
SA (0.7%) 26.2(0.03) 13.7(0.37) 24.1(3.13) 205(1.94) 169(1.26) 29.5(1.57)
SA (1.0%) 26.9 (2.67) 7.93(0.89) 26.0(3.71) 10.7(1.06) 13.3(0.99) 23.5(1.12)
SA (1.3%) 264 (3.74) 6.09(1.57) 16.6(1.72) 4.24(0.69) 14.0(0.83) 16.9(1.01)
SR (0.2%) 20.8 (1.71) 9.80(1.58) 24.5(2.89) 27.6(2.65) 18.7(1.85) 32.1(5.68)
SR (0.4%) 26.6 (4.01) 7.56(1.48) 27.0(291) 21.1(2.39) 26.7(3.47) 26.8(4.74)
SR (0.7%) 259 (4.27) 598(0.34) 26.2(2.30) 16.2(1.65) 26.1(1.93) 25.1(3.90)
SR (1.0%) 21.2(294) 4.35(0.84) 245(273) 9.01(2.25) 20.8(2.10) 13.9(1.87)
SR (1.3%) 26.6 (3.00) 4.21(1.67) 26.6(2.19) 4.29(0.60) 19.1(2.14) 6.67(0.84)
XG (0.2%) 18.6 (3.56) 7.09 (0.95) 20.8(1.32) 8.08(1.08) 16.9 (1.63) 8.78 (0.96)
XG (0.4%) 19.9(0.92) 3.02(0.54) 25.3(2.05) 7.01(1.38) 20.5(2.08) 7.32(0.95)
XG (0.7%) 16.5(3.67) 1.53(0.34) 20.6(2.08) 3.00(0.56) 19.4 (1.44) 4.88(1.20)
XG (1.0%) 12.3(2.30) 1.51(0.29) 21.6(0.55) 2.80(0.13) 14.7(1.24) 3.15(0.91)
XG (1.3%) 12.8 (1.36) 1.16(0.10) 19.6(2.27) 1.83(0.43) 25.1(2.31) 2.29(0.53)

GEL (0.2%) 14.1 (1.50) 13.8(1.85) 16.0(0.70) 18.1(2.73) 7.55(1.34) 25.1(3.42)
GEL (0.4%) 9.11 (149) 6.45(1.42) 9.67(0.78) 8.13(1.82) 10.7(2.38) 20.5(2.72)
GEL (0.7%) 10.5(1.43) 5.87(045) 189(1.89) 8.67(1.53) 11.9(2.87) 9.10(1.86)
GEL (1.0%) 8.10 (2.45) 5.56(0.89) 25.8(1.87) 6.77(0.07) 16.1(1.12) 3.62(0.05)
GEL (1.3%) 742 (1.73) 275(0.74) 29.1(3.29) 4.37(0.38) 23.6(2.56) 5.29(0.62)

Numbers in parentheses are standard deviations.
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Table 3. The effect of PEG400 addition on the tensile strength (TS) and elongation at break (EB) of the
composite films.

PEG 400
Addition

properties TS (MPa) EB (%) TS (MPa) EB (%) TS (MPa) EB (%)

SA (02%)  232(0.99)  6.66(1.31) 182(3.79) 839 (1.66) 14.8(332)  14.7 (3.38)
SA (04%) 164 (412) 3.67(032) 18.0(325) 5.14(051) 11.2(1.41)  10.7 (5.09)
SA (0.7%)  24.1(130) 654(0.95) 21.4(3.45) 143(042) 195(1.53)  9.23(1.28)
SA (1.0%)  28.0(1.68) 3.09(0.66) 265(419) 542(0.66) 17.9(0.90)  6.22 (1.21)

)

)

)

)

PEG 400 (0.2%) PEG 400 (0.4%) PEG 400 (0.6%)

SA (13%) 269(1.18) 1.40(0.58) 26.1(1.67) 2.13(0.34) 204 (377)  3.77(0.39)
SR(0.2%) 17.9(3.34) 134 (2.66) 184(1.23) 10.0(0.60) 15.1(1.65)  3.94 (0.96)
SR(04%)  19.6 (0.66) 870 (046) 19.9(0.93) 7.30(1.05) 18.0(2.05)  6.64(0.54)
SR(0.7%)  17.6(048)  250(021) 17.0(0.63) 250(0.21)  17.1(0.64)  2.33(0.07)
SR(1.0%)  19.3(0.65) 2.19(070) 158(1.21) 157(0.23) 143(2.89)  1.35(0.29)
SR(1.3%)  20.1(245) 1.06(0.53) 18.04(2.01) 150(0.34) 193 (1.56)  1.21(0.72)
XG (02%) 109 (053) 292(0.20) 13.9(0.54) 248(1.08) 9.64(1.31)  2.98(0.11)
XG (04%) 804 (0.64) 1.15(0.06) 17.8(0.14) 1.39(023) 16.6(1.34)  1.50(0.19)
XG (0.7%)  9.33(0.81)  0.60(0.04) 16.7(1.05)  0.75(0.06)  14.7(0.19)  1.09 (0.31)
XG (1.0%) 952(0.15) 051(0.07) 10.7(1.87)  0.54(0.02) 8.76(0.89)  0.98 (0.06)
XG (13%) 975(0.75) 0.73(021) 104 (1.14)  0.72(054) 12.6(1.32)  0.74 (0.24)
GEL (0.2%) — — — — — —
GEL (0.4%) — — — — — —
GEL (0.7%) — — — — — —
GEL (1.0%) — — — — — —
GEL (1.3%) — — — — — —

Numbers in parentheses are standard deviations. —: Indicates that some samples in this group did not form a
composite film.

Table 4. The effect of PEG6000 addition on the tensile strength (TS) and elongation at break (EB) of
the composite films.

PEG 6000
Addition

properties TS (MPa) EB (%) TS (MPa) EB (%) TS (MPa) EB (%)

SA (02%) 13.6(0.68) 9.74(0.65) 31.8(2.13) 3.59(0.29) 23.9(0.63) 1.77(0.17)
SA (04%) 14.7(0.83) 477(0.36) 167(1.56) 2.14(0.54) 159 (2.08)  2.07 (0.20)
SA (0.7%) 234(417) 253(0.61) 165(0.95) 2.34(0.02) 184 (0.89)  2.33(0.25)
SA (1.0%)  255(1.10) 320(0.30) 17.8(0.93) 2.05(0.05) 13.2(0.41)  1.14(0.19)
SA (13%) 205(029) 207(0.18) 18.8(1.32) 2.04(0.01) 10.9(0.68)  0.75(0.16)
SR(02%)  21.9(1.67) 222(025) 288(1.17) 3.46(0.38) 29.0(1.93)  4.99(0.69)

)

)

)

)

PEG 6000 (0.2%) PEG 6000 (0.4%) PEG 6000 (0.6%)

SR(04%)  25.6(1.14) 211(0.50) 30.1(1.20) 297(0.27) 21.4(0.76)  3.36(0.76)
SR(0.7%)  28.1(2.05) 250(0.37) 289(0.61) 3.02(0.55) 17.3(1.90)  3.06 (0.38)
SR(1.0%)  26.2(141) 1.38(0.15) 22.1(0.88) 2.04(0.30) 10.6(1.43)  2.11(0.20)
SR(1.3%)  252(0.51) 141(020) 21.4(2.10) 1.04(0.34) 20.1(2.34) 1.52(0.23)

Numbers in parentheses are standard deviations.

Table 5 shows the p values and correlation coefficients of the binary regression equation
with thickener and plasticizer as independent variables and tensile strength and elongation
at break as dependent variables. Thickener and plasticizer were positively correlated with
elongation at break of the composite film. The correlation coefficient was above 0.86, and the
p value was >0.05. In addition, except for CMBC/GEL/GL (Figure 2D), CMBC/SA/PEG
6000 (Figure 2L), and CMBC/SR/PEG 6000 (Figure 2M), the addition of thickeners and
plasticizers was positively correlated with tensile strength of the films, with a correlation
coefficient above 0.72 and p value > 0.05.
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Table 5. p value and Correlation coefficients for the effects of thickeners and plasticizers on tensile
strength (TS) and elongation at break (EB) of composite films.

TS (MPa) EB (%)
Composite Film
p Value Correlation Coefficient p Value Correlation Coefficient

CMBC/SA /Gl <0.0001 0.94 <0.0001 0.99
CMBC/SR/Gl 0.0019 0.95 <0.0001 0.99
CMBC/XG/Gl 0.0002 0.97 0.0001 0.98

CMBC/GEL/GI >0.05 — 0 0
CMBC/SA/SO 0.0008 0.91 <0.0001 0.99
CMBC/SR/SO 0.0164 0.90 <0.0001 0.98
CMBC/XG/SO <0.0001 0.99 0.0002 0.98
CMBC/GEL/SO 0.0004 0.97 <0.0001 0.99
CMBC/SA/PEG400 <0.0001 0.93 0.0022 0.95
CMBC/SR/PEG400 0.0251 0.72 0.0003 0.97
CMBC/XG/PEG400 0.0114 0.91 <0.0001 0.99

CMBC/ /GEL/PEG400 — — — —

CMBC/SA /PEG6000 >0.05 — 0.0057 0.86
CMBC/SR/PEG6000 >0.05 — <0.0001 0.96

—: Indicates that when p value > 0.05, there is no correlation coefficient.

Figure 2. The microstructure of the composite films (A): CMBC/SA/GI; (B): CMBC/SR/GI;
(C): CMBC/XG/Gl; (D): CMBC/GEL/Gl; (E): CMBC/SA/SO; (F): CMBC/SR/SO;
(G): CMBC/XG/SO; (H): CMBC/GEL/SO; (I): CMBC/SA/PEG 400; (J): CMBC/SR/PEG
400; (K): CMBC/XG/PEG 400; (L): CMBC/SA /PEG 6000; (M): CMBC/SR/PEG 6000).
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Table 6 shows that among the various composite films, the CMBC/SA /GL composite
film had the best mechanical properties, with a tensile strength of 38.13 MPa and an
elongation at break of 13.40%, at which time sodium alginate (1%) and propanetriol (0.2%)
were added. The tensile strength of conventional plastics ranges from 8 MPa to 20 MPa [33].
In comparison, the tensile strength of the composite film was 38.13 MPa, indicating that the
composite film had better mechanical properties than conventional plastics.

Table 6. The physical properties of CMBC composite films with difference additives.

Composite Film Amount of Plasticizer =~ Amount of Thickener The Kinematic Opacity I"/Z ::re\z:{firlji(:r
P Added (%) Added (%) Viscosity (mm?/s) (A/mm) 2 Yy
g-cm/(cm*-s-Pa)
257.3 4.76 0.12
CMBC/SA/GI 1 0.2 (3.34) (1.11) (0.02)
52.9 5.00 0.07
CMBC/SR/Gl 0.4 0.4 (5.38) (038) (0.01)
1018.1 5.93 0.11
CMBC/XG/Gl 0.4 0.4 (19.4) (057) (0.03)
39.1 5.21 0.08
CMBC/GEL/GI 0.4 0.2 (3.82) (0.31) (0.02)
821.0 5.76 0.10
CMBC/SA /SO 1 0.2 (8.53) (0.45) 0.07)
439 11.1 0.06
CMBC/SR/SO 0.4 0.4 2.32) (0.53) (0.01)
1382.0 6.79 0.06
CMBC/XG/SO 0.4 0.4 (21.70) (0.14) (0.03)
54.0 5.37 0.04
CMBC/GEL/SO 0.3 0.4 (4.03) (0.43) (0.01)
471.1 4.70 0.07
CMBC/SA/PEG400 1 0.2 (2.95) (0.08) (0.02)
34.6 9.64 0.1
CMBC/SR/PEG400 1.3 0.2 (5.34) (1.03) (0.04)
1238.8 10.2 0.08
CMBC/XG/PEG400 0.4 0.4 (10.60) (1.92) (0.03)
CMBC/ /GEL/PEG400 — — — — —
579.9 5.53 0.11
CMBC/SA/PEG6000 1 0.2 (4.31) 0.32) (0.03)
27.9 10.1 0.07
CMBC/SR/PEG6000 0.4 0.4 (3.33) (0.94) (0.02)
The numbers in parentheses are standard deviations. —: Indicates that some samples in this group did not form a

composite film.

Table 6 also shows the kinematic viscosity, opacity, and water vapor permeability for each
group of best-performing samples. Thickeners had a significant effect on the kinematic viscos-
ity of the film solution for four different thickeners in the film solution in the order of xanthan
gum, sodium alginate, starch, and gelatin composite film. The kinematic viscosity of the
CMBC/XG/SO composite film was the largest at 1381.95 mm? /s, indicating that the solution
had poor advective properties. The film did not easily form a smooth surface when poured
into the mold and appeared inhomogeneous, typical of non-Newtonian fluids. The kinematic
viscosity of the CMBC/SR/PEG 6000 composite film was the smallest, only 27.87 mm?/s.

The opacity of each group of composite films is shown in Table 6. The opacity of the
laminated film ranged from 4.76 to 11.1 A/mm. Compared with previous studies [34], the
opacity of the composite films was higher in all groups because the molecular arrangement
of the CMBC was more ordered than that of the CMC. This blocked the passage of visible
light [35], making the composite films more crystalline and opaque [36]. In addition, the
opacity of the composite films with glycerin as the plasticizer was lower, probably because
the glycerin produced composite films with a lower molecular structure that was initially
arranged in an orderly manner, thus making it easier for light to pass through.

Crystallinity, molecular size, and other properties of macromolecular polymers all
affect the water vapor permeability of the films [37]. The water vapor permeability of the
composite films was between 0.04% and 0.12%, lower compared to previous studies [38].
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These differences may be due to the more ordered molecular arrangement of CMBC
compared to CMC.

3.2. Micro-Structure of the Composite Films

Figure 2 shows the composite films prepared with glycerin as the plasticizer, except for
the CMBC/GEL/GL composite film, which had many fluid-like attachments on the surface
(Figure 2D). The other three composite films had compact surfaces without cracks and bumps
(Figure 2A-C), indicating that the components in the composite films were well-integrated
and had good interaction forces. In addition, the composite films prepared with sorbitol as
the plasticizer formed many round pie-shaped (Figure 2E), crumbled (Figure 2F), granular
(Figure 2G), and powder-like substances (Figure 2FH) on the surface, indicating that some
thickeners or CMBC were not incorporated into the composite film system. The composite
films prepared with PEG400 and PEG6000 as plasticizers formed a large number of spherical
particles (Figure 2I), clay-like materials (Figure 2J), sand-like particles (Figure 2K,M), and
ridge-like protrusions (Figure 2L) on the surface, indicating that these composite films had a
loose structure and that the components were not sufficiently integrated.

3.3. FTIR Spectrum of Composite Films

The infrared spectra of the composite films are shown in Figure 3. The (O-H) stretching
vibration peak of the CMBC composite membrane appears at 3280 cm !, while the (O-H)
stretching vibration peak of the carboxymethyl cellulose appears at 3420 cm ! [39], indicating
the formation of extensive hydrogen bonds and strong interactions between the additives and
the CMC [40]. As can be seen in Figure 3, the addition of sodium alginate/starch/xanthan
gum/gelatin and glycerin/sorbitol /PEG 400/PEG 6000 did not change the chemical structure
of the CMBC, as can be observed at 1600 cm ™! for carboxylate asymmetric stretching and
1420 cm ! and 1310 cm ™! for carboxylate asymmetric stretching [41].
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Figure 3. FTIR images of the composite films (A): CMBC/SA /G, CMBC/SR/Gl, CMBC/XG/Gl
& CMBC/GEL/G]; (B): CMBC/SA/SO, CMBC/SR/SO, CMBC/XG/SO & CMBC/GEL/SO;
(C): CMBC/SA/PEG 400, CMBC/SR/PEG 400 & CMBC/XG/PEG 400; (D): CMBC/SA/PEG 6000 &
CMBC/SR/PEG 6000).
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3.4. XRD-Pattern Characteristics of the Composite Films

Figure 4 shows the XRD pattern of the composite film. The composite film with
glycerol and PEG 6000 as plasticizers showed a broad diffraction peak at diffraction angles
of 19.8° to 22.1°, indicating that the components of the composite film were well-bound
and strongly interacted with each other (Figure 4A,D; Figure 4B,C). CMBC/CG/PEG 400
showed a broad diffraction peak at 11.3°and 20.6°, respectively [42], both indicating that
sodium alginate and xanthan gum were not fully integrated into the composite film system.
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Figure 4. XRD patterns of the composite films (A): CMBC/SA/G, CMBC/SR/GIl, CMBC/XG/Gl
& CMBC/GEL/GI; (B): CMBC/SA/SO, CMBC/SR/SO, CMBC/XG/SO & CMBC/GEL/SO;
(C): CMBC/SA/PEG 400, CMBC/SR/PEG 400 & CMBC/XG/PEG 400; (D): CMBC/SA/PEG 6000 &
CMBC/SR/PEG 6000).

3.5. The Pyrolysis Characteristics of the Composite Films

Figure 5A-F illustrates the thermal performance of the films. The CMBC/GEL/GL,
CMBC/SA/PEG 6000, and CMBC/SR/PEG 6000 composite films all showed two other
pyrolysis peaks in addition to a pyrolysis peak of bound water near 100 °C [43], indicating
that these three composite films had a nonuniform internal structure leading to poor
thermal stability. However, the initiation temperature of the CMBC/SR/GL composite
film was significantly lower than the temperatures of the other composite films. The main
reason for this is that some of the starch was not dissolved during the preparation of the
composite films and collected on the film surface. The TDG-TG diagram shows that the
pyrolysis peak of the composite film was between 250 °C and 311 °C. In addition, from
the DTG-TG curves in Figure 5 and related calculations, the following main parameters
commonly used to reflect the pyrolysis characteristics can be obtained:
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Figure 5. Pyrolysis curves of the composite films ((A,C,E,G) for TG; (B,D,F H) for DTG).

the initial temperature of pyrolysis Ts;

the maximum rate of pyrolysis weight loss (dvw /dt)max;

the peak temperature Tmax corresponding to (dvw /dt)max;

the average rate of pyrolysis weight loss (dw /dt)mean;

the pyrolysis maximum weight loss rate Vo;

the temperature intervalAT1/2 corresponding to (dw /dt)/(dw/dt)max = 1/2.

The data show that the initial temperature Ts of the pyrolysis of the composite films
ranged from 213 °C to 277 °C (Table 6). The maximum weight loss rate Ve of the pyrolysis
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ranged from 53% to 72%, while the weight loss of the CMBC/SA /PEG400, CMBC/XG/PEG
400, and CMBC/SA /GL composite films was the smallest, at 53%, 54%, and 55%, respec-
tively, indicating that these films had better thermal stability. The pyrolysis temperatures
of conventional plastics ranged between 130 °C-145 °C [44]. In contrast, the pyrolysis
temperatures of the composite films were 250 °C-300 °C, indicating that composite films
have better thermal stability than traditional plastics. The above pyrolysis-related parame-
ters can be combined to develop a comprehensive index D to characterize the degree of
difficulty of the pyrolysis of composite films.

(dW/dt)max(dW/dt)meanVOO
TsTmaxATq /2

D= @)

Equation (2) shows that the lower the Tg (corresponding to a more significant value
of D), the easier it is to pyrolyze, (dw/dt)max and (dw/dt)mean, and the more intense
the pyrolysis (corresponding to a more considerable D value). The lower values also
indicate that the more significant the Ve, the more pyrolysis (corresponding to a more
considerable D value); the smaller the Trax and ATy /5, the earlier and more concentrated
the pyrolysis peaks appear and the more favorable the pyrolysis and gasification. The D
values calculated from the above equation were also included in Table 7, which showed
that CMBC/SA /PEG 400 and CMBC/SA /GL had the smallest D values of 1.65 x 10~° and
1.92 x 107°, indicating that these two composite films had the best thermal stability.

Table 7. Pyrolytic properties of the composite films.

Composite Film e @wlimen Ve T Taa o ATy D
(Sjg’[fGCL/ —8.956 ~1.59 55 213 250.42 76 192 x 106
CS:IE’[/BGCL/ ~101714 ~1.91 69 220 2783 95.6 2.80 x 1076
%’[/BSL/ —12.7741 ~1.99 70 232 273.9 85.4 3.96 x 10~
(8324/‘35%/ ~10.126 ~1.83 61 225 264.0 69.8 268 x 1076
(;11;’[/35%/ —14.2546 ~1.93 66 265 294.4 70.7 453 x 1076
%’%CO/ ~13.3623 ~1.81 72 246 276.2 73.1 458 x 1076
GCEIVS% —9.5676 ~1.88 62 277 3104 73.6 259 x 10

SAC/I\IfE&/OO —8.597 ~1.54 53 219 2563 90.1 1.65 x 106
SRC/:II\’/;BGCZO . ~13.1144 ~1.65 58 251 280.1 742 228 x 106
XGC/I\I/’IE(CEZA{ 0 ~11.981 ~1.58 54 252 277.0 732 2.09 x 10~

4. Conclusions

A carboxymethyl BC-based composite film was successfully prepared with good
thermal stability and mechanical properties. The effects of the addition of sodium algi-
nate/starch/xanthan gum/gelatin and propanetriol/sorbitol/PEG 400/PEG 6000 on the
mechanical strength and thermal stability of the carboxymethyl BC—based composite film
were investigated. The prepared composite films had suitable mechanical strength and
thermal stability when 1.0% sodium alginate and 0.2% propanetriol were added. Regres-
sion analysis of the data on mechanical properties yielded a significant correlation between
thickeners and plasticizers on the tensile strength and elongation at the break of the com-
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posite films (Table 5). The effects of the simultaneous addition of various thickeners on the
mechanical properties and thermal stability of composite films will be further studied.
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Abstract: Fast-growing plantation wood has poor dimensional stability and easily cracks, which
limits its application. As wood modification can improve the dimensional stability, strength, and
other properties of wood, it has been extensively used. In this study, 2-Hydroxyethyl methacrylate
(HEMA) and glyoxal were applied to treat poplar wood (Populus euramevicana cv.I-214) by using
vacuum pressure impregnation to improve its dimensional stability. The weight percentage gain
(WPG), anti-swelling efficiency (ASE), water absorption rate (WAR), leachability (L), and other
properties of modified wood were examined. Results showed that the modifier was diffused into
the cell walls and intercellular space and reacted with the wood cell wall after heating to form a
stable reticular structure polymer which effectively decreased the hydroxyl content in the wood
and blocked the water movement channel; thus, further improving the physical performance of
wood. These results were confirmed by scanning electron microscopy (SEM), energy-dispersive X-ray

check for
updates

Citation: Hu, J.; Fu, Z.; Wang, X.;
Chai, Y. Manufacturing and
Characterization of Modified Wood
with In Situ Polymerization and

Cross-Linking of Water-Soluble

spectroscopy (EDX), X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), and
nuclear magnetic resonance (NMR). When the ratio of the modifier was 80:20, the concentration of
the modifier was 40%, and the curing temperature was 120 °C, the modified poplar had the best
performance, which showed a low WAR (at its lowest 58.39%), a low L (at its lowest 10.44%), and a
high ASE (of up to 77.94%).

Keywords: poplar; cell walls; cross-linking modification; wood properties
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Academic Editor: Antonios N. 1. Introduction

Papadopoulos Wood, as a significant natural and renewable material, has been extensively used in
furniture, decoration, construction, and other fields because of its outstanding high strength-
to-weight ratio, easy processing, beautiful appearance, and affordability [1,2]. Owing to
the capability of carbon dioxide storage, wood and wood utilization are more friendly to
the environment [3]. Fast-growing wood is considered an alternative source of natural
wood due to its short planting time and is an ideal material for a sustainable society [4].
Nevertheless, the application of fast-growing wood is restricted by its poor dimensional
stability, poor physical and mechanical properties, and easy cracking. However, wood
modification technology could significantly improve the performance and quality of fast-
growing wood, which is of great significance in broadening its application range and
extending its service life [5]. Therefore, using modified fast-growing wood can relieve
the shortage of wood supply and protect the over-exploitation of natural resources as
an alternative means. Among numerous wood modification methods, chemical cross-
linking modification has received more attention, with the advantages of a simple process,
significant modification effect, and excellent stability [6,7]. It has been found that the
strength and density of wood increase if the wood modifier is able to penetrate and enlarge
the wood cell wall. If the modifier can react with the cell wall constituents, the modification
impact is substantially improved, and the stability is extended [7-9]. The dimensional
40/). stability of wood can be enhanced by reducing the hydrophilic -OH group of cell wall
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components or bulking the cell wall with a modifier. Thus, it is a significant issue for the
wood industry to ensure that the wood is non-toxic and environmentally sustainable during
the treatment and use processes, and that it will not cause damage to the environment and
the human body.

Hydroxyethyl methacrylate (HEMA) includes numerous active hydroxyl groups,
which contribute to its biocompatibility. Additionally, since it is simple for the cross-linking
agent to self-polymerize or create a network structure, it has excellent mechanical qualities.
Due to the great strength and biocompatibility of Poly (2-hydroxyethyl methacrylate)
(pHEMA) hydrogels, they have been used in a variety of biomedical applications [10-12].
Additionally, there have been several uses for wood modification in recent years [13].
Due to its high concentration of active hydroxyl groups, HEMA was selected as the main
modification to increase the performance of wood cell walls [14]. It is expected that
the hydroxyl groups will enhance the polymers’” hydrogen bonding capabilities with
wood components [15,16]. Glyoxal (GA) is a widely used cross-linking agent for the
preparation of high-molecular-weight gel materials. It has excellent graft performance
and biocompatibility. Due to its excellent cross-linking performance and low toxicity
and volatility, it is widely used in the textile, paper, and chemical industries, etc. [17,18].
Modifying wood to enhance the dimensional stability and water resistance of wood using
a cross-linking agent is an efficient modification strategy. As a result, treating wood with
glyoxal may significantly enhance its physical and mechanical qualities [19]. Glyoxal has
two interconnected aldehyde groups in its molecular structure and has high chemical
activity and all the chemical properties of aldehydes. It is widely used in the wood industry
to replace formaldehyde in the synthesis of resins [20-22]. Glyoxal is a well-studied bi-
functional aldehyde which has the competent ability to react with hydroxyl groups of wood
cell wall polymers and enhance dimensional stability, water repellence, and durability
of wood [19]. However, these improvements are often accompanied by brittleness and
strength losses in the wood [23].

The impregnation of wood cell walls with hydroxyethyl methacrylate and glyoxal
resulted in the modification of the cell walls, and thermally induced in situ polymeriza-
tion resulted in the formation of modified materials with outstanding characteristics. The
purpose of this work is to enhance the quality of wood (dimensional stability and water
absorption) by grafting polymers onto the cell walls of wood, expanding the cell walls,
and converting hydrophilic hydroxyl groups into bigger hydrophobic groups. This work
advances fast-growing-wood modification by introducing a novel research strategy. Modi-
fied wood is projected to be employed in furniture manufacture and interior decorating,
broadening the spectrum of fast-growing wood’s applications and enabling the replacement
of natural forest wood with fast-growing wood.

2. Materials and Methods
2.1. Materials

The poplar wood (Populus euramericana cv.I-214) was collected from the Sun jia zhuang
forest farm in Yi County, Hebei province, China. The average tree age and diameter at
breast height are about 20 years and 25~33 cm, respectively. Additionally, the air-dry
density is about 0.35 g/cm3. Mature sapwood was randomly picked and sawed into
20 mm x 20 mm x 20 mm pieces, which needed to be completely dry before the impreg-
nation experiment. All chemical reagents were analytical grade. HEMA (Kangboshunda
Chemical Products Co., Ltd., Beijing, China), glyoxal of chemical grade (40%), analytical-
grade calcium chloride (CaCl,), hydrogen peroxide (30% aqueous solution, H,O,), and
ammonium persulfate ((NHy)25,03) (Aladdin Co., Ltd., Shanghai, China; Beijing, China).

2.2. Wood Modification Methods

Modifiers included HEMA and glyoxal, and the compound initiator consisted of
CaCly, HyO,, and (NH4),5,0g. The modifiers were prepared with varied HEMA to glyoxal
ratios (HEMA:GA = 100:0, 90:10, 80:20, 70:30, 60:40) and different concentrations (10%, 20%,
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30%, 40%). The amount of compound initiator was 3% of the mass of the modifier, and
the mass ratio of CaCl,, H,O,, and (NH4)»,S,0g is 1:1:1. CaCl,, H,O,, and (NHy4),S,0g.
One parameter was taken as the variable and the others were left unchanged. Specific
parameters have been shown in Table 1.

Table 1. Parameters of treatments for each group of wood samples.

The Ratio of HEMA and GA CaCly/H,0,/(NHy)>S,0, The Content of HEMA/GA Curing Temperature
(%) (%) Q)
100:0 3 10 80
90:10 3 20 100
80:20 3 30 120
70:30 3 40 140
60:40 3 - -

Wood samples were impregnated respectively with the above prepared solution, through
the vacuum-pressure method as vacuuming (0.1 MPa, 1 h) — liquid injection — pressuriza-
tion (1.0 MPa, 8 h) — pressure relief. After releasing the pressure, the wood sample was
air-dried for 5 days and then heated to 40 °C for 24 h to initiate the reaction between the
modifier and the wood cell wall. They were then heated for 6 h at 80 °C, 100 °C, 120 °C,
and 140 °C, respectively, to complete the polymerization process (Figure 1). Finally, all the
samples were dried at 103 = 2 °C to achieve the same quality, except for the samples in
120 °C and 140 °C conditions. Each group had 10 duplicate samples, and had its statistical
average value taken.

g |
-

2-Hydroxyethyl
methacrylate Compound initiator
1
n J

Mixing Heating

Glyoxal

Figure 1. Schematic diagram of the wood modification process.

2.3. Characterization

Scanning electron microscope (SEM) and Energy-dispersive X-ray spectroscopy (EDX).
SEM (Hitachi SU8020, Toyko, Japan) was used to investigate the distribution of modifiers
in wood cell walls at an accelerating voltage of 10 kV. Samples of tangential modified
and unmodified wood (5 mm x 5 mm x 5 mm) were coated with a platinum layer on
an aluminum SEM stub. Additionally, EDX coupled with SEM was utilized to detect the
concentration of the characteristic elements of wood samples.

X-ray diffraction (XRD) analysis was performed by a Bruker D8 Advance diffractogram
from Germany. Cu-K« radiation with graphite monochromator, 40 kV, 40 mA, and 26
scan range of 5-45° (20) with a scanning speed of 2°/min were preset parameters. On
the scanning curve, there was a maximum peak of (002) diffraction near 20 = 22° and a
minimum near 26 = 18°. The empirical formula proposed by Segal et al. [24] was used to
calculate the relative crystallinity. The crystallinity index (CrI) was calculated as follows:

Crl (%) = 100(101‘;202_ fam) (1)
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where Iy is the intensity of the diffraction angle of (002) crystal plane (26 = 22°), and I,
is the scattering intensity of the amorphous background diffraction degrees (26 = around
18°). The microfilament angle of the sample was calculated according to the Cave 0.6T
method [24].

Fourier-Transform Infrared Spectroscopy (FTIR) was used to characterize the chemical
composition of the modified wood samples. All samples (three samples each for modified
and unmodified wood) were crushed to 100 mesh and ground using KBr pellets. A FTIR
analysis was performed using a FTIR Spectrometer (Nicolet Nexus 6700, Madison, WI,
USA) in the range of 400 to 4000 cm ! in diffuse reflection mode with a 4 cm~! resolution
and 64 scans.

Nuclear magnetic resonance spectroscopy (NMR). 13C NMR spectra of the modified
wood samples were recorded on a Bruker Avance AVIII 400 MHz NMR spectrometer. The
modified and unmodified poplar wood flour with 160 mesh was prepared for an NMR. The
solid-state 1*C magic angle spinning (MAS) NMR spectra of the modified wood samples
were examined and compared with unmodified wood samples. The MAS speed was set at
5000 Hz and scanned 8318 times at room temperature.

2.4. Wood Performance Evaluation

The samples with a size of 20 mm x 20 mm x 20 mm (longitudinal x radial x tangential)
were prepared for weight percentage gain (WPG), bulking effect (BE), anti-swelling ef-
ficiency (ASE), water absorption (WAR), and leachability (L) tests. Ten replicates were
conducted for each group, and the statistical average value was taken.

The weight percentage gain (WPG) was calculated according to the absolute dry mass
before and after modification, as seen below (Formula (2)).

100(W; — W)

WPG (%) = IN
0

)
where Wy and W are the weight of oven-dried wood samples before and after treatment,
respectively.

The bulking effect (BE) test is used to characterize the size changes of wood before
and after modification. The BE was calculated (see Formula (3)).

100(V;4 — Vp)

BE (%) = 7

®)
where Vj and V; are the volume of oven-dried wood samples before and after treatment,
respectively.

By completely immersing the modified and unmodified samples for 120 h, the volumes
of the modified and unmodified samples before and after immersion were measured. From
these volumes, ASE can be calculated as follows:

100(Va — V)

WE%%>—j€—— (4)

where V,; and V), are the volumes of wood samples after and before immersion, respectively.

o\ _ 100(VSE, — VSE;)

ASE (%) = VSE, ®)
where VSE, and VSE; are the volumetric swelling efficiencies of untreated and treated
wood samples, respectively.

The water absorption rate was calculated according to the “Determination method of
water absorption of wood” (GB/T 1934.1-2009). First, the modified samples were numbered
and weighed. The specimens were placed at least 50 mm below the surface of the water and
soaked for 10 days, and then the samples were removed from the water, and the surface
was wiped with a tissue and weighed again. The WAR was calculated as:
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WAR (%) = w (6)
Wi
where Wy and W, are the absolute dry mass after modified and the mass after soaking of
the modified wood specimens, respectively.
After calculating the WAR, all samples were oven-dried at 103 & 2 °C to a constant

weight. The leaching rate due to water immersion was calculated as follows:

_ 100(Wy — W3)

L (%) = Wy = Wo) @)

where W3 is the absolute dry weight of a modified wood sample after a 10 d water immersion.

3. Results and Discussion
3.1. Distribution of Modifiers

Cross-sectional microphotographs of both treated and untreated wood were obtained
by SEM and EDX. As illustrated in Figure 2a,b, the cell walls in modified wood were
thicker than that of unmodified wood, and unmodified wood had distinct gaps between
the cell walls that were not present in modified wood. The untreated cell walls had a
mean thickness of 5.04 & 0.96 um, and the treated cell walls had a mean thickness of
7.74 £ 0.57 um (Table 2). The resulting polymer from the copolymerization of HEMA and
glyoxal was grafted onto the wood cell wall, thereby improving the interfacial compatibility
between the polymer and the wood cell wall without obvious gaps. According to the
energy spectrum analysis (Figure 2e,f), the carbon, oxygen, and nitrogen contents of the
modified wood cell walls were greater than those of the unmodified wood. This result
indicates that the modifier was predominantly distributed in the cell walls and, to a lesser
extent, in the cell lumen.

Table 2. The data of untreated and treated wood cell wall thickness.

Labels Total Max./um Min./um Mean./um
Untreated wood 120 5.34 4.38 5.04
Treated wood 120 8.40 7.20 7.74

3.2. XRD Analysis

As seen in Table 3 and Figure 3b, the peak width of the X-ray diffraction pattern of
poplar increased from 1.74 to 2.49, and the microfibril angle increased from 21.86° to 29.70°.
In this hypothesis, it is believed that when the modifier causes the cell wall to swell, some
of the amorphous region components are dissolved, resulting in the original arrangement
of the microfilaments changing.

The XRD spectrum (Figure 3a) showed that the maximum diffraction values of the
crystalline region of the modified wood (002) were around 20 = 22°, which implies that
the treatment had no effect on the crystalline region, and thus there was no change in
the distance between the crystal layers. In terms of diffraction intensity, the treated wood
increased a little, indicating a slight effect on the amorphous region of the wood microfibrils.
Troughs appeared near 20 = 18°, and the difference from untreated wood was less than 9%.
Therefore, from the perspective of a crystal structure, there is no difference in the crystal
structure of the cellulose of treated wood, and it is still cellulose I-type structure [25].
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Figure 2. SEM morphologies of unmodified (a) and modified (b) wood samples, (c,d) are energy
spectrum figures of untreated and treated wood, respectively. Samples (e,f) show the distribution of
C, N, and O elements in the cell walls of unmodified and modified wood.
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Table 3. Parameters of treatments for each wood sample.

Crystallinity Microfibril Angle Crystal Breadth
Untreated wood 43.15% 21.86° 1.74
Treated wood 54.77% 29.70° 2.49
10000 -
Modified wood — Modified wood
— Unmodified wood 90001 — Unmodified wood
8000
> 7000
E 6000
5000
40001
3000
10 ' 20 2 ' 10 0 % 10 130 20 20 00 30
2009 Polar angle (°)
(a) (b)

Figure 3. XRD patterns (a) and MFA (b) of modified and unmodified wood.

The relative crystallinity of wood is a critical parameter for describing the supramolec-
ular structure of cellulose, which is intimately related to its physical and chemical properties.
Additionally, relative crystallinity is indispensable for comprehending wood alteration,
processing, and utilization [26]. The relative crystallinity of modified wood increased from
43.15% to 54.77% (Table 3) because the modifiers entered the cell wall of the wood and
affected the crystalline structure of the cellulose molecular chain. When the amorphous
fiber recombination occurred after the temperature curing, a stronger bond was established.
As the relative crystallinity improved, the dimensional stability of the wood also improved,
leading to further improvements in its physical properties. With the increase in wood
crystallinity, the dimensional stability and nuclear density of wood also increased, which is
consistent with the results of the physical properties evaluation of modified wood.

Despite the slight change, high-temperature curing alters the width of the crystalliza-
tion region in wood. The half-peak width of the diffraction peak of the (002) crystal plane
was used to calculate the width of the crystalline region of the wood [27]. When the reaction
temperature reached a certain level, the crystalline zone and amorphous zone of the fibers
changed, and the width of the crystalline zone of the modified materials increased. This was
consistent with the findings of the microfibril angle and relative crystallinity investigation.

3.3. FTIR Analysis

The FTIR spectra in Figure 4 clearly show that the absorption peaks near 3373 cm™! be-
came weaker after grafting with HEMA and glyoxal, and the broad bands at 3200-3600 cm !
were attributed to primary amine O-H bands, which indicated that the -OH on the wood
was involved in the grafting reaction [28,29].The strong absorption peaks of C=C and C=0
appeared at 1666 cm ™!, and 1627 cm ™!, mainly caused by the stretching vibration of the
carbonyl and aldehyde groups in HEMA and glyoxal. As shown in Figure 4, the peak
at 1594 cm~! corresponds to —C=0 stretching and disappears from the spectrum of the
modified material. This is due to the oxidation reaction between the modifier and the wood.
In addition, the 898 cm~! absorption peak in the modified wood was weakened, indicating
that the modifier had a certain influence on the cellulose structure of the wood [30,31]. FTIR
spectroscopy supported the XRD results.
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Figure 4. The FTIR spectra of the treated wood and untreated wood.

Both HEMA and glyoxal are highly reactive, and this functional group can react with
hydroxyl groups in wood. Under high temperature and catalyst action, the hydroxyl
groups between the wood modifiers can be cross-linked to form a three-dimensional
network polymer under heating conditions. It is because of the chemical cross-linking
reaction of the reactive modifiers in the wood and the uniform distribution in the wood
that the physical and chemical properties of wood were comprehensively improved.

3.4. 13C NMR Analysis

In order to further study whether wood reacts with HEMA /GA, and confirm the
conclusion of FTIR, NMR (Figure 5) was used to study whether there is a new chemical
shift in the modified wood and whether there is a chemical reaction in the modified wood.

The absorption peaks at 88 and 83 ppm were enhanced, indicating that the chemi-
cal cross-linking reaction occurred between the modifier and C4 in crystalline and non-
crystalline areas, which rearranged the molecules in the non-crystalline area and formed a
new crystalline area, thus increasing the crystallinity of the wood. This result is the same
as the XRD result. The characteristic peaks at 55 ppm and 120-170 ppm have noticeable
chemical shifts compared with the unmodified materials, and here represent the methoxy
carbon and aromatic carbon components of lignin, indicating that a cross-linking reaction
between the modifier and the carbon in lignin has occurred [32-34].
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Figure 5. NMR spectra of untreated and treated wood.

3.5. Effect of the Ratio of HEMA and Glyoxal on Properties of Modified Wood

Due to the porous nature of wood and the higher concentration of free hydroxyl
groups, it is excellent at storing water molecules and has high hygroscopicity. When wood
absorbs water, water molecules combine with free hydroxyl groups, causing hemicellulose
and cellulose to swell, their intermolecular hydrogen bonds to break, and more hydrophilic
active sites to be exposed, thereby increasing water absorption and swelling of wood and
resulting in deformation [35]. The main objectives of wood modification in this study are
to reduce the number of hydroxyl groups and channels of water movement.

Figure 6 reflects that the ratio of HEMA and glyoxal has an influence on wood bulking
effects BE, ASE, WPG, WAR, and L, while other factors remain unchanged (the modifier
concentration was 20%; the curing temperature was 120 °C).

WPG and BE increased with the addition of glyoxal, demonstrating that glyoxal
promotes the modifier into the wood cell wall. The BE reached its maximum when the
HEMA to glyoxal ratio was 80:20, which indicates that the addition of glyoxal induces more
modifiers into the wood cell wall and that the swelling of the cell wall by the modifier has
reached its limit. Although WPG increased with increasing glyoxal (HEMA:GA = 70:30),
BE decreased slightly, indicating that the modifier entered the cell cavity. When the ratio
was 60:40, WPG decreased slightly, which could be attributed to an overabundance of
glyoxal, which caused self-polymerization of glyoxal, thus preventing the modifier from
entering the wood. When the HEMA to glyoxal ratio was 70:30, the variation trend was
consistent with that of WPG, ASE, and WA, where the best values were 31.88%, 74.18%,
and 107.44%, respectively. This is because modifiers can penetrate wood cell walls and
react with the cell wall components of the wood to improve cell wall performance. Glyoxal
is a reactive cross-linking agent for bifunctional groups, while HEMA is a cross-linking
agent for bifunctional groups. By formulating polymers with the two ingredients, HEMA
and glyoxal, and using hydroxyl cross-linking reactions, vinyl and hydroxyl groups can
polymerize to form a three-dimensional structure that helps improve the cohesion strength
of polymers, thus increasing the physical properties of wood [36]. Another approach is
for the modifier to polymerize and block the transport channels of water in the wood;
therefore, to improve the dimensional stability of the wood, these pores include vessels,
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pits, etc. Because of this, the water absorption rate of wood was reduced, which ultimately
benefited the product’s overall shelf life.
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Figure 6. Effects of the ratio of HEMA and glyoxal on properties of wood.

Furthermore, both HEMA and glyoxal can react with hydrophilic hydroxyl groups on
wood, thus reducing the ability of wood to absorb water. ASE increased to 74.18% when
the ratio was 70:30. Compared to untreated wood (168.60%), the water absorption of WA
(107.44%) decreased by 36.28%. Basically, the changing trend in leachability was the same
as BE. The leachability was best when the ratio of 80 to 20 showed the modifier had the
best retention ratio on the cell wall. A comprehensive evaluation of the physical properties
of ASE, WA, and L requires an optimal modifier ratio of 70:30.

3.6. Effect of Modifier Concentration on Properties of Modified Wood

Figure 7 reflects that the modifier concentration influences the bulking effect, dimen-
sional stability, weight gain, water absorption rates, and leachability of wood, while other
factors remained unchanged (the ratio was 80 to 20; the curing temperature was 120 °C).

As the modifier concentration increased, WPG and BE both exhibited a positive corre-
lation trend. The results indicated that the higher the concentration, the more modifier was
infused into the wood and the greater the swelling of the cell wall. In Figure 7, an increase in
modifier concentration results in a higher WPG. When the modifier concentration was 10%,
the WPG was 14.22%, while ASE was 56.59%, indicating the high efficiency of HEMA /GA
in improving the dimensional stability of poplar wood. When the concentration reached
40%, ASE and WPG increased to 77.94% and 60.19%. In addition, the cross-linking degree
increased with increasing modifier concentration, and the oligomer decreased, reducing the
modifier loss rate from 33.10% (the modifier concentration was 10%) to 10.38% (the modifier
concentration was 40%). The initiator successfully grafted the modifier onto the hydroxyl
groups in wood, thereby reducing the number of hydroxyl groups and the hygroscopic
rate of the wood. Obviously, when the concentration was changed, the water absorption of
wood decreased by 65.4% compared to untreated wood. The modifier was fixed into the
wood, blocking water flow, causing a decrease in the water absorption of the wood. After a
comprehensive inspection of ASE, WA, and L, it was determined that the best performance
was obtained at a modifier concentration of 40%. The ASE obtained in this work was much
higher than in other studies [7,17,37,38].
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Figure 7. Effects of modifier concentrations on properties of wood.

3.7. Effects of Curing Temperature on Wood Properties

The effects of different curing temperatures on the properties of modified poplar
wood were investigated. Other technological parameters, including HEMA to glyoxal ratio
(80:20) and modifier concentration (20%), remained unchanged. The modification results of
wood are impacted by temperature, which is directly related to the activity of the catalyst
and the degree of cross-linking of the modifier. As can be seen from Figure 8, the curing
temperature has no significant effect on BE. With a temperature exceeding 120 °C, WPG
declined slightly due to the rapid volatilization of glyoxal and the degradation of wood
cell wall components. The reactivity of HEMA and glyoxal, as well as the cross-linking
with the wood composition, increased as the temperature increased. To ensure that the
synthetic property of wood was the best, the curing temperature was set at 120 °C. At
a curing temperature of 120 °C, the ASE of wood can reach 68.50%, with a leachability
of 19.33%.
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Figure 8. Effects of curing temperature on properties of wood.
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4. Conclusions

In this study, the dimensional stability of wood was improved by the in situ polymer-
ization of water-soluble monomers in water. A water-soluble monomer and cross-linker
were injected into the wood cell walls and activated cross-linking reactions to form in-
terpenetrating polymer network structures. The polymer network blocked the partial
pore and reduced wood hydroxyl, which simultaneously and significantly increased the
wood’s transverse connection, dimension, and stability. The results showed that the best
performance of ASE, WAR, and L was achieved at 77.94%, 58.39%, and 10.44%, with the
experimental parameters of a 70:30 modifier ratio, 40% modifier concentration, and 120 °C
curing temperature, respectively. Compared to unmodified wood, modified wood has
thicker cell walls and smaller cell gaps. In addition, crystallinity, crystalline zone width,
and the microfiber angle were all greater in modified wood, indicating that the modifiers
are efficiently dispersed into the cell walls. The FTIR analysis reveals that the -OH of the
modified wood, which is involved in the reaction of HEMA and glyoxal, is significantly
reduced. Furthermore, the characteristic chemical bonds C=C and C=0 in the modifiers
were significantly increased, indicating that the modifiers strongly bonded to the wood. The
results from FTIR and NMR analyses indicate that the modifiers existed in the wood cell
wall and reacted with wood components. The enhanced absorption peaks at 88 and 83 ppm
indicate the formation of a new crystallization zone, and consequently, the crystallinity of
the modified material increased. Compared with the unmodified wood, the characteristic
peaks of 55 ppm and 120-170 ppm showed significant chemical shifts, indicating a cross-
linking reaction between the modifier and the carbon in the lignin. The results of the NMR
analysis verified the results of FTIR and XRD.
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Abstract: The enormous pressures of energy consumption and the severe pollution produced by
non-renewable resources have prompted researchers to develop various environmentally friendly
energy-saving materials. Transparent bamboo represents an emerging result of biomass material
research that has been identified and studied for its many advantages, including light weight,
excellent light transmittance, environmental sustainability, superior mechanical properties, and
low thermal conductivity. The present review summarizes methods for preparing transparent
bamboo, including delignification and resin impregnation. Next, transparent bamboo performance is
quantified in terms of optical, mechanical, and thermal conductivity characteristics and compared
with other conventional and emerging synthetic materials. Potential applications of transparent
bamboo are then discussed using various functionalizations achieved through doping nanomaterials
or modified resins to realize advanced energy-efficient building materials, decorative elements, and
optoelectronic devices. Finally, challenges associated with the preparation, performance improvement,
and production scaling of transparent bamboo are summarized, suggesting opportunities for the

::lrll’edc gt?-’: future development of this novel, bio-based, and advanced material.
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of bamboo planting area widely distributed across America, Asia, and Africa [1]. Indeed,
bamboo is an important forest resource, having a higher yield, more rapid growth rate,
and better mechanical properties than wood, as well as a high aspect ratio and excellent
biodegradability. In terms of growth rate, bamboo has a short growth cycle of 3-5 years,
whereas wood has a growth cycle of 20-60 years. Furthermore, single bamboo fiber has
average tensile strength and modulus of 1.6 GPa and 33 GPa, respectively [2], which
is significantly higher than other known natural fibers, such as cotton, coir, henequen,
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polymethyl methacrylate (PMMA) [12,13]. Using this approach, TW inherits the excellent
characteristics of native wood, including a high modulus, low density, high strength, and
high toughness [14]; similarly, its transparency depends on the composition and structure
of the specific wood employed [15].

As a natural composite material, wood consists of cellulose, hemicellulose, and lignin,
which are arranged in a multi-layered and hierarchical structure. Wood is naturally opaque
and always has a certain color owing to two aspects. On the one hand, the chromophoric
groups in lignin and other substances have a strong ability to absorb visible light at wave-
lengths of 380-780 nm [16,17], accounting for 80-95% of the total light absorption of wood
and constituting the fundamental reason for its color [18]. On the other hand, many pores in
the wood are primarily filled with air and water. This mesoporous structure scatters a great
deal of light in the visible wavelength range [19,20]. Moreover, the different components in
the wood structure create interfaces between materials with different refractive indexes that
induce light refraction, scattering, and reflection when light propagates across them [21].
Therefore, removing the colored substances in wood and filling the cavities with a resin
providing a refractive index approaching cellulose can make wood transparent.

Bamboo and wood share many characteristics: they have a highly aligned hierarchy
and contain similar primary components [22], including cellulose, hemicellulose, and
lignin. Therefore, bamboo also has the potential to be prepared as a transparent material.
As mentioned above, bamboo has many advantages compared with wood. However, bam-
boo’s high density and low porosity present notable challenges in preparing transparent
bamboo (TB) [23]. For example, the high density of bamboo reduces its permeability during
treatment; the density of mature bamboo (~0.65 g/cm?) is much higher than that of the
low-density wood species such as balsa, basswood, and poplar (normally ~0.1-0.4 g/cm?),
which are typically used to produce TW [23].

Furthermore, the poor permeability of bamboo increases the time and quantity of
chemicals required to remove the lignin. Poor permeability also affects the resin filling
rate, potentially reducing TB’s light transmittance and mechanical properties [24]. As a
result, recent studies have shown that applying the TW preparation process directly to the
preparation of TB results in light transmittance of less than 10% [25]. The preparation of
transparent bamboo composites (TBCs), which comprise TB combined with other materials
to improve performance, faces many of the same challenges.

Therefore, this review summarizes recent advances in the production of functional TB
to identify potential directions for future development. First, several simple and efficient
TB preparation strategies are introduced based on delignification/lignin modification
and resin impregnation. The optical and mechanical properties of TB prepared using
different methods are then compared, and finally, various potential applications of TB in
energy-efficient buildings, decorative elements, and optoelectronic devices are discussed.

2. Basics of Light-Bamboo Interaction

As light travels through the air and interacts with solids, its propagation can continue
in the forward direction when refracted and/or absorbed, or it can be reflected backward
at the air-solid interface (Figure 1a). In order to effectively discuss the optical properties
of transparent materials, it is necessary to define the corresponding terms [26]. The total
optical transmittance of an object (often referred to simply as its transmittance) is the
ratio of the transmitted light intensity (including the intensities of the directly transmitted
light IT girect and diffused transmitted light I gifryse) to the incident light intensity Iyg; the
total transmittance is, therefore (I girect +Tdiffuse)/I10- The optical haze is the ratio of
I giffuse to the total transmitted light and is therefore defined as It gigfuse / (IT direct +IT diffuse)s
as shown in Figure 1a. Owing to the difference between refractive indexes, when light
passes through an object, it will be refracted at an angle obeying Snell’s law, expressed as
nysinfq = nysinfp, where n is the refractive index of each material and 0 is the incident light
angle in that material. Multiple factors can influence an object’s optical transmittance and
haze, including its surface roughness, thickness, refractive index, pore size distribution,
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porosity, etc. [27-29]. For two-phase materials, such as microscale composites, the higher
the refractive index (RI) ratio between the two media, the stronger the light scattering,
which corresponds to a larger proportion of reflected light and thus a lower transmittance.
The attenuation of light occurs when light is transformed into other types of energy, such
as heat. The more solid-solid interfaces in a composite or the greater its thickness, the
lighter attenuation that occurs, thus reducing transmittance. Thus, a transparent composite
material can be realized by providing a low Rl ratio between phases, low light attenuation,
and lesser thickness, resulting in a higher transmittance.

Bamboo is opaque because of its optically heterogeneous nature, a result of its mi-
croscale porous structure, different chemical components with different Rls in the cell
walls, and contents of strongly light-absorbing chemical entities. Figure 1b illustrates the
microstructure of bamboo. When light interacts with bamboo, a combination of scatter-
ing/reflection, refraction, transmission, and absorption occurs. Light scattering takes place
at all interfaces between the cell walls (which have an RI of ~1.56) and air (which have
an RI of 1.0). Inside the cell walls, the mismatch between the Rls of the main chemical
components of lignin (1.61), cellulose (1.53), and hemicellulose (1.53) leads to additional
light scattering [30].

Furthermore, lignin exhibits particularly strong light absorption among these com-
ponents, accounting for 80-95% of all light absorbed by bamboo [18]. The details of this
interaction depend on the light’s wavelength and the bamboo’s properties, such as its den-
sity, chemical compositions, and fiber direction. Generally, to make bamboo transparent,
light absorption by chemical entities and light scattering at the air/cell wall interfaces and
inside the cell walls must be reduced or eliminated.

(a) ‘
Ik
IR. difluse -—
\ Y of
0 I ,f:,«; 'V;; 6-
M 2

Figure 1. (a) Sketch illustrating light propagation through a solid object in a medium (i.e., air), where
o is the incident light intensity, IT girect is the intensity of directly transmitted light, I giffse is the
intensity of diffusely transmitted light, IR is the intensity of reflected light, IR giffyse is the intensity of
diffusely reflected light, 8; is the incident angle in the medium, 6, is the refracted angle in the solid,
and n1 and ny, respectively, represent the refractive indices of the medium and solid. (b) Schematic of
the hierarchical pore network in bamboo, where PM indicates the pit membrane [31]. ((a) Adapted
from Li et al. [32] Copyright 2017 the Royal Society; (b) Reproduced with permission from Liu
et al. [31]. Copyright 2021. Elsevier).

3. Preparation of TB

The preparation of TB can be divided into two steps. First, the color-producing
compounds in bamboo are removed or modified (decolorization treatment); second, the
bamboo is impregnated with a RI-matched resin. Removing or modifying the lignin and
chromophoric groups of bamboo is a particularly crucial step. However, the delignified or
lignin-modified bamboo is still opaque as the Rls of the substrate and air still do not match.
Therefore, it is essential to impregnate the bamboo with a transparent resin providing
matching RI to make the bamboo transparent.
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3.1. Preparation of the Bamboo Template

The first key step in the preparation of TB is to remove or chemically modify the
chromogenic substances in the bamboo (primarily lignin) to achieve a decolorized template.
Decolorization is commonly achieved in wood and bamboo using acid delignification,
alkali delignification, lignin modification, or enzyme delignification methods.

3.1.1. Acid Delignification Method

The preparation of delignified bamboo templates using the relatively simple acid
delignification method was demonstrated by Wu et al. [25], who employed a certain
concentration of sodium chlorite (NaClO,) mixed with water and acetic acid (CH3COOH)
to treat bamboo at a pH value of 4.6 and a temperature of 80-90 °C until it turned white.
The time required for delignification differed according to the size of the bamboo sample.
Under this method, the NaClO, forms unstable chlorous acid in an acidic environment; this
chlorous acid decomposes into Cl,, ClO,, and H,O, which interact with the benzene ring
structures in the conifer aldehyde and aromatic ketone in the lignin through an oxidative
ring-opening reaction to form an acidic group, causing the material to degrade and dissolve
in water. Furthermore, the hypochlorous acid produced by the reaction of Cl, with water is
also a strong oxidant that reacts with lignin to finally produce o-quinone, small molecules
(e.g., carboxylic acid) and corresponding alcohols. Lignin macromolecules are broken and
dissolved through these reactions, thereby achieving the purpose of decolorization. When
sodium hypochlorite (NaClO) is used to remove lignin instead, the main reactions include
chlorination and oxidation, and the main reaction objects are the benzoquinone structure of
the lignin benzene ring and the conjugated double bond of the side chain. These reactions
are able to generate small molecules (such as CO; and carboxylic acid) and thereby remove
lignin and other coloring substances from the sample [33,34].

In addition, the use of 1% sodium hydroxide (NaOH) to pretreat natural bamboo prior
to acid delignification has been observed to help prepare TB with high optical transmit-
tance [23]. Figure 2a summarizes the associated bamboo template preparation stages. The
transmittance of TB prepared using NaOH and acid delignification was found to be ~8%
lower than that of TW, but its cellulose volume fraction was ~400% higher, resulting in
a tensile strength of 92 MPa, roughly twice that of TW. Furthermore, the developed TB
exhibited a low heat conductivity of 0.203 Wm~! K~!, indicating a reduction of ~10% and
~80% compared to TW and traditional glass, respectively. Indeed, the pretreatment of
bamboo with NaOH results in a more microporous cell wall structure, primarily owing
to the partial removal of extract, hemicellulose, and lignin from the cell walls to form
small cavities. These cavities” existence increases the cell wall’s contraction and thereby
decreases its thickness, and realizing a porous structure more conducive to the infiltration
of lignin-removal chemicals.
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Figure 2. Preparation of transparent bamboo (TB) using the (a) acid delignification (including
pretreatment) [23], (b,c) lignin modification [35] methods. ((a) Reproduced with permission from
Wang et al. [23]. Copyright 2021 ACS Publications; (b,c) Reproduced with permission from Wang
et al. [35]. Copyright 2022 Elsevier).

3.1.2. Alkali Delignification Method

Researchers have also prepared TW templates by treating wood samples with a
mixed solution of NaOH and sodium sulfite (Na,SO3) at 100 °C for 12 h, as SO32~ can
sulfonate lignin in alkaline conditions [36,37]. The purpose of this lignosulfonalization is
to introduce sulfonic acid groups into the side chain of the benzene rings in lignin. The
reaction products are not only soluble in water but can also break the bonds of various
ethers. Considering that the quinone structure formed during alkaline sulfite treatment
will darken the color of the sample, further bleaching with hydrogen peroxide (H,O,) is
required [15]. Notably, HyO; bleaching is also a delignification process. First, HyO; is
dissociated in an alkaline solution to form hydrogen peroxide anion (HOO™), which can
decompose the quinone structure and even degrade it into small molecule esters. It should
be noted that the bleaching effect of HOO™ is closely related to the pH of the solution.
When the pH increases, the concentration of HOO™ increases, leading to an improved
bleaching effect. However, when the pH exceeds 10.5, HOO™ is easily decomposed into O,
and the bleaching effect will deteriorate [15]. Critically, the alkali delignification method is
complex and can readily cause sample deformation [38].

3.1.3. Lignin Modification (Lignin Retaining) Method

The lignin modification method has been used to prepare bamboo templates for TB
by retaining the lignin while modifying the chromophoric groups within, as shown in
Figure 2b. Because the lignin composition is retained, the mechanical strength of the result-
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ing TB is typically higher than that of TB prepared by removing the lignin [35]. Moreover,
the lignin modification method also avoids wasting the lignin components. For example,
Wang et al. [35] removed the light-absorbing chromospheres (aromatic ketone, conifer-
aldehyde, and orthoquinone) of lignin using an alkali HyO, treatment while retaining
the aromatic skeleton lignin structure (Figure 2b). To do so, sodium silicate (3.0 wt%),
sodium hydroxide (3.0 wt%), diethylenetriamine pentaacetate (0.1 wt%), magnesium sul-
fate (0.1 wt%), and HyO, (4.0 wt%) were dissolved in deionized water to prepare the
lignin modification solution in which the bamboo samples were immersed at 70 °C until
they turned completely white. The lignin-modified bamboo was then thoroughly rinsed
three times with boiled deionized water to remove any residual chemicals. Finally, the
resulting bamboo templates were solvent exchanged using acetone and ethanol. This lignin
modification method was confirmed to selectively remove or react the chromogenic groups
in the bamboo while retaining most of the lignin. The resulting high-lignin-content TB had
a transmittance of 87% and haze of 90%.

3.1.4. Biological Enzyme Delignification

Delignification using the biological enzyme method represents an environmentally
friendly process, as the need for harmful chemicals is minimized. Jichun and Yan [39]
used biological enzymes to degrade lignin and thereby achieve the decolorization of wood
by employing the following procedure. The dried wood samples, pure water, biological
enzyme (synthetic laccase/xylanase system at a dosage of 10 IU/g), and glacial acetic acid
were combined in a 1:30-40 mass ratio of sample to water, and the pH was adjusted to
3-5 by adding trace quantities of hydrogen peroxide (up to 4% of the sample mass). A
treatment temperature of 35-50 °C was then applied for 1-2 h, after which the samples were
washed with deionized water. Next, the samples were extracted using 30 wt% dioxygen
water and 25 wt% ammonia water at a volume ratio of 10:1. The extracted samples were
then washed with deionized water and dehydrated by ultrasonic extraction to obtain the
TW templates.

4. Properties of TB
4.1. Optical Properties

Ongoing research has produced TB with excellent optical transmittance and high haze
(Table 1). There are three main interactions with light to consider when evaluating the
optical properties of TB: (1) reflection at the outer gas/TB interface, (2) scattering in the
form of reflection and refraction, and (3) absorption inside the TB. In TB, light scattering
mainly occurs at the interface between the bamboo tissue and the polymer. The lower the
difference between the Rls of the bamboo template and polymer, the less scattering will
occur at their interface. High haze is primarily a result of collective scattering inside the
composite material. Finally, light absorption is primarily caused by the presence of lignin
in the bamboo. Delignification and lignin modification have accordingly been applied, as
discussed in Section 3, to remove the components containing chromophores and thereby
minimize light absorption.

As shown in Table 1, the optical properties of TB prepared using the same resin differ
substantially according to the preparation method. As discussed in Section 1, the light
transmittance obtained by applying the TW preparation process directly to the preparation
of TB was not ideal [25]. However, the light transmittance of TB was effectively increased
to 80% by pretreating with 1% NaOH before acid-chlorite delignification, as this increased
the contraction of the cell wall and decreased its thickness through the partial removal
of extract, lignin, and hemicellulose [23]. In addition, the lignin modification method
produced TB with excellent light transmittance as high as 87% by removing the light-
absorbing chromospheres while preserving the aromatic skeletal lignin structure [35].

The most frequently used resin for the preparation of TB is shown in Table 1 to be EP,
primarily owing to the similarity of its RI to that of the bamboo template. This reduces the
degree of scattering to obtain better optical performance. Factors such as the fiber volume
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fraction and thickness of the bamboo template will also affect the optical properties of TB.
The volume fraction of bamboo fibers naturally increases from the inner side to the outer
side of the bamboo culm; TB with the desired fiber volume fraction can be obtained for a
given thickness by compressing the bamboo template prior to resin impregnation.

As shown in Figure 3a, the transmittance of TB generally decreases with increas-
ing fiber volume fraction, primarily because a higher fiber volume fraction hinders the
infiltration of the lignin-modification chemicals into the bamboo, thereby leaving more
chromospheres in the lignin [35]. Figure 3a also shows the transmittance of the inner layer
with a low fiber volume fraction is higher than that of the outer layer with high fiber vol-
ume fraction. Furthermore, as the bamboo thickness increases, the transmittance decreases
and haze increases, primarily owing to the longer light pathway, which corresponds to
an increasing degree of light attenuation and an increasing number of polymer/bamboo
interfaces, leading to more light scattering. Indeed, as reported in Figure 3b, as the TB
thickness increased from 0.3 to 2.9 mm, the transmittance decreased from 92.4% to 23.7%,
and the haze increased from 43.5% to 82.95% [24]. Figure 3b also shows that the transmit-
tance of multi-layer TB is far higher than that of single-layer TB with the same thickness
because multi-layer TB enables more uniform epoxy resin impregnation through the lami-
nations. For example, the transmittance of 1.2 mm thick multi-layer TB was found to be
78.6, whereas that of 1.2 mm thick single-layer TB was 10.4 [24].

In addition, TB also demonstrates an anisotropic optical property attributed to cel-
lulose orientation-induced birefringence (An ~ 0.074-0.08) and the anisotropic structure
of natural bamboo [40,41]. Indeed, the haze of TBC made from TB is higher in the radial
direction than in the longitudinal direction (Figure 3c) because TBC has a lower density of
polymer/cellulose interfaces in the longitudinal direction owing to the hollow cylindrical
shape of bamboo cells [35]. On the one hand, the light scattering is highly anisotropic
when the light is perpendicular to the longitudinal direction of the TBC; on the other hand,
the light scattering is almost isotropic when the light is oriented along the longitudinal
direction of the TBC (Figure 3d) [35]. Thus, different relationships between the orientation
of the bamboo fibers and the direction of light (perpendicular and parallel) will result in
different scattering patterns.
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Figure 3. Transmittance and haze data for TB according to (a) bamboo fiber location [35], (b) bamboo
thickness [24], and (c) bamboo thickness direction [35], as well as the (d) scattering pattern of
TB according to bamboo thickness direction (anisotropy effect) [35]. ((a,c,d) Adapted from Wang
et al. [35]; (b) Adapted from Wu et al. [24]).
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Table 1. Summary of TB preparations and properties.

Template Optical Property Mechanical Property
Ref. Preparation Method; Polymer Variable ) Tr (%) haze (%) Ixwxt TS (MPa)
Temperature; Time (mm?®)
Wu \Delignification: Epoxy (E51) (RI = inner 11 approximately — 3x44x11 35.31
tal. [25 A, 89= ’ approximately 1.5 ;
etal. [25] 2-4h PP y19) outer 18 appmx;mately — 3x78x18 82.18
Wang Deligni.fi.cation.: Twp—part epoxy — 1 approgiomately 80 165 x 13 x 1 92
etal. [23] preconditioned in resin (Clearcast approximatel
NaOH + 10 h; 7000) (RI = — 15 pprovaney 80 165 x 13 x 1.5 —
NaClO,; 85°C;3h approximately 1.5) o 03 04 135 40 % 20 % 0.3 471
multi-layer 12 78.6 70 40 x 20 x 1.2 61.89
(3 layers)
multi-layer 23 671 7055 40x20x23  approximately
(5 layers) 60
Delignification: multi-layer approximatel
Wu Epoxy (E51 y PP y
ctal 4] NaCIOy; 80-90 °C:; (}f{ oy 1(.52)) (7 layers) 29 23.7 82.95 40 x 20 x 2.9 p
2-3h single layer 1.2 10.4 97.02 40 x 20 x 1.2 61.15
single layer 23 55 ~100 40 x 20 x 2.3 appm’;‘g“atdy
single layer 2.9 17 ~100 40 % 20 x 2.9 appm’ﬁ)mtely
Lieni dificati inner 1.5 87 — — —
ignin modification: iddl 15 74 _ _ _
Wang lignin-modification Epoxy (E51) (RI= rr;dtere 15 66 — — —
etal. [35] solution; 70 °C; until ~ approximately 1.5) radial 15 _ 90 20 x 8 x 15 30
become white longitudinal 15 80 70 50 x 10 x 1.5 118

4.2. Mechanical Properties

The mechanical properties of TB are affected by the preparation method, bamboo
properties such as cellulose content, cell structure morphology, and density; bamboo
structural anisotropy; and the interfacial bond between the bamboo template and the
impregnating resin. In addition, a summary including mechanical and physical properties
of natural fibres is shown in Table 2.

Table 2. Summary of mechanical and physical properties of natural plant fibres.

5 . Tensile Young’s
3
Ref. Type of Fibre Density (g/cm?) Strength (MPa) ~Modulus (MPa)
. Moso bamboo
AbdulKhalil =y oy hys 12-15 500-575 2740
et al. [42]
pubescens)
Liu et al. [3] Oil palm 0.7-1.6 248 3.2
Liu et al. [3] Pineapple 0.8-1.6 1.44 34.5-82.5
Cai et al. [43] Abaca 1.5 717 18.6
Vijaya Ramnath . g g
ot al. [44] Jute 1.3-1.49 393-800 13-26.5
Ramesh .
et al. [45] Sisal 1.41 350-370 12.8
Mohamad
et al. [46] Kenaf 1.2 282.6 7.13
Asim et al. [47] Coconut 1.2 140-225 3-5

As shown in Table 1, the mechanical properties of TB produced using the same resin
exhibit substantial differences based on the applied preparation method. Notably, as the
lignin modification method removes the light-absorbing chromophore groups without en-
tirely destroying the aromatic structure of lignin, the mechanical properties of the resulting
TB are much better. As a result, the tensile strength of TB obtained by lignin modification
can be as high as 118 MPa [35].

The mechanical properties of TB are strongly dependent on the mechanical properties
of the bamboo template. Density, which mainly depends on the fiber diameter, fiber content,
and cell wall thickness, exerts a considerable influence on the mechanical properties of
bamboo. The bamboo fiber density increases with increasing fiber content. As mentioned
in Section 4.1, the bamboo fiber volume fraction increases from the inner side to the outer
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side of the bamboo culm, resulting in different bamboo layer densities according to their
original locations within the stalk. Thus, TB made from an outer bamboo layer is often
stronger than TB made from an inner layer, as shown in Table 1. Note that Table 1 also
indicates that the tensile strength of multi-layer TB is higher than that of single-layer TB
with the same thickness. In the beginning, the tensile strength of 1.2 mm thick multi-layer
TB was found to be 61.89 MPa, whereas that of 1.2 mm thick single-layer TB was found to be
61.15 MPa [24]. As the TB thickness increases, the difference in tensile strength grows larger.
This result is related to interfacial compatibility. As mentioned in Section 4.1, multi-layer
TB enables more uniform resin impregnation through the laminations, whereas it is difficult
for the resin to infiltrate into the bamboo cells of single-layer TB. Therefore, the tensile
strength of multi-layer TB is greater, making it more suitable as a structural material in
electronics, household, and construction applications. Furthermore, the tensile strength of
TB first increases and then decreases with increasing bamboo template thickness. A thicker
bamboo template makes it difficult to completely remove lignin but and hinders the ability
of the resin to infiltrate into the template. In contrast, a relatively thinner bamboo template
exhibits more extensive lignin removal and can easily be impregnated with resin. The
properties of TB can thus be tailored by compression of the bamboo template to provide
different densities and thicknesses. Furthermore, owing to the anisotropic structure of
bamboo, which has no radial cell elements, the tensile strength of TB is much higher in the
longitudinal direction (about 118 MPa) than in the radial direction (about 30 MPa) [35].

4.3. Thermal Conductivity

Excellent thermal insulation performance with low heat conductivity is critical to
realizing energy-efficient building materials [48,49]. The thermal conductivity of TB
(0.203 W m~! K~ is accordingly compared with that for common glass (0.974 W m~! K1),
TW (0.225 W m~! K1) [23], and other materials in Figure 4a. Notably, the figure indi-
cates that TB has a lower thermal conductivity than TW. The low thermal conductivities
of both TB and TW can be attributed to the interfacial heat resistance and the phonon
dispersion between the air and cell walls [50]. Thermal conduction in TB is also anisotropic,
like its optical and mechanical properties. Indeed, the thermal conductivities of TB in
the longitudinal and radial directions were found to be about 0.44 and 0.33 W m~! K~!
(Figure 4b), respectively [35]. This indicates that the thermal energy tends to spread more
in the direction parallel to the direction of bamboo growth owing to the orientation of
the cellulose nanofibers [51]. Because of its low thermal conductivity yet relatively high
light transmittance, TB represents a promising window material that can prevent heat
dissipation and thus reduce the energy consumption of buildings.
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Figure 4. Thermal conductivity of TB: (a) comparison of the thermal conductivities of common
glass, transparent wood (TW), TB, polymethyl methacrylate (PMMA), epoxy polymer (EP), and
wood [23,52,53]; (b) thermal conductivities of TB in the longitudinal (L) and radial (R) directions [35].
((b) adapted from Wang et al. [35]).
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5. Functionalized TB and its Potential Applications

Bamboo has considerable multifunctional potential owing to its multi-scale pores
and composition of lignin, hemicellulose, and cellulose. Typical modification strategies to
improve the functionality of TB include cell wall modification, cell wall/lumen interface
modification, and lumen filling, as shown in Figure 5. Notably, the bamboo template used
to produce TB has been shown to demonstrate higher porosity than the original bamboo,
potentially facilitating additional modification [23]. One method for TB modification is
to fill the lumen space with polymer liquids decorated with functional nanoparticles,
followed by polymerization and curing. Another TB modification method is to first modify
the bamboo template, then apply monomer impregnation and polymerization. Taking
TW as an example, successful modifications have realized ultraviolet (UV)-stabilized
wood [54,55], magnetic wood [56,57], conductive wood [58-60], and stimuli-responsive
wood [61]. Bamboo also has the potential to be prepared with the same functionalities
owing to its similar structure and composition. Such functionalizations can enable the
wide application of TB in fields such as energy-saving windows, decorative elements, and
optoelectronic devices.
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Figure 5. A selection of structural modification strategies to improve TB functionality (inspired by
Burgert et al. [62]).

5.1. Energy-Saving Windows

Reducing building energy consumption has been the focus of much research. Windows
are essential building components considering the requirements of human visual comfort
and health; however, they are also the least energy-efficient elements of a building since
energy is always transferred through a window in the direction opposite to that desired.
In summer, when the outdoor temperature is higher than the indoor temperature, heat is
transferred to the indoor environment through the windows; in winter, when the outdoor
temperature is lower than the indoor temperature, the heat inside is released into the
outdoor environment. Both phenomena increase the energy consumption required to
maintain a comfortable indoor environment. Therefore, smart windows and low emissivity
(low-E) glass have been designed to alleviate these problems [63-66]. However, there
remain several issues with conventional low-E glass. Most importantly, low-E coatings
are produced using either physical vapor deposition (PVD) or chemical vapor deposition
(CVD), which require expensive, high-vacuum setups [67-69].

To address these problems, two kinds of TWCs (transparent wood composites) with
anisotropic structures were developed to serve as energy-saving windows. These TWCs
employed the infiltration of an EP resin dispersion containing 0.04 wt% tungsten-doped
vanadium dioxide nanoparticles (W/VO, NPs) into a delignified wood template in the
longitudinal or radial directions (W/VO,-TPW-R or W/VO,-TPW-L, respectively), fol-
lowed by subsequent polymerization, as shown in Figure 6a [70]. Both TWCs exhibited
excellent temperature regulation when used as windows: after 5 min of solar radiation, the
temperature of a simulated room with a glass window rose sharply from 21.0 to 60.7 °C,
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whereas that of a room with an EP-resin impregnated TW window increased from 21.0
to 47.2 °C, that of a room with the W/VO,-TPW-R window only increased from 21.0 to
40.6 °C, and that of a room with the W/VO,-TPW-L window only increased from 21.0 to
39.1 °C. Thus, W/VO,-TPW-R/L provided the most effective thermal insulation among the
investigated window materials. The superior effectiveness of this material can be attributed
to the large quantity of heat reflected by the VO, NPs. As a result, the indoor temperature
increased at a significantly slower rate than when using ordinary glass panels. This novel
TWC combining a low thermal conductivity TW template with thermochromic VO, NPs
provided a potential solution for replacing expensive, heavy, high thermal conductivity
and infrared transparent glass.

Similarly, energy-saving windows made of TB-based materials combining a low-
E coating with radiative cooling (RC) have been reported. A material capable of RC
spontaneously cools its surface by reflecting sunlight and radiating long wavelength
infrared (LWIR) to the cold outer space. This technique can deliver effective cooling power
through highly emissive (e;wr) materials, though applications of related technology to
windows have not been extensively explored [71]. To achieve the maximum cooling effect,
the side of the window facing the outside must have a high ejyr to promote RC, while the
other side must have a low ewir to prevent heat exchange [72-74]. However, though the
RC technique can reduce the energy consumption required for cooling in summer, it also
increases the heating burden in winter owing to its heat-releasing characteristic. Therefore,
manufacturing a TBC with enhanced RC for application in energy-saving windows could
reduce the energy consumption when cooling is required.

Cellulose-based glass panes with high optical transparency were accordingly obtained
by delignification of bamboo slices followed by epoxy infiltration, then depositing silver
nanowire on one face to realize RC cellulose glass [70]. A low indoors-facing epwir of
0.3 was thereby achieved, together with a large e;wr difference of 0.65 between the two
faces. A schematic demonstration of the working mechanism of this RC cellulose glass
is shown in Figure 6b. The RC performance was considerably enhanced by the suitable
difference between the two faces eyyyr. Critically, compared to conventional low-E glass,
RC cellulose can be produced using a solution-based process rather than complex PVD or
CVD processes. Thus, low-cost and eco-friendly, energy-saving windows derived from
bamboo demonstrate the considerable potential of TB functionalization in architecture.

Figure 6. Functional transparent composite materials for energy-saving windows. (a) Schematic
description of the synthesis route of tungsten-doped vanadium dioxide nanoparticles impregnated
into a delignified wood template in the longitudinal or radial directions (W/VO,-TPW-R/L) [70].
(b) Schematic demonstration of the working mechanism of radiative cooling (RC) cellulose glass [75].
((a) Reproduced with permission from Zhang et al. [70]. Copyright 2020 ACS Publications; (b) Repro-
duced with permission from Zhou et al. [75]. Copyright 2021 ACS Publications).

5.2. Decorative Applications

The most obvious advantage of TB is that it conforms to the concept of sustainable
and environmentally friendly development. Compared with glass, plastic, and other
transparent household materials, TB is derived from renewable biomass materials and is
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produced using a low-cost, non-toxic process. Furthermore, TB has high light transmittance
(over 80%) and haze (over 80%) as well as excellent mechanical properties with a higher
tensile strength than wood. Though the tensile strength of bamboo is weakened when its
internal fibers are destroyed during the delignification process, the tensile strength of the
TB is increased after resin impregnation. Therefore, TB is not only useful for household
decoration but also in the load-bearing components of household products.

Indeed, TB can serve as a replacement for transparent materials such as glass or
plastic in many decorative applications. Furthermore, the application of TB in household
products can increase the sense of transparency and mystery [76]. It has been found that
overlapping certain thicknesses of TB can produce different effects of transmittance and
haze, providing the possibility of forming different visual effects through weaving [77].
For example, a screen woven from TB is shown in Figure 7a. This screen design not only
combines TB and wood but also highlights the transparency and haze of TB and reflects
aspects of traditional Chinese culture using new materials. Lamp design represents another
crucial part of the home decoration industry and should consider the application of new
materials and technologies. Indeed, TB can address many deficiencies in the field of lamp
design in China, including a serious homogeneity among products, lack of innovation, and
design obsolescence. For example, the upper and lower lampshades shown in Figure 7b
are made of TB, softening the light. The advantages of TB can thus be fully realized in
the design of household decorative products while collocating it in mixed applications
with other materials to achieve multiple styles. It is expected that designers will use
the patterns present in TB or dope TB with multifarious guest materials to develop next-
generation decorative materials and even furniture that possess high transparency, haze,
and fascinating patterns to serve various interesting functions.

Figure 7. Decorative applications of TB: (a) woven composite screens; (b) sunset chandelier [76].
((a,b) Reproduced with permission from ref. [76]. Copyright 2021 Editorial Department of Journal
of furniture.).

5.3. Optoelectronic Devices

Transparent biomass materials offer a promising base for optoelectronic devices being
developed for a wide range of applications such as mobile phone cameras, new energy
conversion systems, and medical testing. Biomass-based transparent materials also have
potential as structural materials for photovoltaic equipment such as solar cells [78-80].
Indeed, solar cell efficiency has been improved by 18.02% by placing TW on the top surface
(Figure 8a) [78], as its high haze leads to large scattering angles that increase the light path
length within the solar cell below. Magnetic TW has been obtained by adding magnetic
nanoparticles during preparation [81,82]. Furthermore, TW chips treated with luminescent
v-Fe203@YVO4:Eu3+ nanoparticles have been shown to emit light under UV excitation
(Figure 8b). Such TW functionality has a wide range of potential applications in luminous
magnetic switches, lighting equipment, and anti-counterfeiting equipment.

In addition, a novel, stretchable, transparent, and electroconductive wood material
has been fabricated by filling the channels and pores of delignified wood with poly (PDES
(polymerizable deep eutectic solvents)) via in situ photopolymerization [83]. The combina-
tion of poly (PDES) with the wood matrix imbued the material with excellent transmittance
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(about 90%), stretchability (up to 80% strain), and superior electrical conductivity (up to
0.16 Sm™1).

A transparent conductive wood (TCW) slice can clearly show the parts beneath or
make an embedded LED glow (Figure 8c), demonstrating its excellent transparent and
conductive characteristics. Furthermore, its unique and outstanding performance char-
acteristics mean that TCW exhibits excellent functional abilities to sense external stimuli,
especially in terms of strain and touch. This allows TCW-based sensors to detect subtle
human bending release activities and other weak pressures (Figure 8d).

Moreover, a completely wood-based flexible electronic circuit has been reported in
which the substrate of the circuit—a strong, flexible, and transparent wood film (TWF)—was
printed with a sustainable, bio-based lignin-derived carbon nanofiber conductive ink
(Figure 8e) [84]. Notably, the TWF fabrication process maintained the original alignment of
the cellulose nanofibers and promoted their combination in the process of removing lignin
and hemicellulose. The Young’s modulus and tensile strength of this TWF were determined
to be 49.9 GPa and 469.9 MPa, respectively, which are greater than those of most natural
fibers, plastics, polymers, and metal or engineered alloys, as shown in Figure 8f [84]. The
combination of TWF and bio-based conductive ink can therefore produce environmentally
friendly and sustainable wood-based electronic products for potential applications such
as flexible circuits and sensors. Indeed, the development of flexible and/or transparent
electrical devices fabricated from natural wood using environmentally friendly design
methods is expected to open up new possibilities in biomedical devices, smart electronics,
and other fields. Considering the similarity between the structure and composition of
bamboo and wood, the use of bamboo in such applications is not only feasible but could
also improve sustainability.
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Figure 8. Application of TWC materials in optoelectronics: (a) current density versus voltage charac-
teristics for a bare GaAs cell (black) and a GaAs cell with light management wood coating (red) [78];
(b) TW glowing under ultraviolet (UV) light [81]; (c) digital photograph of transparent conductive
wood (TCW) with LED lighting [83]; (d) TCW used a strain/touch sensor to monitor human activi-
ties [83]; (e) processing of transparent wood film (TWF) for application in flexible electronics [84];
(f) mechanical properties of TWF compared with various other materials [84]. ((a) Adapted from Zhu
etal. [78]; (b) Adapted from Gan et al. [81]; (c,f) Adapted from Fu et al. [84]; (d) Adapted from Wang
et al. [83]).
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6. Conclusions and Outlook

This review summarized the recent progress in TB, including different methods for
preparing TB with improved optical, mechanical, and thermal conductivity properties; the
realization of TB functionalization in energy-efficient building components; and discussions
of potential TB use in decorative applications and optoelectronic devices.

1. The delignification process used to prepare TB will affect its optical and mechanical
properties. Previous experimental results indicate that TB prepared by lignin modi-
fication has better properties than the TB prepared using other methods. However,
lignin modification requires more chemical solvents than most other methods. Thus,
several sustainability issues related to delignification technology optimization should
be addressed in future research. For example, environmentally friendly “green” chem-
istry approaches are necessary to minimize the use of solvents, reduce reaction time
and waste streams in the preparation of TB, and develop TB-specific functionalization
methodologies. Proper resin selection is also essential to realizing the desired TB
properties. However, as there have been few attempts to prepare TB using different
resin types, different resins and resin modifications should be studied to increase the
functionality of TB.

2. Scaling up the production of TB is expected to be challenging, although some strate-
gies targeting TB have been explored with promising results. Furthermore, the results
reported to date have focused on small and thin TB samples. As an increase in thick-
ness causes the light to travel longer and decay inside the TB, increasing thickness
while maintaining sufficient transparency represents a significant challenge to the
successful implementation of this technology at the industrial scale. Various technical
optimization approaches are therefore worthy of investigation, such as the effect of
parallel lamination and cross lamination on TB performance. The potential func-
tionalizations of TB include its development as a: (i) thermal insulation material,
(ii) decorative material, (iii) conductive material, and (iv) or magnetic material. To
date, TB has typically been singly functionalized for a specific scenario. The versatility
of TB should therefore be further evaluated, such as the simultaneous combination of
thermal insulation and magnetic functions to address a variety of situations using the
same material. The functional utilization of bamboo is far less than that of wood at
present, so there remains a wide range of strategies to be explored to develop novel
functionalized bamboo materials.

3. The functionalization of TB enables its application to diverse fields such as: (i) energy-
saving windows, (ii) decorative applications, and (iii) optoelectronic devices. Several
applications targeting TB have been explored with promising results. As the research
community pays increasing attention to sustainable development, it is likely that
functional TB technology will continue to develop over the next several years.

It is a pleasant process to imagine the future integrated application of TB (Figure 9).
TB with good optical and mechanical properties can find potential applications as windows
and ceilings in a house or museum, which can replace the glass. The TB-based energy-
saving window can improve energy efficiency due to its great thermal insulation properties.
Simultaneously, this kind of window can scatter light, which makes the light distribution
more uniform compared with normal glass. Similarly, the furniture and household, such as
lampshades, desktops, and byobu made of TB, can soften the light and add a calm and tran-
quil scenery to the room. Different transparency and haze produced after the superposition
of TB can form different visual effects. The bamboo-based furniture and household design
reflect elements of Chinese traditional culture. In the design of optoelectronic devices, such
as wearable sensors, while giving full play to the advantages of TB, more attention should
be paid to combine theoretical calculation with theoretical simulation to realize the rapid
development of modern bamboo science.
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Figure 9. Design of a future integrated application of TB.
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Abstract: Bamboo is recognized as a potential and sustainable green material. The longitudinal-
splitting and shear strengths of bamboo are weak but critical to its utilizations. To discuss the different
shear performances of bamboo, the shear strength and behaviors of bamboo culm were investigated
by four test methods: the tensile-shear, step-shear, cross-shear, and short-beam-shear methods. Then,
the different shear performance and mechanisms were discussed. Results indicated that the shear
strength was significantly different in the four test methods and was highest in the step-shear-test
method but lowest in the tensile-shear-test method. Moreover, the typical load-displacement curves
were different across the shear methods but were similar to the curves of the respective loading
modes. The axially aligned fiber bundles played an important role in all the shear performances. In
the tensile-shear method, specimens fractured at the interface of the bamboo-fiber bundles. However,
compress-shear behaviors were a combination of compression and shear. Then, the cross-shear
method, in compress-shear, was lower than that of the step-shear method because of oval-shaped
bamboo culm sections of different thickness. In the short-beam shear method, the behaviors and
shearing characteristics were like bending with the fiber bundle pulled out.

Keywords: shear performance; test methods; moso bamboo; fracture behavior; shearing characteristics

1. Introduction

Bamboo is widely used for buildings and other structural applications all over the
world, not only for its fast growth, low cost and environmental friendliness, but also for
its outstanding mechanical and physical properties [1-4]. Moso bamboo in China and
Guadua bamboo in Colombia, for example, are capable of being used for dwellings and
wide-span bridges [5]. However, due to the longitudinal arrangement of the fibers, bamboo
has excellent tensile, bending, and compression properties in axial performance, except for
its splitting and shearing properties. Longitudinal splitting is the dominant mode of failure
for most bamboo in structural applications [6]. Shear failure, which is instantaneous and
catastrophic, occurs in brittle materials. Therefore, the resistance to longitudinal splitting
(cracking) is of fundamental importance in bamboo constructions.

Shear strength is determined by the anatomical structure of bamboo [7]. Bamboo culm,
which consists of about 50% parenchyma cells, 40% fibers, and 10% vessels, is typically
a bio-composite material [8]. The stiff fiber bundles embedded into the soft parenchyma
tissues are arranged exclusively in an axial manner, which strongly contribute to the axial
performances, but not the shearing properties, of bamboo. The axial shear strength of
the internode of moso bamboo is just 13.5 MPa, only 9% of the tensile strength. In ad-
dition, it has been demonstrated that the density affects the axial-shear properties of
bamboo [9,10]. The shear strengths of four-year-old moso bamboo with densities of
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0.763 g/cm?, 0.798 g/cm?, and 0.853 g/cm? are 21.7 MPa, 23.2 MPa, and 24.2 MPa, re-
spectively [11]. Moreover, shear strength depends on the age of bamboo [12,13]. Shear
strength first increases and then decreases with age, which could be related to modifications
in density or the anatomical structure [13]. However, aside from age, shear strength also
varies among species. For instance, the shear strength of Bambusa pervariabilis was 18.7 MPa,
but that of Dendrocalamopisis vario-striata was 12.9 MPa [14].

Besides, the test methods and loading speed significantly affect shear-strength
findings [15]. The shear strength of moso bamboo at a loading speed of 0.2 mm/min
is 21.5 MPa, but it increases by 31% when the loading speed is increased to 2 mm/min.
More elastic deformation occurred in bamboo at high loading speed, which would absorb
part of the energy of external force and make bamboo exhibit higher shear strength. At the
same time, the shape of the bamboo specimen affects its mechanical strength. According to
previous studies, the tensile-shear strength, step-shear strength, and cross-shear strength of
moso bamboo are 2.5-7 MPa [16-18], 15-21 MPa [10,11], and 11-15 MPa [19], respectively.
Therefore, the shear strength varies under different test methods. In addition, most studies
have only reported the shear strength of bamboo based on one method. Moreover, the
fracture behavior and shearing characteristics of bamboo have not been studied in depth.

Therefore, this study compared the shear performance and shear mechanisms of
moso bamboo under four test methods. Shear strengths and behaviors were also analyzed.
Moreover, the shear-fracture characteristics were observed using a field emission-scanning
electron microscope (FESEM). The different shear performances and fracture mechanisms
of bamboo, based on the anisotropic and two-phase composite structure of bamboo culm,
were also discussed.

2. Materials and Methods
2.1. Materials

Ten four-year-old moso bamboo (Phyllostachys edulis) culms were obtained from
Huoshan, Anhui, China. Their average diameter at breast height was 100-130 mm, whereas
the culm-wall thickness was 10-12 mm. The culms were air-dried for one year before the
experiments. Samples were prepared from the internode sections of the whole bamboo
wall, at a height of 1.5-2.0 m.

To avoid the effects of specimen’s variety on test results, the specimens for shearing
performance comparisons in four test methods were prepared from one internode. The ref-
erenced standards, shapes, dimensions of specimens, test setups, and number of specimens
in different test methods are listed in Table 1. Prior to tests, all samples were conditioned
in a climate-controlled chamber at 20 °C under 65% relative humidity for three weeks.
Additionally, except for the short-beam-shear method, where the load was applied in the T
direction, the loading direction in the other three methods was in the L direction.

2.2. Methods

A tester (Instron series 5582, Norwood, MA, USA) equipped with a load cell with
capacity of 10 kN was applied for tensile-shear and short-beam-shear tests, but a load
cell with 100 kN capacity was used for the cross-shear test. Another tester (Shijin, series
WDW-E100D, JiNan, China) equipped with a load-cell capacity of 10 kN was applied for
the step-shear test. The test speed was controlled by displacement, in which the specimen
failed in 60-90 s. After mechanical-shear tests, the fracture surfaces of each tested specimen
were cut off. The fracture characteristics were investigated in detail using a field emission-
scanning electron microscopy (XL30 FEG-SEM, FEI, Hillsboro, OR, USA) after the sputter
coating of the specimens with gold in a vacuum chamber.

70



Polymers 2022, 14, 2649

Table 1. The shear-strength-test methods used in the present research.

Test Reference Specimen Shape and

Methods Standards Quantity Dimensions (mm) Test Setup

ASTM D906 i - |

(Standard Test Method 8

for Strength Properties ¢ A

Tensile-shear of Adhesives in 40 a
Plywood Type L

Construction in Shear REN

by Tension Loading) A

81

ASTM
D2344/2344M-2016
(Standard Test Method 60 | T
for Short-Beam
Short-beam shear Strength of Polymer 40
Matrix Composite L "%
Materials and Their

Laminates)

10_

)
N
=]

GB/T 15780-1995
(Testing methods for
Step-shear physical and 60
mechanical properties
of bamboos)

15

ISO/TR 22157-2-2004
(Bamboo—De-
termination of physical
and mechanical
properties—Part 2:
Labora-tory manual)

100mm

Cross-shear

3. Results and Discussion
3.1. Different Shear Strengths in Four Shear Test Methods

The shear strengths of the bamboo culm were considerably different in the four
test methods. As shown in Figure 1, the shear strength under the step-shear method
in compression mode was the highest. In contrast, the lowest shear strength under the
tensile-shear method was only 8.65 MPa, which is 48% lower than the step-shear strength.
In addition, the cross-shear strength and short-beam-shear strength were between them.

Besides the structure, the different bamboo strengths are mainly affected by the test
methods and loading modes. According to ASTM D906, the tensile-shear test was per-
formed on tension mode. Specimens were prepared with two notches. The shear surface
was the L-R section in the axial direction at the end of both notches (Figure 2a). The shear-
stress concentration at the pre-notched ends increased with the tensile loading, causing
shear-plane failure. The tensile-shear strength was the lowest in this way.
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Figure 2. Loading modes of four test methods. (a) Tensile-shear test, (b) short-beam-shear test,
(c) step-shear test, (d) cross-shear test.

However, based on the ISO/TR 22157-2:2004(E) and GB/T 15780-1995 test methods,
cross-shear and step-shear tests under compression were applied on round bamboo culms
and bamboo strips, respectively. The axially arranged fiber bundles were beneficial to
the first compression stage and played an important role on the compression shear mode.
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The circular bamboo culm was oval-shaped and with varied wall thickness. The shear
failure occurred on the weakest side of the round bamboo culm (Figure 2d). Therefore,
the cross-shear strength was only 14.1 MPa, 22% lower than the step-shear strength. The
specimen dimensions of the step-shear method are shown in Table 1, where shear surface
was in the gap between the top and bottom widths (Figure 2c), which caused tearing at the
bottom of the specimen. This resulted in the highest shear strength (16.1 MPa). ASTM D
2344 /2344M-2016 was referred to in the short-beam-shear test. Since three-point loading
was applied to the specimen with a small span-thickness ratio, there was a compound-
load mode of bending and shear (Figure 2b). Hence, the short-beam-shear strength was
15.4 MPa, only lower than the step-shear strength.

3.2. Fracture Behaviors of Bamboo in Four Test Methods

The typical load-displacement curves in the four shear methods are shown in Figure 3.
The specimens showed different fracture behaviors under the test modes, which were
dominantly related to the loading direction and mode. Bamboo is a typical gradient
material, with fiber bundles and parenchyma cells that are axially arranged. Except for
the short-beam-shear test, the loading direction of the other test modes were all parallel
to the bamboo longitudinally. Bamboo lacks transverse-fiber bundles that could stop
the longitudinal propagation of the crack in the tensile-shear, step-shear, and cross-shear
tests, so it rapidly presented a load decrease once it reached the peak load. Additionally,
although the load-displacement curves for the tensile-shear and compression-shear tests
were similar for pure tension and compression. The shear changed the original fracture
behavior, causing the curves to be different. In the tensile-shear test, the load-displacement
curve continuously increased before failure but did not display increase and decrease
patterns like for the pure-tension curves [20]. In the compression-shear, including step-
shear, and cross-shear tests, the plastic-plateau stage was not notable, which was different
from the pure-compression test [21]. The shear failure occurred as soon as the load peaked,
followed by a sharp drop in the load. However, in the short-beam shear test, the loading
direction was perpendicular to the fiber. The strong fiber prevented the propagation of
the radial crack, which occurred in a stepwise manner. Thus, the fracture behavior of the
short-beam shear test was like the pure-bending test [22].
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Figure 3. Typical load-displacement curves in four test methods.

3.3. Shearing Characteristics and Failure Mechanisms in Four Test Methods

The shearing characteristics and mechanisms of bamboo in the four test methods were
investigated and analyzed from the macroscopic scale to the microscopic scale. The shearing
in the four methods could be divided into axial and transverse. Axial shearing included
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the tensile-shear, step-shear, and cross-shear tests, whereas the transverse shear method
was for the short-beam shear test. At the macroscopic scale, the shearing characteristics of
the axial shear specimens were similar. As shown in Figures 4a, 6a and 7a, the crack paths
at the outer surface in the axial direction were straight but serrated at the inner surface
(Figures 4b, 6b and 7b). These were caused by the horizontally arranged cells on the inner
surface and the longitudinally arranged cells on the outer surface [23]. Additionally, the
density of fibers decreased gradually in the radial direction, from the outer to the inner culm
wall, which caused the shear-failure surface to change from smooth to rough, as shown
in Figures 4c, 6d and 7c. Furthermore, the main shearing characteristics were different
under each test method. In the step-shear test, the tooth shape of the serrated crack at
the inner surface was larger than that of the other two samples. Meanwhile, the bottom
opening of the crack was significantly larger than that of the top. In the cross-shear test, the
fracture always took place in one or two shear-failure surfaces (Figure 7a,c). Additionally,
the crack deflected in the bamboo-culm wall (Figure 7a), accompanied by the buckled
splitting of the bamboo-culm wall. From the top view, as in Figure 7c, twisting occurred
at the failure position. As for the short-beam shear test, radial fracture occurred in the
specimen in a manner similar to three-point bending. The crack was a zigzag at the bottom
of the specimen (Figure 5b,e). Due to the gradient content of the fiber bundle, the crack was
broader on the inner surface than on the outer surface (Figure 5e). In addition, there was
no crack on the outer surface except the indention, which was different from the visible
crack on the inner surface (Figure 5c,d).

|
-

surface

Outer
surface
10mm

Figure 4. Shearing characteristics of tensile-shear method: (a) straight crack path at outer surface;
(b) serrated crack path at inner surface; (c) shear-failure surface; (d) SEM image of smooth shear-
failure surface.

At the microscopic scale, the shearing characteristics in the four test methods were also
different. Except for the fiber pulled out in the short-beam-shear test (Figure 5f), the other
test methods showed similar but different shearing characteristics. For the tensile-shear
test, the fiber surface was smooth and only slightly peeled (Figure 4d). However, in the
step-shear test, tearing of the fiber bundles and parenchyma cells at the bottom of the
specimens occurred (Figure 6e,f). Moreover, the fibers and parenchymal cells collapsed in
the cross-shear test (Figure 7d,e).
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500pm

Figure 5. Shear-failure characteristics of short-beam-shear method: (a) the respective image of short-
beam shear testing; (b) fracture in a zigzag manner at the bottom of specimen; (c) crack at outer
surface; (d) straight crack path at inner surface; (e) a close-up look at zigzag crack path at specimen
bottom; (f) SEM image of the pulled-out fiber bundle.
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Figure 6. Shear-failure characteristics of step-shear method: (a) straight crack path at outer surface;
(b) serrated crack path at inner surface; (c) Top view of failure specimen; (d) Shear failure surface;
(e) SEM image of the overall tearing parenchyma cells; (f) SEM image of fiber tearing.
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Figure 7. Shear-failure characteristics of cross-shear method: (a) failure specimen with one failure
surface; (b) serrated crack path at inner surface; (c) failure specimen with two failure surfaces; (d) SEM
image of the fiber fracture; (e) SEM image of the parenchyma-cell fracture.
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4. Conclusions

This study focused on the different shear behaviors and fracture mechanisms of
bamboo in four different shear-test methods. The findings of this study will inform the
good use and manufacturing process of bamboo culm. Results suggested that the test
methods have a considerable effect on the shear strength and behaviors. The compound
mode of compression and shear for the axial resulted in the maximum shear strength in the
step-shear test, while the interface shear caused the tensile-shear strength to be the lowest.
The loading direction also affected the shear behavior under the four test methods. The
typical load-distance curves of the ensile-shear, short-beam shear, and compression-shear
tests were similar to the respective loading-modes’ curves. However, the shear changed
the original fracture behavior of the tension, bending, and compression. Additionally,
the axial-shear-test methods caused typical interface-shear failure in the tensile-shear test
and the overall tearing of fiber bundles in the step-shear test, while the parenchyma-cells
collapsed in the cross-shear test. However, the short-beam-shear shearing characteristics
were like bending with the fiber bundle pulled-out.
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Abstract: Bamboo delignification is a common method for studying its functional value-added
applications. In this study, bamboo samples were delignified by treatment with sodium chlorite. The
effects of this treatment on the bamboo’s microstructure, surface chemical composition, and pyrolysis
behaviour were evaluated. Field-emission scanning electron microscopy (FE-SEM), Fourier-transform
infrared (FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS), and X-ray diffraction (XRD)
were conducted to evaluate these parameters. The FTIR results demonstrated that the lignin peak
decreased or disappeared, and some hemicellulose peaks decreased, indicating that sodium chlorite
treatment effectively removed lignin and partly decomposed hemicellulose, although cellulose was
less affected. The XPS results showed that, after treatment, the oxygen-to-carbon atomic ratio of
delignified bamboo increased from 0.34 to 0.45, indicating a lack of lignin. XRD revealed increased
crystallinity in delignified bamboo. Further pyrolysis analysis of treated and untreated bamboo
showed that, although the pyrolysis stage of the delignified bamboo did not change, the maximum
thermal degradation rate (Rmax) and its corresponding temperature (from 353.78 to 315.62 °C)
decreased significantly, indicating that the pyrolysis intensity of the bamboo was weakened after
delignification. Overall, this study showed that delignified bamboo develops loose surfaces, increased
pores, and noticeable fibres, indicating that alkali-treated bamboo has promising application potential
due to its novel and specific functionalities.

Keywords: chemical change; thermal property; bamboo; delignification; pyrolysis; bamboo
microstructure

1. Introduction

Global ecological deterioration has shifted researchers’ focus onto natural materials,
and issues such as environmental friendliness and recyclability are becoming increasingly
important in the development of new materials. Consequently, cellulose, which is the most
abundant biopolymer on Earth with these properties, has been widely used as a source of
raw materials. Natural fibres in wood and bamboo materials are abundant, biodegradable,
and eco-friendly resources. Hence, they are considered high-quality alternatives [1]. Conse-
quently, these materials have become research hotspots in recent years. Several functional
studies have recently been conducted on various wood and bamboo fibre materials, such
as transparent wood, aesthetic wood, flame retardant fibre materials, oil-water separation
sponges, supercapacitor electrodes, and bioplastics [2-7]. Naturally occurring lignocel-
lulosic materials, such as wood and bamboo, are porous materials. However, to further
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increase wood'’s porosity and susceptibility to functionalization, the most common strategy
is delignification [8], which is the first and key step in studying the functionalization of
lignocellulosic materials. As a result of delignification, nanopores in the cell wall structure
become exposed. Additionally, delignification affects the chemical composition of wood, as
it removes most of the lignin and part of the hemicellulose and facilitates the insertion of
polymer and inorganic materials, thereby improving the wood’s mechanical properties,
hydrophobicity, magnetism, insulation, or transparent properties [9,10]. Previous studies
obtained cellulose scaffolds using delignification treatment, which helped to expand the
range of application of cellulose. Therefore, delignification treatment as a method of extract-
ing cellulose fibres from wood and bamboo has recently garnered substantial interest. To
date, several pre-treatment methods, including physico-chemical [11], chemical [12,13], and
biological [14,15] methods, have been investigated to remove lignin and separate cellulose
in wood and bamboo. The chemical method primarily involves acid or alkali solution
impregnation treatment, whereas the physico-chemical method mainly uses acid or alkali
solution steam treatment. Although physico-chemical methods improve the efficiency of
delignification, they are associated with high energy consumption and cost. The biological
method uses fungi for biodegradation, which is a green preparation method; however, the
efficiency of the method is low. Therefore, the chemical method is a better choice with re-
spect to cost and efficiency. Lignocellulosic scaffolds after delignification have been widely
used in advanced functional materials, such as modified materials with excellent mechan-
ical properties [16], low thermal conductivity [17,18], and thermal radiation cooling [19].
This suggests that delignification can expand the functional utilization of wood resources.

Bamboo is a lignocellulosic material composed of cellulose, hemicellulose, and lignin
and is abundant, fast growing, sustainable, and renewable. Thus, bamboo fibres are
considered potential raw resources for the fabrication of fibrous cellulose [20]. In bamboo
composition, cellulose, hemicellulose, and lignin act as the skeleton, matrix, and encrusting
materials, respectively [21]. Consequently, lignin removal causes lignocellulosic materials to
become scaffolds that can be further decorated /grafted with different chemical functional
groups, bringing novel and specific functionalities. Moreover, the mild conditions of
delignification reactions (temperature; 80-120 °C and atmospheric pressure) do not impact
the macrostructure substantially, preserving its original three-dimensional structure.

Although numerous studies have been conducted on the delignification of wood and
bamboo and the functional transformation of treated materials, little information exists
on changes in the material itself after delignification [22]. Alkali treatment is a common
method for bamboo delignification. This study aimed to evaluate the microstructure,
chemical change, and thermal degradation characteristics of bamboo delignified with
sodium chlorite by comparing these characteristics before and after treatment. To the
best of our knowledge, the microstructure, surface chemical composition, and pyrolysis
behaviour of bamboo after sodium chlorite treatment have not been systematically studied
yet. Hence, this study is expected to provide a reference basis for the functional value-added
application of delignified bamboo.

2. Materials and Methods
2.1. Raw Materials

Five-year-old moso bamboo (Phyllostachys pubescens Mazel) was cut in Linan District,
Zhejiang province. The samples were sawed 1.3 m from the base into 1 m long culms and
divided into 20 mm wide and 0.5 mm thick strips. Sodium chlorite (2 wt.%) was obtained
from Sinopharm Chemical Reagent Co., LTD (Huangpu, Shanghai, China), while acetic
acid (AR grade) and ethanol were provided by Beijing Chemical Plant (DaXing, Beijing,
China). Deionised water (DI) was made in the laboratory.

2.2. Delignification Treatment

First, 2000 mL of 2% sodium chlorite solution was prepared and the pH was adjusted
to approximately 4.5 using acetic acid. Thereafter, the bamboo samples were completely
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soaked in sodium chlorite solution for 4 h at 50 °C. Subsequently, the samples were rinsed
several times with DI, until the pH was neutral, to remove residual chemical substances.
To better remove the residual reagent in the bamboo interior, the obtained samples were
subjected to gradient dehydration using different ethanol concentrations (25, 50, 75, and
99.5 wt.%). The samples were immersed in each concentration of ethanol for 5 min in
ascending order. Finally, all samples were washed with DI for 2 h to complete the bamboo
delignification. All samples were stored in a room at 25 °C and 50% relative humidity for
15 days before the experimental study. The bamboo was categorised as: natural bamboo or
NB (untreated bamboo) and delignified bamboo or DB (treated bamboo).

2.3. Characterization

The morphologies of NB and DB samples were measured using field-emission scan-
ning electron microscopy (FE-SEM) (model SU8010, Hitachi, Japan). All samples were cut
into tangential sections and coated with a gold layer.

For chemical analysis, Fourier transform infrared attenuated total internal reflectance
(FTIR-ATR) spectra were obtained directly from the specimen surface using a Nicolet i510
FTIR spectrometer (Thermo Scientific, Waltham, MA, USA) equipped with a diamond
crystal ATR accessory (Smart iTX, Thermo Scientific, Waltham, MA, USA). For each mea-
surement, 64 scans were conducted within 400-4000 cm~—?! at 4 cm~—! resolution. Similarly,
X-ray photoelectron spectroscopy (XPS) was performed at 150 W using a Thermo Scientific
ESCALAB 250Xi spectrophotometer (Thermo Scientific, Waltham, MA, USA) equipped
with a monochromatic Al Ka X-ray source (hv = 1486.6 eV), a 650 um spot size, and
pollutant carbon Cls = 284.8eV for charge correction. X-ray diffraction (XRD) data were
obtained using a D8 ADVANCE X-ray instrument (Bruker, Karlsruhe, Germany) with Cu
Ko radiation (wavelength, 1.5406 angstrom) at 40 kV, 40 mA, and a scan speed of 6°/min
in the 26 range of 5-50°. Pyrolysis characteristics were determined using a TG analyser
(NETZSCH TG 209F1 Libra, Selb, Germany). A test temperature of 30-600 °C and linear
heating rate of 10 °C/min~! were employed under a N; flow of 10 mL/min. Each sample
weighed approximately 10 mg.

3. Results and Discussion
3.1. Surface Microstructure Morphology

As microstructural changes can affect the functional application of delignified bamboo,
SEM was used for observation and analysis in the present study. The surface microstructure
morphology of bamboo before and after sodium chlorite treatment is shown in Figure 1.

The SEM images of NB reveal that the radial section is laevigatus; moreover, the
smooth surfaces of the cell wall are clearly visible (Figure 1a). The cross section shows
the orderly arrangement of pores (Figure 1c). A comparison between Figure la,c and
Figure 1b,d shows that the compact cell walls in the radial section and cross section became
loose after delignification treatment. Additionally, many micron-scale pores and cellulose
nanofibres were observed on the DB cell walls (red lines in Figure 1d). The present study’s
findings confirm previous reports that delignification causes fibre cells to separate and
jump out, resulting in a slight increase and decrease in the porosity and density of the
treated bamboo, respectively [23]. Furthermore, the results confirm that alkali treatment
causes a loss of bamboo matrix and the agglomeration of microfibres, which lead to size
changes, surface roughness, cracking, and the loss of the mechanical strength of bamboo
fibre [24].

3.2. Chemical Functional Groups

To further study which chemical composition changes in bamboo after sodium chlorite
treatment led to microstructural changes, the results of the FTIR on DB and NB samples
were compared and analysed. Figure 2 shows the FTIR spectra in the region ranging from
1800 to 800 cm !, which reflects the entire molecule’s characteristics and is considered the
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fingerprint region of bamboo functional groups [22]. The FTIR spectra absorption peaks of
the NB samples are defined in Table 1.

Figure 1. Scanning electron microscopy (SEM) images of (a,c) natural and (b,d) delignified bamboo.
(a,b) Radial sections of natural bamboo (NB) and delignified bamboo (DB). (¢,d) Cross sections of NB
and DB.

Natural bamboo
Delignified bamboo

Absorbance

1800 1600 1400 1200 1000 800

Wavenumber (cm™)

Figure 2. Fourier transform infrared (FTIR) spectra of NB and DB.
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Table 1. Assignment of FTIR spectra absorption peaks of natural bamboo [22,25-27].

Wavenumber (cm—1) Functional Group Assignment
1728 Cc=0 Non-conjugated C=O in hemicellulose (xylans)
1602 Cc=C C=C unsaturated linkages, aromatic skeletal vibration in lignin
1510 C=C Aromatic skeletal vibration (C=C) in lignin
1458 C-H, O-H Asymmetric bending in CHj (lignin)
1492 CH, Aromatic skeletal vibrations (lignin) and C-H deformation in plane
(cellulose)
1371 C-H C-H deformation in cellulose and hemicellulose
1324 O-H phenol group (cellulose)
1237 C-0 Syringyl ring and C-O stretch in lignin and xylan
1160 C-0-C C-O-C vibration in cellulose and hemicellulose
1104 C-H Guaiacyl and syringyl (lignin)
1031 C-O,C-H C-O stretch in cellulose and hemicelluloseC-H stretch in lignin
897 C-H C-H deformation in cellulose
833 C-H C-H vibration in guaiacyl derivatives

The regional range from 1800 to 800 cm ! consisted of 13 absorption peaks (Figure 2).
Seven peaks were attributed to the aromatic framework or main functional groups of lignin.
The peaks at 1602, 1510, and 1422 cm~! were attributed to the vibration contributions of
C=C unsaturated linkages in the aromatic lignin skeleton, while the peak at 1458 cm™!
resulted from asymmetric bending in the CHj of lignin. The absorption peak at 1237 cm ™!
was attributed to the syringyl rings and C-O stretch in lignin and xylan. Additionally, the
1104 cm~! peak value was due to the structural contributions of guaiacyl and syringyl in
lignin. The curve of the DB in Figure 2 revealed that after sodium chlorite treatment, the
intensity of the absorption peaks at 1602, 1510, 1458, 1422, 1237, and 1104 cm~ ! weakened to
various degrees or even disappeared. This finding signified that the lignin was substantially
decomposed after the alkali treatment. Additionally, the peak at 833 cm™~! was attributed
to C-H vibration in guaiacyl derivatives in lignin. The peak disappeared completely after
delignification treatment, which further demonstrates that the lignin was decomposed.

In addition to lignin decomposition, the peak strengths (1728, 1371, 1324, and 897 cm™1)
attributed to cellulose and hemicellulose showed only minor changes after the alkali treatment,
in agreement with previous reports that chemical reactions between alkali and cellulose rarely
occur [28]. However, the intensity of the peaks at 1160 and 1031 cm ™! slightly weakened,
indicating that some hemicellulose may be degraded after treatment.

3.3. Chemical Composition

X-ray energy spectrum analysis (XPS) is a practical method for obtaining chemical and
structural information on wood material surfaces [29]. Similar to wood, the chemical com-
position of bamboo comprises cellulose, hemicellulose, lignin, and small extract amounts,
with carbon (C), hydrogen (H), and oxygen (O) as the main components. Therefore, the
chemical properties of bamboo surfaces can be determined using XPS. In the present study,
only the C and O elements in bamboo were assessed, as XPS cannot detect H elements. The
main objects of XPS detection and analysis are 1s electrons in the inner shells of C and O
atoms. Information on the chemical properties of the bamboo surfaces was obtained based
on the Cls and Ols peak intensities and chemical shifts. The peaks of C; and O; were
composed of components related to C and O functional groups in bamboo, respectively,
and categorized as C; (C-C, C-H), C, (C-0O), C3 (O-C-0O, C=0), and C4 (O-C=0), and O,
(O-C=0) and O, (C-0O), according to the binding energy level. The C and O in different
atomic binding states come from different sources [30,31]. The structural characteristics
and chemical shifts of each are shown in Table 2.

High-resolution C1s and O1s XPS spectra of natural bamboo and delignified bamboo
were processed and are presented in Figure 3. Studies have shown that the degradation
of cellulosic materials can be detected through a change in the oxygen-to-carbon (O/C)
atomic ratio [22]. Quantitative measurements of O/C atomic ratios were calculated from
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Figure 3 using the total area of C and O peaks and their respective photoemission cross
sections. The results are shown in Table 3.

Table 2. Classification of carbon (C) and oxygen (O) peak components of bamboo [32-35].

Element Component Binding Energy (eV) Binding Type Main Resources
C 284.5 C-C,C-H Lignin and extracts
Cy 285.5 Cc-O Cellulose and hemicellulose
Cs 286.5 O-C-O,C=0 Cellulose
Cy 288.3 0O-C=0 Hemicellulose and extracts
(O)] 532.8 0O-C=0 Lignin
O, 534.1 c-O0 Cellulose and hemicellulose
50.000 30.000
(a) L (b)
40.000 |- 25.000
2 20.000
3] 30.000 -
> C, 15.000 |
L 20.000 |
g 10.000 |
k=
10.000 - = 650 |
0 1 I 3 I I o 1 A 1 A 1 n n
290 288 286 284 282 290 288 286 284 282
50.000 60.000
40.000 Sig
7 40.000
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10.000 10.000
0 1 1 1 1 1 5 1 0 1 1 L L 1 1 L
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Binding Energy (eV) Binding Energy (eV)
Figure 3. High-resolution X-ray photoelectron spectroscopy (XPS) spectra of (a,b) carbon and
(c,d) oxygen peaks in (a,c) NB and (b,d) DB.
Table 3. Summary of XPS spectral parameters of NB and DB.
. C (%) O (%)
Samples O/C Atomic Rati
P omic Ratios C C, Cs C, 0, 0,
Natural bamboo 0.34 51.71 39.22 5.59 3.48 37.48 62.52
Delignified 0.45 44.88 41.65 6.73 6.73 23.96 76.04
bamboo

In the C1s spectra, the peak components of C; were primarily from lignin and ex-
tracts (C-C, C-H), while those of C;,, C3, and C4 mainly originated from cellulose and
hemicellulose (Table 2). After delignification treatment, the C; content decreased from
51.71% to 44.88%, which showed that the lignin was effectively decomposed by sodium

83



Polymers 2022, 14, 2573

chlorite (Table 3). Additionally, the O/C atomic ratios given in Table 3 for NB and DB were
0.34 and 0.45, respectively. It has been reported that the O/C atomic ratios of cellulose,
hemicellulose, lignin, and extracts (mainly Lipophilic compounds) are about 0.83, 0.8, 0.33,
and 0.1 [29,35,36], respectively. High O/C ratios reflect high carbohydrate content, while
low ratios indicate the presence of more lignin and extracts on the bamboo surface [37].
Therefore, the increased O/C atomic ratio in this study after delignification treatment
further confirmed the degradation effect of sodium chlorite on lignin.

In the O1ls spectra, the chemical components representing the O; peak were lignin
and extracts, and the O, peak was associated with hemicelluloses and cellulose [38,39]. An
analysis of the delignification treatment of the Ols spectra of bamboo samples revealed that
O; components decreased (from 37.48% to 23.96%) and O, components increased (from
62.52% to 76.04%) (Table 3), which is similar to reports in previous studies [40].

3.4. Crystalline Structure

XRD can be used to investigate the supramolecular structure of biomass materials [41].
For example, using XRD techniques to analyse the crystallinity and crystal width provides
insights into the effects of different treatments on the cellulose, hemicellulose, and lignin
content of bamboo [42,43]. In the present study, XRD testing of NB and DB samples was
conducted using an X-ray generator, and the results are illustrated in Figure 4.

Natural bamboo
Delignified bamboo

( 002)

Crystallinity
28.16%

Intensity (a.u)

Crystallinity
71.58%

10 20 30 40 50
26 ()

Figure 4. X-ray diffraction (XRD) patterns of NB and DB.

Three typical peaks corresponding to the (040), (002), and (101) lattice planes of cellu-
lose I were 34.66°, 22.26°, and 16.12°, respectively [44]. The intensity of the (040) peak was
low; hence, the two reflections (101) and (002) were used to reflect the crystalline structure.
Among them, the peak reflecting the crystal zone width was (002), and that reflecting the
zone length was (040). The characteristic peaks of bamboo (101) and (002) corresponded to
those of delignified bamboo, and their positions were almost unchanged, indicating that
sodium chlorite treatment has almost no effect on the crystalline region of cellulose. How-
ever, the peak intensities of (101) and (002) of delignified bamboo were stronger than those
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of natural bamboo. It was observed from the calculation results that the crystallinity indices,
after sodium chlorite treatment, were much higher than those of the natural bamboo (from
28.16% to 71.58%). This is because amorphous hemicellulose and lignin are selectively
removed by sodium chlorite in the delignification process [45,46]. Simultaneously, the
hydroxyl group of the amorphous microfibrils is exposed, forming hydrogen bonds with
microfibrils on the surface of the crystallization region, thus improving the crystallinity.

3.5. Pyrolysis Properties

The pyrolysis of bamboo can be regarded as the superposition of the pyrolysis process
of three main components (cellulose, hemicellulose, and lignin) [47]. Investigating the
pyrolysis characteristics of bamboo before and after delignification treatment will help to
better design and prepare functional bamboo composites by thermochemical conversion
methods, such as gasification and pyrolysis [42]. Thermogravimetric analysis (TGA) was
performed to study the alkali treatment effect on the pyrolysis characteristics of bamboo.
The TGA and derivative thermogravimetry (DTG) curves of the samples are shown in
Figure 5. Table 4 lists the corresponding data.

100 0.000
(a)
80 -
—0.003
gor £
>3 <-0.006
-5 O
=40 g
—0.009
20 - Natural bamboo
Delignified bamboo Nat?‘ra! bamboo
Delignified bamboo
1 1 1 1 1 _0.012 1 1 1 1 1
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (°C) Temperature (°C)
Figure 5. (a) Thermogravimetric analysis (TGA) and (b) derivative thermogravimetry (DTG) curves
of NB and DB.
Table 4. TGA data for NB and DB.
Tmax (°C) Rmax (%/(°C) Residues
Sample
Stage 1 Stage 2 Stage 1 Stage 2 (wt.%)
Natural bamboo 70.12 353.78 8.39 x 1074 111.71 x 10~ 21.68
Delignified bamboo 69.11 315.62 6.02 x 1074 86.42 x 1074 20.41

Tmax: temperature at the maximum weight-loss rate; Rmax: maximum decomposition rate.

The difference between the NB and DB in the decomposition temperature was minor
(Figure 5a). Notably, the pyrolysis process of sodium-chlorite-treated and -untreated
bamboo was divided into two stages (Figure 5b). In the first stage, the temperature ranged
from the initial temperature to approximately 140 °C. Small losses in sample mass were
mainly caused by moisture loss, and the duration of when these losses occurred was
identified as the water evaporation stage [48] (stage 1). A small weightlessness peak (fastest
evaporation rate) appeared at 70.12 °C for the untreated bamboo and at 69.11 °C for the
treated bamboo. The enlarged image in Figure 5b shows that the difference in the Rmax
values of these two temperature points is not large, and the slight difference can likely be
attributed to the difference in initial conditions. In the natural state, the moisture content
of different samples may be slightly different, which explains why the pyrolysis curves
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of the two samples in stage 1 are slightly different. In the second stage, which is the
main reaction stage, the temperature ranged from the initial temperature to approximately
140 °C to 450 °C, and sample weightlessness was evident. In Table 4, we can see that
the temperature of the treated bamboo samples was significantly lower than that of the
untreated samples at the maximum thermal degradation rate (Rmax), indicating that sodium
chlorite effectively removes lignin in bamboo fibre so that the remaining cellulose and
hemicellulose are easily decomposed by heat. Additionally, the Rinax value of the treated
samples was significantly lower than that of the untreated bamboo (Figure 5b and Table 4),
indicating that under similar pyrolysis conditions, lignin presence intensifies bamboo
pyrolysis. Studies have shown that it is difficult to decompose lignin, that its weight loss
occurs over a wide temperature range (160-900 °C), and that the amount of generated
solid residue is very high (approximately 40 wt.%) [49]. Consequently, at the end of the
experiment (the temperature reached 600 °C), the residual weight of the untreated bamboo
samples was slightly larger than that of the treated bamboo, which was mainly caused by
the presence of lignin.

4. Conclusions

Alkali treatment exhibited clear effects on the chemical composition of bamboo. Com-
pared with the microstructure of untreated bamboo, the structure of bamboo treated with
sodium chlorite was notably looser and coarser, with increased pores, decreased density,
and the presence of fibres. The FTIR analysis results revealed that after bamboo treatment,
the lignin-related peaks at 1602, 1510, 1458, 1422, 1237, 1104, and 833 cm~—! weakened or
disappeared, meaning that the lignin was substantially decomposed. Similarly, the intensity
of peaks at 1160 and 1031 cm~! weakened slightly, indicating that some hemicellulose
may be degraded after treatment. These changes directly result in the loose appearance
of the microstructure. Additionally, the XPS analysis results revealed that the proportion
of C; and Oy attributed to lignin decreased from 51.71% to 44.88% and 37.48% to 23.96%,
respectively, and that the O/C atomic ratio increased from 0.34 to 0.45, indicating that the
surfaces of treated bamboo contain less lignin and fewer extracts. The XRD results showed
that although the sodium chlorate treatment had little effect on the crystallization zone of
bamboo cellulose, the crystallinity of treated bamboo increased significantly (from 28.16%
to 71.58% at the end of the treatment). This was attributed to the fact that amorphous
hemicellulose and lignin were removed during the treatment. Furthermore, the hydroxyl
group of the amorphous microfibre was exposed and formed hydrogen bonds with the
microfibre on the surface of the crystallization region, leading to increased crystallinity. TG
analysis showed that bamboo pyrolysis before and after treatment could be divided into
two stages: water evaporation and main decomposition. In the main decomposition stage,
the maximum pyrolytic rate of treated bamboo was 315.62 °C, which was significantly
lower than that of untreated bamboo, and the maximum pyrolysis rate was lower than
that of untreated bamboo, indicating that after delignification, the intensity of bamboo
pyrolysis decreases.
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Abstract: In order to improve the survival rate of transplanted seedlings and improve the efficiency
of seedling transplantation, we developed an environmental friendly polymer konjac glucomannan
(KGM)/chitosan (CA)/polyvinyl alcohol (PVA) ternary blend soil consolidation agent to consolidate
the soil ball at the root of transplanted seedlings. In the previous research, we found that although the
prepared KGM/CA /PVA ternary blend soil consolidation agent can consolidate the soil ball at the
root of the seedling, the medium solid content of the adhesive was high, which affects its spraying at
the root of the seedling. At the same time, the preparation temperature of the KGM/CA /PVA ternary
blend was also high. Therefore, to reduce the energy consumption and the cost of the KGM/CA /PVA
ternary blend soil consolidation agent in the preparation process, this paper studied the influence of
preparation conditions on the application performance of the environmental friendly polymer soil
consolidation agent. We aimed to reduce the highest value CA content and preparation temperature of
the KGM/CA /PVA ternary blend adhesive on the premise of ensuring the consolidation performance
of the KGM/CA /PVA ternary blend adhesive on soil balls. It was prepared for the popularization and
application of the environmental friendly polymer KGM/CA /PVA ternary blend soil consolidation
agent in seedling transplanting. Through this study, it was found that the film-forming performance
of the adhesive was better when the KGM content was 4.5%, the CA content was in the range of
2-3%, the PVA content was in the range of 3-4%, and the preparation temperature was higher than
50 °C. The polymer soil consolidation agent prepared under this condition has a good application
prospect in seedling transplanting.

Keywords: polymer soil consolidation agent; preparation conditions; consolidated adhesive film;
compressive strength; seedling transplanting

1. Introduction

Both barren mountain afforestation and urban greening involve seedling transplant-
ing [1]. In order to improve the survival rate of transplanted seedlings, the most important
thing is to ensure the integrity of the soil ball at the root of transplanted seedlings. The
diameter of the soil ball at the root of the seedling is generally required to be 5-10 times the
diameter at breast height (DBH) of the tree itself, and the height of the soil ball is generally
about 2/3 of its diameter. After successful lifting from the nursery, the soil ball is very
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easy to break due to squeezing, bumping, and mutual impact during its transportation. To
ensure the integrity of transplanted seedlings, the commonly used methods are wrapping,
binding, or wooden box packaging [1,2]. There are two problems in the current method
to ensure the integrity of the soil ball. First, some materials wrapped and bound, such as
plastic rope, plastic cloth, and iron wire, do not degrade easily and can cause environmental
pollution. Second, the technical requirements for soil ball wrapping, binding, and seedling
raising are high, so it not only consumes a lot of manpower and material resources but also
has low seedling raising efficiency. The key is that it is difficult to ensure the integrity of
the soil ball in the end, especially in the process of loading, unloading, and transporting
seedlings where the mother soil ball is often damaged.

In view of the demand for seedling transplanting and maintaining the integrity of the
mother soil ball, our research team prepared KGM/CA binary blend soil consolidation
agents and KGM/CA /PVA ternary blend soil consolidation agents with KGM, CA, and
PVA as the main raw materials in the previous research work [3-5]. The soil consolidation
agent was evenly sprayed on the surface of the soil ball at the root of the transplanted
seedlings. After the consolidation agent was dry, it could form a hard film on the surface of
the soil ball. In the previous research, it was found that the film formed on the surface of the
soil ball by KGM/CA and KGM/CA /PVA blend soil consolidation agents can protect the
soil ball in the process of transportation, which reduced wear and improved its resistance
to transportation oscillation [3-5]. The application of the KGM/CA and KGM/CA/PVA
blend consolidation agent also had no adverse effect on the growth of the seedlings.

KGM, the raw material for preparing the soil consolidation agent, is a rich natural
macromolecular polysaccharide, which can be extracted from amorphophallus konjac
plant tubers [6-10]. KGM is mainly composed of D-mannose and D-glucose units through
3-1,4-linkages in a mole ratio of 1.6:1 [11-13]. Due to the presence of active primary
hydroxyl (-CH,OH) at the C(6) position of each sugar unit, KGM can participate in many
chemical reactions, such as nitration, etherification, and graft polymerization [14]. The
O-acetyl (-OCHj3) group located at the C(6) position of the sugar residues contributes to
the solubility and swelling of KGM [15,16]. KGM is water-soluble and has high viscosity
even at low concentrations. It can also form a gel network structure through extensive
hydrogen bonding and entanglement [17]. Therefore, KGM is very suitable for preparing
soil consolidation agents. However, the glue solution prepared by a single KGM can not
meet the consolidation of soil. Considering the convenience and economy of preparing
soil consolidation agents, it is wise to use physical blending modification technology to
improve the consolidation performance of soil.

There are two directions in the physical blending modification of KGM. One is to blend
with other gel polysaccharides, chitosan, starch, and other substances, so as to improve the
viscosity or gel strength of products [18-21]. Second, KGM is blended with other synthetic
polymers to give it new functions. In the process of blending, the addition of other polymer
materials can greatly improve the hydrogen bonding in KGM molecules and form a new
spatial network structure [22,23].

PVA contains a large number of hydroxyl groups in its molecular chain, which can
be crosslinked to form a macromolecular network. Meanwhile, PVA is a water-soluble
polymer material with good biocompatibility and film-forming properties [24,25]. After
blending with PVA, the mechanical properties of the KGM film can be improved.

CA is the product of deacetylation of chitin macromolecule, and its structure is similar
to cellulose [26,27]. Many hydroxyl and amino groups are distributed on the macromolec-
ular chain of chitosan, which gives it good solubility and reactivity. CA also has good
biocompatibility, adsorption, film-forming, permeability, moisture retention, and biodegrad-
ability properties [27,28]. Blending CA with KGM and PVA can improve the adhesion of
the glue solution on the soil surface, film-forming, moisturizing, and air permeability of
the glue film. However, because the price of CA is higher than that of KGM and PVA, it is
necessary to explore the influence of the solid content of CA in the KGM/CA /PVA ternary
blend on the application performance of the soil consolidation agent, which is of great
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significance for the market application of KGM/CA /PVA ternary blend soil consolidation
agents in the future.

In the preparation process of the soil consolidation agent, it was found that the
preparation temperature of the adhesive had an obvious influence on the viscosity and
film-forming of the KGM/CA /PVA ternary blend adhesive, as well as the consolidation of
soil and the anti-compression and anti-transport oscillation of the consolidated soil column.
The higher the preparation temperature of the KGM/CA /PVA ternary blend adhesive, the
higher the preparation cost and an increase in energy consumption, which is not conducive
to reducing carbon emission. At the same time, the content of CA and PVA can not only
affect the viscosity, fluidity, film-forming, and consolidation of the soil ball but also affect
the preparation cost of the KGM/CA /PVA consolidation agent.

Therefore, in order to reduce the energy consumption and cost of the KGM/CA/PVA
ternary blend soil consolidation agent in the preparation process, this paper studied the
influence of its preparation conditions, such as preparation temperature, CA and PVA
content, on the application performance of environmental friendly polymer KGM/CA /PVA
soil consolidation agent. It can also reduce the content of CA in the adhesive and the
preparation temperature of polymer soil consolidation agent on the premise of ensuring the
consolidation performance of KGM/CA /PVA ternary blend soil consolidation agent on soil
balls. It is prepared for the popularization and application of the environmental friendly
polymer KGM/CA /PVA ternary blend soil consolidation agent in seedling transplanting.

2. Materials and Methods
2.1. Materials and Experimental Instruments

(1) Materials: The main raw material konjac flour (KGM, 200 g/bottle) was provided by
Bozhou Baofeng bio-technology limited company. Chitosan (CA, chemical pure),
polyvinyl alcohol (PVA, superior-grade pure), acetic acid (excellent-grade pure),
sodium hydroxide (analytical purity), and other compounds were supplied by Sinopharm
Chemical Reagent Co., Ltd. of China, Shanghai, China.

(2) Experimental instruments: Water bath heating pot; Mechanical agitator; Automatic
film-coating machine; Stereomicroscope (Leica DFC425C); Mechanical testing machine
INSTRON 5582; Simulated transportation vibration test bench hk-120 with a payload
of 300 kg.

2.2. Preparation and Viscosity Test Method of Environmental Friendly Soil Consolidation Agent

(1) Preparation of polyvinyl alcohol (PVA) solution: Add 360 g of ultrapure water to the
neck mouth flask, add 40 g of PVA (molecular weight: 1840 g/mol) to the four mouth
flask, and then put the flask into a water bath, heat it to the temperature of 95 °C, and
stir mechanically (rotating speed 150 r/min) for 2 h to obtain a PVA solution with a
mass fraction of 10%.

(2) Preparation of chitosan solution: Weigh a certain amount of CA into a four neck flask,
add a pre-configured acetic acid solution with a mass fraction of 20%, stir until it is
evenly dissolved to obtain a dilute acid solution of CA.

(3) Preparation of KGM/CA/PVA ternary blending soil consolidation agent: Weigh
a certain amount of KGM into a four neck flask, add an appropriate amount of
CA dilute acid solution according to the preset proportion, and mechanically stir
(400 r/min) for a certain time at the target temperature until KGM and CA in the
system are completely dissolved. Then the NaOH was added to the system to adjust
the pH value of the reaction solution to 4.2—4.5. Finally, KGM/CA/PVA ternary
blend adhesive was obtained by adding 10% polyvinyl alcohol solution prepared
in advance and stirring for 1 h. Then, according to the actual needs, tackifier and
preservative can be added to KGM/CA /PVA ternary blend adhesive. Finally, transfer
the KGM/CA/PVA ternary blend adhesive to a wide mouth bottle and seal it for
standby after it is reduced to room temperature.
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4)

Test method for viscosity of KGM/CA /PVA ternary blend adhesive: Using Brooke
digital display DV3 viscometer, immerse the rotor into the ternary blend adhesive
of different formulations at room temperature, select rotor No. 64, set the speed to
10 r/min to obtain the viscosity of the ternary blend adhesive.

2.3. Preparation and Test of KGM/CA/PVA Ternary Blend Film

@

@

Preparation of KGM/CA /PVA ternary blend film: Weigh 5 g KGM/CA/PVA ternary
blend adhesive, and then pour the adhesive directly onto the substrate in the middle
of the automatic coating machine console. Select the appropriate scraper and the
appropriate mode. The scraper will move back and forth on the track at a certain speed
until the KGM/CA/PVA ternary blend adhesive is evenly coated on the substrate.
Then, the substrate with the adhesive film is translated to a dry position and naturally
dried to form a film.

The SEM image of KGM/CA /PVA ternary blend film: After the prepared KGM/CA/PVA
ternary blend film was dried in a dryer for 24 h, the film with uniform appearance
was selected and cut into small strips, and the sample for observing the upper surface
was prepared. In addition, the membrane at the same part were brittle broken after
liquid nitrogen freezing, and the cross-section port was scanned. Place the pasted
sample on the copper table, spray gold under 13.3 Pa vacuum for 20-30 s, and the
thickness is about 690 nm. Under the condition of accelerating voltage of 20 kV, the
surface and cross-section morphology of the film samples were observed by scanning
electron microscope (SEM).

2.4. Preparation and Tests of Soil Column Samples

@

@

®)

)

Preparation of soil column samples: Two different types of consolidated soil columns
were prepared from cinnamon soil (loam) with different formulations of KGM/CA /PVA
ternary blend adhesive. The preparation method is similar to the original [3].
Optical characterization of KGM/CA /PVA ternary blend adhesive film on the surface
of consolidated soil column: Referring to the original characterization method [3,5],
Leica DFC425C stereoscope was used to observe the surface morphology of the
bonding film on the upper surface of the consolidated soil column. Obtain the best
image of the consolidated adhesive film on the upper surface of the soil column
sample by adjusting the “light source” and “focusing/zoom”, and transmit the image
to the picture window of the software for saving.

Test method of compressive strength of consolidated soil column: Referring to the
original test method [3,5], the compressive strength of consolidated soil column is
tested by INSTRON 5582 universal testing machine. The test conditions are that the
time interval is 0.5 s and the compression rate is 1 mm/min.

Test method of anti-transport oscillation of consolidated soil column: Referring to the
original test method [3], according to the American Transportation Association stan-
dard (ISTA) and American Society of materials standard (ASTM), the transportation
oscillation resistance of consolidated soil column is tested by simulated transportation
vibration test bench HK-120, as shown in Table 1.

Table 1. ISTA/ASTM Standard Test Method for Simulating Transportation Vibration.

Oscillation Test .1 Corresponding Test Time
Sequence Test Speed (rmin™") Frequency (Hz) t (min)
Test 1 180 3.0 79
Test 2 210 3.5 66
Test 3 240 4.0 60
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2.5. Method of Transplanting Seedlings with KGM/CA/PVA Ternary Blend Adhesive in
Seedling Transplanting

The application of ternary blend soil consolidation agent for seedling transplanting
adopts a relatively simple method: Take loam as the main consolidation object and seedlings
with DBH of 5-10 mm growing outdoors as the main transplanting object. Firstly, circle a
circle with a diameter of about 10-15 cm with the transplanted seedling as the center at the
root of the seedling, and then gradually clean the soil outside the circle from top to bottom
until a conical soil ball is formed at the root of the transplanted seedling. There is about 1
cm contact surface between the bottom of the conical soil ball and the earth. Then, the soil
consolidation agent is sprayed on the upper and side surfaces of the conical soil ball. After
about 1 day of consolidation, the glue liquid on the surface of the soil ball will form a hard
shell on the surface of the soil ball together with the soil on the surface of the soil ball. After
the soil ball is lifted, it can be directly transported to a new planting site for transplanting.
When transplanting seedlings in sandy soil with the soil consolidation agent, except that
the method of preparing the soil ball is slightly different, the transplanting steps are similar
to those in loam [3-5].

3. Results
3.1. Effect of Preparation Conditions on Viscosity of KGM/CA/PVA Ternary Blend Adhesive

In previous studies, it was found that the preparation temperature and solid content
of the blend adhesive had a great influence on the viscosity and fluidity of the blend
adhesive [3-5]. In order to reduce the content of CA in the ternary blend solution and
ensure the viscosity of the solution to the consolidation of soil columns, the effect of CA
content on the viscosity of the solution at different temperatures was explored.

It can be seen from Figure 1a,b that the viscosity of the KGM/CA /PVA blend adhesive
increases gradually with the increase of CA content in the glue at different temperatures.
It was found that the viscosity increased slowly when the CA content was less than 1.5%
at the preparation temperature of 40 °C; when the CA content was higher than 1.5%, the
viscosity of the adhesive increased rapidly, as shown in Figure 1a. When the preparation
temperature was 50 °C, and the CA content of the KGM/CA /PVA blend adhesive was
lower than 3%, the viscosity increased rapidly; when the CA content was higher than 3%,
the increase of adhesive viscosity slowed down, as shown in Figure 1b. Therefore, we
explored the effect of CA content (2-3%) in the glue solution on the viscosity of the blend
adhesive system at different temperatures, as shown in Figure 1c. It was found that when
the CA content was fixed, with the increase of the preparation temperature, the viscosity
of the adhesive first increased and then decreased, and the viscosity was highest at 60 °C.
When the CA content in the blend adhesive was 3%, the viscosity in the blend adhesive
system was highest as a whole. When the preparation temperature of the glue was at
60 °C, the viscosity of the adhesive reached a maximum value. It can be seen that the
preparation temperature and the CA content in the adhesive have a great influence on the
viscosity of the KGM/CA /PVA blend adhesive. Excessive viscosity of the KGM/CA /PVA
blend adhesive can affect its fluidity, so it is necessary to select the appropriate preparation
conditions according to the consolidation demand of the soil.

3.2. Effect of Preparation Conditions on Properties of KGM/CA/PVA Ternary Blend Film

The preparation conditions of the KGM/CA /PVA ternary blend adhesive, such as
preparation temperature, CA content, and PVA content, have a great impact not only on the
viscosity but also on the film-forming property, strength, toughness, and internal structure
of the film.

93



Polymers 2022, 14, 2122

85k 14.0k -
R R 713 T=501C —=—200% CA
BOkT } 120kt —e—225%CA
3.5k . —»—250% CA
i 00k T 300%CA
7 3.0k % 5 ok 5
g
s = E BOK}
< 28k S ask 3
@ H
g 20k gmk. 3 BOkE
> - > k 4
wf i . . . . . 20kp ® . ) ) ) ) x
o 5 20 25 0 20 25 30 35 40 45 40 45 s 55 e es 70
The content of CA (%) TS

The content of CA (%)

Figure 1. (a) Effect of CA content on viscosity of ternary blend adhesive at 40 °C; (b) Effect of CA
content on viscosity of ternary blend adhesive at 50 °C; (c) Effect of CA content on viscosity of ternary
blend adhesive at different temperatures.

3.2.1. Effect of Preparation Conditions of KGM/CA /PVA Ternary Blend Adhesive on
Film-Forming Properties

The prepared ternary blend adhesive was prepared into a thin film by an automatic
coating machine. When the KGM/CA /PVA ternary blend adhesive with different CA
content was prepared into a glue film at 40 °C, it was found that when the CA content was
0%, the formed thin film was relatively brittle and it was difficult to form a whole film,
as shown in Figure 2a. From Figure 2b,c, it was found that the brittleness of the film was
gradually improved, and the formed film was gradually complete with the gradual increase
of CA content. However, due to the low preparation temperature of the KGM/CA /PVA
ternary blend adhesive, the quality of the formed adhesive film was relatively poor. With
the increase in temperature, the viscosity of the KGM/CA /PVA ternary blend adhesive
increases, and the toughness of the film increased to a certain extent. As shown in Figure 2d,
the adhesive film formed by the adhesive prepared under the condition of 50 °C had a
surface of well-distributed pore, which met the application requirements of the consolidated
soil ball. At the same time, the toughness of the adhesive film was good, and the complete
membrane can be cut evenly with a die. As the temperature continued to rise to 60 °C,
the formed adhesive film was more flexible and better, as shown in Figure 2e. When the
temperature reached to 70 °C, the formed adhesive film can be bent at multiple angles, as
shown in Figure 2f.

3.2.2. Effect of Preparation Conditions of KGM/CA /PVA Ternary Blend Adhesive on the
Structure of Film

The effect of temperature on the internal structure of the film can be seen from the
surface and cross-section of the film. The adhesive film formed by the KGM/CA/PVA
ternary blend adhesive was prepared at 40 °C. As shown in Figure 3a, it can be seen that
the adhesive film was not densely arranged, was unevenly distributed, and had many
cavities. As shown in Figure 3b, it can be seen that the links between the cured products on
the surface of the adhesive film were weak, the pores formed were large, and there was
no cross-linking between the molecular chains, so the adhesive film formed was brittle.
From Figure 3c,d, it can be seen that when the temperature for preparing the ternary blend
adhesive was increased to 70 °C, the surface of the adhesive film was densely arranged,
and there were many short protrusions on the surface and connected into a network
structure. At the same time, there were a small number of pores on the surface of the
formed adhesive film, which can meet the application requirements of the transplanted
seedlings consolidated soil ball. Through Figure 3ef, it can be seen that KGM, CA, and PVA
were cross-linked together, permeated, and interspersed with each other, which reflected
the enhanced interaction between KGM, CA, and PVA. It can be seen from Figure 3f that an
interpenetrating structure was formed between KGM, CA, and PVA, indicating that KGM,
CA, and PVA have good compatibility. This morphology not only ensured the bonding
strength but also improved the water resistance to a certain extent.
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Figure 2. Film-forming properties of different KGM/CA /PVA ternary blend adhesive. Preparation
conditions of KGM/CA /PVA ternary blend adhesive: the content of KGM and PVA were 4.5% and
3.0% respectively, the pH value is 5.0.

a c

Figure 3. The SEM image of adhesive film. (a—d) Surface morphology of adhesive film; (e,f) Cross-
section morphology of adhesive film. Preparation conditions of KGM/CA/PVA ternary blend
adhesive: the content of KGM and PVA were 4.5% and 3.0% respectively, the pH value is 5.0.
(a,b) the content of the CA was 2.5%, the preparation temperature was 40 °C; (c—f) the content of the
CA was 3%, the preparation temperature was70 °C.

3.3. Effect of Preparation Conditions on the Morphology of Consolidated Adhesive Film

The loam in cinnamon soil was prepared into the soil column by mold, and KGM/CA/PVA
ternary blend adhesive was evenly sprayed on the surface of the soil column to form a
uniform glue film. The soil column at this stage contains a certain amount of water. During
the drying of the soil column, with the volatilization of water, the morphology of the
polymer consolidated film covering the surface of the soil column can change, and produce
bubbles similar to fish eye. The moisture permeability of the outer polymer film can be
directly judged by observing the morphology of the solid film on the surface of the soil
column through the body microscope. It was found that the preparation temperature and
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the content of CA in the KGM/CA/PVA ternary blend can affect the surface morphology
of the consolidated film. When the preparation temperature was 50 °C, relatively large
holes were easier to form on the surface of the consolidated adhesive film, as shown in
Figure 4a—d. When the CA content was low, a reticular membrane with large pores was
formed on the surface of the soil column, as shown in Figure 4a. As the CA content
gradually increased from 1% to 3%, the holes on the surface of the consolidated adhesive
film gradually shrank and formed many small bubbles, as shown in Figure 4b—d. When
the preparation temperature of the glue solution rose to 60 °C and 70 °C, it was found that
with the increase of CA content, the bubbles on the surface of the consolidated adhesive
film were also gradually decreasing, as shown in Figure 4e-l. It can be seen that in the
KGM/CA/PVA ternary blend adhesive, with the increase of CA content, the film-forming
performance of the soil column consolidated adhesive film was better. Therefore, under the
same humidity conditions, its bubbles gradually decreased.

Figure 4. Surface morphology of consolidated adhesive film. (a-d) Preparation conditions of
KGM/CA/PVA ternary blend adhesive: the preparation temperature was 50 °C; The contents
of CA were 1%, 2%, 2.5%, 3%, respectively; (e-h) Preparation conditions of KGM/CA /PVA ternary
blend adhesive: the preparation temperature was 60 °C; The contents of CA were 1%, 2%, 2.5%, 3%,
respectively; (i-1) Preparation conditions of KGM/CA /PVA ternary blend adhesive: the preparation
temperature was 70 °C; The contents of CA were 1%, 2%, 2.5%, 3%, respectively. Other preparation
conditions of (a-1) KGM, PVA content were 4.5% and 3%, respectively; The pH value of the ternary
blend was 5.0; pH of cinnamon soil was 8.5; Particle size of soil was 1 mm.

It was found that when the CA content in the KGM/CA/PVA ternary blend adhesive
was the same, the bubbles on the surface of the consolidated film also showed a gradually
decreasing trend with the preparation temperature of the solution rising from 50 °C to
70 °C, as shown in Figure 4a,e,i, and Figure 4b,f,j. This was because, with the increase in
temperature, CA dissolved more thoroughly in the blend adhesive. CA formed a short
cross-linking network structure after blending with KGM and PVA. The film-forming
performance of the KGM/CA /PVA ternary blend was better. Therefore, under the same
humidity conditions, the bubbles on the surface of the consolidated film were small.

3.4. Effect of Preparation Conditions on Compressive Properties of Consolidated Soil Columns

It was found that the preparation temperature and solid content of the KGM/CA /PVA
ternary blend adhesive had great effects on the compressive properties of the consolidated
soil columns. The film-forming performance of PVA is good, but when the concentration
of PVA is large, the viscosity is too large, which is not conducive to the fluidity of glue
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solution. Therefore, it is necessary to study the influence of PVA content on the compression
resistance of consolidated soil columns. It was found that the compressive strength of
consolidated soil columns increased with the increase of PVA content from 1% to 5% at
the same temperature, as shown in Figure 5a. At the same time, it was also found that
when the PVA content was fixed, the compressive strength of the consolidated soil column
increased with the increase of the preparation temperature from 40 °C to 70 °C, especially
when the temperature was higher than 50 °C, the compressive strength of the consolidated
soil column increased rapidly, and the maximum compressive strength reached 4.57 MPa.
It can be seen that the preparation temperature and PVA content of the KGM/CA /PVA
ternary blend adhesive can directly affect the compressive strength of the consolidated soil
column.
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Figure 5. Effect of preparation conditions on compressive properties of consolidated soil columns
Preparation conditions of KGM/CA /PVA ternary blend adhesive: the content of KGM was 4.5%, the
pH value is 5.0, pH of cinnamon soil was 8.5; Particle size of soil was 1 mm. (a) The content of the CA
was 4.5%; (b) The content of the PVA was 4.0%.

Due to the high price of CA, in order to reduce the preparation cost of KGM/CA /PVA
ternary blend soil consolidation agent, it is necessary to study the effect of the reduction
of CA content in the glue on the compressive properties of consolidated soil columns. It
was found that at the same temperature, with the decrease of CA content, the compressive
strength of the consolidated soil column also showed a decreasing trend, as shown in
Figure 5b. However, at 60 °C, with the decrease of CA content, the compressive strength
of the consolidated soil column decreased relatively little. At the same time, it was also
found that the compressive strength of the consolidated soil column was higher with the
increase in the preparation temperature of the glue solution. Therefore, it is necessary to
select the appropriate preparation temperature and CA content according to the actual
application requirements.

3.5. Effect of Preparation Conditions on Anti-Transport Oscillation of Consolidated Soil Column

During the transportation of transplanted seedlings, the consolidated soil ball needs to
bear various oscillations during the transportation from the nursery to the planting point.
According to the effect of the preparation conditions of the KGM/CA /PVA ternary blend
adhesive on the viscosity of glue and the anti-compression performance of the consolidated
soil column, we selected three better conditions for preparing KGM/CA /PVA adhesive,
as shown in Table 2. In order to study the influence of different preparation conditions on
the anti-transportation oscillation of the consolidated soil column, we used the simulated
transportation vibration test-bed HK-120 to test the anti-transportation oscillation of the
consolidated soil column. The oscillation conditions were shown in Table 1. As shown in
Figure 6, in oscillation experiment 1 (180 rpm, 3.0 Hz, 79 min), it can be seen that samples
ap, by, ¢y and dy have almost no wear; In oscillation experiment 2 (210 rpm, 3.5 Hz, 66 min),
compared with the control sample a3, it can be found that the wear of sample b; was
very small; The wear of samples c3 and d; were larger than that of bs but smaller than
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that of sample a3; In oscillation test 3 (240 rpm, 4.0 Hz, 60 min), with the continuous
increase of amplitude, the surface of the four soil column samples showed obvious wear.
However, it can be clearly seen that the wear degree of soil column samples by, ¢4 and dy
consolidated with glue was less than that of the control sample ay4. It can be seen that the
KGM/CA/PVA ternary blend film formed on the surface of the consolidated soil column
has a good protective effect on the soil column in the process of transportation oscillation.

Table 2. Details of Consolidated Soil Column Samples.

Sample No. Preparation Conditions of Glue Solution
Sample aj—ay Blank control
Sample by-by 50 °C, KGM, CA and PVA(4.5%, 4%, 4%), pH4.5
Sample cj—c4 60 °C, KGM, CA and PVA(4.5%, 4%, 3%), pH 4.5
Sample d;—dy 70 °C, KGM, CA and PVA(4.5%, 3%, 4%), pH4.5

a4

Figure 6. Wear condition of consolidated soil column samples. (al-a4) was the blank control group;
(a1,b1,c1,d1) formed the control group without any oscillation test; The preparation conditions of
(b1-b4) spraying KGM/CA /PVA ternary blend adhesive were 50 °C, the contents of KGM, CA and
PVA are 4.5%, 4%, and 4%, respectively, the pH value is 4.5; The preparation conditions of (c1-c4)
spraying KGM/CA /PVA ternary blend adhesive were 60 °C, the contents of KGM, CA and PVA are
4.5%, 4%, and 3%, respectively, the pH value is 4.5; The preparation conditions of (d1-d4) spraying
KGM/CA/PVA ternary blend adhesive were 70 °C, the contents of KGM, CA and PVA were 4.5%,
3%, and 4% respectively, the pH value was 4.5.

3.6. Preliminary Application of Polymer Soil Consolidation Agent in Seedling Transplanting

In order to verify that the KGM/CA /PVA ternary blend adhesive can indeed consol-
idate the loam soil ball at the root of seedlings, we conducted a preliminary application
study on the prepared polymer soil consolidation agent in the actual transplanting process
of seedlings. Firstly, during the transplanting process of sierra salvia and Euonymus japon-
icas, we sprayed the KGM/CA/PVA ternary blend adhesive on the soil ball at the root of
sierra salvia or Euonymus japonicas. After the blend adhesive dried, a layer of consolidated
film formed on the surface of the soil ball. At this time, the plant sierra salvia or Euonymus
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japonicas can be transplanted directly with the soil ball, as shown in Figure 7a,b. It was
found that the blend adhesive can consolidate the soil ball with a diameter of about 20 cm.
After observation, the consolidated glue had no adverse effect on the growth of sierra
salvia and Euonymus japonicas. It can be concluded that the KGM/CA /PVA ternary blend
adhesive prepared by us has a good consolidation effect on loam and brings convenience
to the process of seedling transplantation.

Figure 7. Preliminary application of KGM/CA /PVA ternary blend in seedling transplanting. (a) The
diameter at breast height (DBH) of sierra salvia was 5 mm; (b) The DBH of Euonymus japonicas was
12 mm; (c) The DBH of Juniperus Sabina was 5 mm; (d) The DBH of Euonymus japonicas was 8§ mm.

In order to further verify the consolidation effect of the KGM/CA /PVA ternary blend
adhesive on sandy soil, we sprayed the adhesive on the surface of the sandy soil ball during
the transplanting of Juniperus sabina. After drying, a layer of consolidation glue film was
formed on the surface of the sandy soil ball, as shown in Figure 7c. At this time, you can
directly carry the Juniperus Sabina seedlings and soil balls to transplant Juniperus Sabina
to the planting site. To further verify the consolidation effect of the glue on sandy soil, we
sprayed the glue on the sandy soil ball with a diameter of about 15-30 cm at the root of
Euonymus japonicus. After drying, the glue formed a relatively hard transparent polymer
glue film on the surface of the sandy soil ball. Due to the protective effect of the adhesive
film, Euonymus japonicus can be directly transported to the planting site with consolidated
soil balls, as shown in Figure 7d. After transplanting Euonymus japonicus, it was found
that it grew well. It can be seen that the KGM/CA /PVA ternary blend adhesive also has
a good consolidation effect on sandy soil balls, and has no adverse effect on the growth
of seedlings.

4. Discussion

Because the molecular structure of chitosan contains active groups such as amino,
hydroxyl, acetylamino, and electronic pyran ring, it can undergo chemical reactions such as
hydrolysis, acylation, carboxymethylation, condensation, and complexation under specific
conditions, and can produce derivatives with various physical and chemical functions.
Therefore, CA plays an important role in KGM/CA /PVA ternary blend adhesive. However,
due to its high value, in order to improve the fluidity of the adhesive and reduce the
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preparation cost of the adhesive, it is necessary to study the effect of CA content on the
consolidation properties of the KGM/CA /PVA ternary blend adhesive. During the study,
it was found that the viscosity of the adhesive increased with the increase of CA content
at different temperatures. Especially at 60 °C, the viscosity of the adhesive reached a
maximum. Therefore, it is necessary to screen the appropriate CA content in combination
with the consolidation performance of the consolidated adhesive film on the soil ball.

For the prepared film, it was found that at the same temperature, with the increase
of CA content, the film-forming property and toughness of the KGM/CA /PVA ternary
blend adhesive were significantly improved. When the temperature was higher than 50 °C,
the bending performance of the prepared adhesive film was better as a whole. The SEM
micrograph of the adhesive film showed that when the temperature was lower than 50 °C,
the links between the cured products on the surface of the adhesive film were weak, the
pores formed were large, and there was no cross-linking between the molecular chains, so
the adhesive film was brittle. At 70 °C, the surface of the film was densely arranged, and
there were many short protrusions on the surface connected to a network structure. It can
be seen that the consolidation performance of the film was better when the preparation
temperature of the adhesive was higher.

After the KGM/CA /PVA ternary blend adhesive was consolidated on the surface of
the soil column, the consolidated film on the surface of the soil column was observed. It was
proved again that the film-forming performance of the consolidated adhesive film of the
soil column was better with the increase of CA content. Therefore, its bubbles can gradually
decrease under the same humidity conditions. When the CA content of the KGM/CA /PVA
ternary blend adhesive was the same, the bubbles on the surface of the consolidated film
also showed a gradually decreasing trend with the increase of the preparation temperature
of the solution. This was because, with the increase in temperature, CA dissolved more
thoroughly in the KGM/CA /PVA ternary blend adhesive. CA formed a short cross-linking
network structure after blending with KGM and PVA. The film-forming performance of
the KGM/CA /PVA ternary blend adhesive was better.

In the test of the compressive strength of the consolidated soil column, it was found
that the compressive strength of the consolidated soil column can decrease with the de-
crease of CA content at the same temperature. At the same time, it was also found that
the compressive strength of the consolidated soil column was higher with the increase
in adhesive preparation temperature. It was proved again that when the preparation
temperature of the adhesive was high, CA was completely dissolved in the adhesive, and
blended with KGM and PVA to form a temporary cross-linked network structure, which
had a good protective effect on the consolidated soil column. In the study of anti-transport
oscillation of consolidated soil column, it was found that compared with the soil column
not consolidated with adhesive film, the surface wear of the consolidated soil column was
less when the surface of the soil column was protected by adhesive film.

During the exploration of seedling transplanting application, it was found that the
KGM/CA/PVA ternary blend adhesive had a good consolidation effect on loam and
sandy soil. With the increase of soil ball diameter and the change of soil texture, the
requirements for the properties of ternary blend adhesive were slightly different. Therefore,
KGM/CA/PVA ternary blend adhesive with different consolidation properties can be
prepared according to the actual needs of seedling transplantation.

5. Conclusions

This work was performed primarily to study the influence of the preparation condi-
tions of KGM/CA /PVA ternary blend adhesive on the consolidation performance of soil
consolidation agents. Its main purpose was to study the effects of the preparation tempera-
ture of the glue solution and the content of CA and PVA on the viscosity of the adhesive,
the film-forming property of the ternary blend adhesive, the structure of the consolidated
film, and its influence on the consolidation performance of the soil column. It was found
that the viscosity of the KGM/CA/PVA ternary blend adhesive increased with the increase
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of temperature and CA content. However, the high viscosity of the adhesive can lead to the
decline of the flow performance of the adhesive and then result in the decline of the film-
forming performance of the KGM/CA /PVA ternary blend adhesive. Through this study; it
was found that the film-forming performance of the adhesive was better when the calcium
content was 2-3% and the PVA content was 3-4%. When the preparation temperature was
higher than 50 °C, not only the film-forming performance of KGM/CA /PVA adhesive,
the brittleness, the moisture, and air permeability of KGM/CA /PVA adhesive film were
significantly improved, but also the protection of the adhesive film to the consolidated soil
ball (soil column) was enhanced.

In the process of seedling transplanting, it was found that the KGM/CA /PVA ternary
blend adhesive had a good consolidation effect on the loam and sandy soil at the root
of transplanted seedlings. In the practical application of seedling transplanting, due to
the need to consider the preparation cost of the KGM/CA /PVA ternary blend adhesive,
while ensuring the soil consolidation effect of the KGM/CA /PVA consolidation agent, it
was particularly necessary to consider reducing the content of CA and the preparation
temperature of the ternary blend adhesive, so as to achieve the purpose of reducing the
preparation energy consumption and cost. Therefore, in the process of practical application,
it is necessary to select the polymer soil consolidation agent with the appropriate perfor-
mance according to the size of the soil ball at the root of seedlings and the texture of the
soil.
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Abstract: As a new type of green environmental protection material for outdoor use, the water
resistance of bamboo scrimber composite (BSC) is crucial—the primary reason for a decrease in
water resistance being bonding interface failure. From a bonding interface structure perspective, the
influence mechanism of the resin content and density on the water resistance of BSCs remains un-
known. Therefore, in this study, BSCs were prepared using Moso bamboo and phenol-formaldehyde
resin, and the changes in the macroscopic and microscopic bonding interfaces before and after 28-h
water-resistance tests were observed and analyzed. The results showed that the water resistance of the
BSC increased with increasing resin content, with higher thickness swelling rates (TSRs) observed at
higher densities. Obvious cracks were found at the macroscopic interface after 28-h tests, with higher
resin contents leading to fewer and smaller cracks. With increasing density, the longitudinal fissures
due to defibering process decreased, having an effect on width swelling rates (WSRs). Furthermore,
porosity measurements revealed changes in the microscopic bonding interface; the difference in
porosity before and after testing (D-value) showed the same trend as water resistance. Generally, we
conclude that the macroscopic and microscopic bonding interface structures are closely related to
BSC water resistance.

Keywords: water resistance; bamboo scrimber composite; bonding interface

1. Introduction

With the continued growth in green buildings and sustainable urban construction, it
has become necessary to develop green, renewable biomaterials to replace conventional
structural materials—which are usually high density or polluting materials—such as met-
als, ceramics, and polymer composites [1-4]. Moso bamboo (Phyllostachys pubescens Mazel)
accounts for 67% of all bamboo forests in China, and is therefore used more extensively
than other bamboo species [5]. The findings of previous studies have shown that Moso
bamboo fibers offer superior mechanical properties compared to wood fibers [6]. To fully
exploit high-strength bamboo fibers, a novel strategy to use a Moso bamboo scaffold as
a matrix reinforced by phenol-formaldehyde (PF) resin has been developed. Bamboo
scrimber composite (BSC)—a renewable, engineered material—consists of crushed bamboo
bundles assembled along the grain direction after PF resin immersion and pressed into a
dense block. With its multi-level and multi-scale structure, BSC has superb physicome-
chanical performance, high utilization ratios (over 90%), excellent carbon sequestration,
and is widely used in various fields, including furniture, flooring, garden landscaping,
construction, and wind turbine blades [7-10]. It also overcomes the defects of anisotropy
and the inhomogeneous density of natural bamboo.

In recent years, most studies of BSCs have focused on their physical and mechanical
properties. Kumar et al. investigated the effects of density on the mechanical and water
absorption properties of BSCs prepared via cold-pressing and hot-curing. They found
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that the water absorption and all mechanical properties of BSCs—such as tensile strength,
compression strength, shear strength, and flexural strength—increased with increasing
density [11]. Sharma et al. compared the mechanical properties of two types of BSCs and
laminated bamboo sheets [12]. Subsequently, Shangguan et al. investigated the mechanical
properties and chemical composition of heat-treated BSCs [13]. Furthermore, Rao et al.
found that, as the resin content increased, the water resistance of the BSCs increased, shear
strength increased at first and then decreased, and compressive strength decreased [5].
Rao et al. also investigated the effects of different units and resin molecular weights on
the mechanical performance and water resistance [14,15]. However, most reports have
included only superficial discussions of the water resistance of BSCs, and few studies have
been conducted on its influence mechanism.

Although qualified BSCs can be produced by most enterprises, some problems caused
by poor water resistance still exist, such as cracking, fuzzing, and deformation under
high-humidity conditions. Resin content and density are two vital factors that determine
dimensional stability and water repellency [16]. As the resin content increases, the water
resistance of composites increases gradually [17-19]. Rao et al. demonstrated the opti-
mum resin content of BSC to be 20% [5]. Based on previous studies [17,20], density has
a major influence on the water absorption properties of composites. For example, the
mechanical properties increased with increasing density [21], whereas the water absorption
was reduced [11,22]. Research on the water resistance of BSCs has focused primarily on
performance but has not established the essential influences, especially on the bonding
interface changes.

Improvement in water resistance can be achieved by ameliorating the compatibility of
the bonding interface [23]. The fundamental reason for the decline in dimensional stability
is the interface failure caused by uneven adhesive penetration and poor bonding [17,24-26].
Macroscopic interface failure refers to interlaminar cracking, which can be caused by weak
gluing between two fluffed bamboo mats (FBMs). Microscopic interface failure refers to the
springback and swelling deformation of the compressed cell cavity in a humid environment
at a position with less effective bonding. Therefore, it is of vital importance to understand
how cooperative coupling between the macroscopic and microscopic structures at the
bonding interface affect the water resistance of BSCs. Meng et al. investigated the bonding
interface structure via fluorescence microscopy, scanning electron microscopy coupled with
energy-dispersive X-ray spectroscopy (SEM-EDX), and transmission electron microscopy
(TEM). The results suggested that cured PF resin not only entered the cell lumina but also
was deposited on the bamboo cell walls surface [23]. Yu et al. also confirmed that the cells
in BSC were filled with PF resin through SEM and TEM observation [17]. However, few
studies have been conducted on the response relationship between the bonding interface
failure and water resistance of BSCs.

In addition, it is worth mentioning that researchers usually choose to increase the
concentrations of PF resin (appropriately) to solve the problem that the FBMs cannot absorb
adequate, predetermined adhesive volumes because of complete saturation during the
impregnation process, which can result in experimental errors due to differences in the
permeabilities of PF resins with inconsistent resin solid concentrations.

In this study, PF resin with the same solid concentration was used, with the procedure
from dipping to drying being repeated several times until the stated dose had been reached.
We examined the influence of the resin content and density on the water resistance of
BSCs from an interface failure perspective. Furthermore, the macroscale and microscale
bonding interface structures of untreated samples under different preparation conditions
were observed using laser scanning microscopy (LSM) and SEM. The macroscopic interface
failure morphology was observed after water-resistance tests, using ultra-depth electron
microscopy (UDEM), the microscopic interface failure being reflected by changes in the
porosity and pore-diameter distribution before and after the test.
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2. Material and Methods
2.1. Materials

Four-year-old Moso bamboo (Phyllostachys pubescens Mazel) was obtained from Huzhou,
Zhejiang Province, China. PF resin of 47.5 wt%, the viscosity of 40 cps, Mw of 919, and pH
of 10.04 was supplied by the Beijing Dynea Chemical Industry Co., Ltd., Beijing, China.
Safranine T (Macklin) and toluidine blue O (Macklin) were used as received.

2.2. Preparation of BSC

The method used to produce the BSC is shown in Figure 1. The bamboo was defibered
using a crushing machine to obtain FBMs with a series of uniform linear cracks along the grain
direction (Figure 1a). Bamboo is divided into three parts in the enlarged schematic diagram of a
bamboo section: bamboo epidermis (BE), bamboo middle (BM), and bamboo pit ring (BPR),
and some parts of the BS and BPR are removed during defibering. The side close to the BS in an
FBM is referred to as “the outer surface”, while that close to the BPR is “the inner surface”. The
FBMs were then dipped into the PF resin, which was diluted into 15 wt% solutions by adding
distilled water (Figure 1b). After air-drying to 10% MC, the FBMs with target resin contents
were assembled into the mold along the grain based on the desired density, as summarized
in Table 1. After pressing in a hot-pressing machine (Carver 3925, CARVER Inc., Wabash,
IL, USA) at 150 °C for 10 min and unloaded while cooling at 3040 °C, BSCs of dimensions
300 x 120 x 10 mm (longitudinal x width x thickness) were obtained (Figure 1c,d). We screened
the samples with density ranges less than +0.02 g/cm? from the set value and considered them
to have the same density gradient. Finally, all BSCs were conditioned in a chamber at 20 + 2 °C
and relative humidity (RH) of 65 £ 5% for 2 weeks before being tested.

(a) (©)

Hot pressing

Defibering

bambooep\c‘errrsA / e /

bamboo middle —§

bamboo pith ring ] * ‘, ‘

(b) (d)

Dipping

Bamboo scrimber composite

Figure 1. Schematic illustration of BSC preparation. Note: (a) Defibering; (b) Dipping into the PF
resin; (c) Hot pressing; (d) BSC.

Table 1. BSC preparation conditions.

Preparation Conditions

Sample
Resin Content (%) Density (g/cm?)
BSC-10-1.0 10 1.00
BSC-10-1.15 10 1.15
BSC-10-1.3 10 1.30
BSC-15-1.0 15 1.00
BSC-15-1.15 15 1.15
BSC-15-1.3 15 1.30
BSC-20-1.0 20 1.00
BSC-20-1.15 20 1.15
BSC-20-1.3 20 1.30
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2.3. Characterizations
2.3.1. Water Resistance

The water absorption rate (WAR), width swelling rate (WSR), and thickness swelling rate
(TSR) of the BSC samples were determined based on the GB/T 40247-2021 standard. The 28-h
cycle hydrothermal treatment included 4 h of immersion in boiling water at 100 = 2 °C, 20 h of
oven-drying at 63 &= 3 °C, and another 4 h of immersion in boiling water at 100 4= 2 °C. The
sample surface was placed parallel to the horizontal plane in a water bath kettle. Four samples
of dimensions 50 x 50 x 10 mm? were tested in each case. Then, the weight and size changes
were measured after carefully removing any excess water from the specimen surfaces. The
WAR, WSR, and TSR were calculated using Equations (1)—(3):

WAR(%) = 2110, 109 1)
mo
WSR(%) = blb_ 50 & 100 2)
0
o t1 —to

where my, by, and tj are the weight, width, and thickness of the pristine samples, respec-
tively, and my, by, and t; are the weight, width, and thickness of the 28-h cycle-treated
samples, respectively.

Based on the experimental data of the water-resistance tests, the optimum process
conditions of BSCs—resin content: 20%, density: 1.15 g/cm? (vide infra)—were selected
to determine the value of the other fixed variable when one of the variables changes.
Therefore, BSC samples obtained under five conditions with different resin contents and
densities, namely BSC-10-1.15, BSC-15-1.15, BSC-20-1.0, BSC-20-1.15, and BSC-20-1.3, where
“BSC-x-y” refers to a resin content of x% and a density of y g/cm?, were prepared for the
following tests.

2.3.2. Morphological Characterizations

Cross-sections of BSC samples 10 x 10 x 10 mm in size, prepared using the five above-
mentioned process conditions, were cut with a slicer (RM2245, LEICA, Wetzlar, Germany).
To analyze the distribution of the PF resin through BSCs of different resin contents, LSM
(LSM 980 with Airyscan 2, Zeiss, Oberkochen, Germany) was performed. Specimens were
stained with 0.5% toluidine blue O prior to LSM testing to suppress the auto-fluorescence
of the bamboo lignin. The cell deformation of the BSCs at different densities was examined
using SEM (SU8020, Hitachi, Ltd., Tokyo, Japan). The failure morphologies of the cross-
sectional surfaces at the macroscopic bonding interfaces of the BSC samples were observed
by UDEM (VHX-6000, Keyence, Osaka, Japan) in transmission mode following completion
of the 28-h cycle treatment.

2.3.3. Mercury Intrusion Porosimetry (MIP)

MIP testing was performed using a Mercury Porosimeter (AutoPore V 9600, Micromet-
rics Inc., Norcross, GA, USA) in the 0.0007-420.5950 Mpa pressure range. Because mercury
is a non-wetting fluid—which means it cannot penetrate a porous solid through capillary
forces—we approximated bamboo as a bundle of small cylindrical capillaries to simplify
the calculations [27]. The pore volume was obtained based on the quantity of mercury
intruded; hence, the total internal volume could be calculated. In addition, based on the
Washburn equation [28], the pore radius (r), porosity (¢), and aperture size distribution
(D(r)) can be determined as follows:

_ 27-cosb

r= P

(4)
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_r
¢ = Vs ®)
PdVv
D(r) = ~dp (6)

where P is the measured pressure, v is the surface tension of mercury (0.48 N/m), 6 =140°
is the wetting angle of mercury, Vr is the total volume of mercury, and Vg is the total
sample volume.

In addition, in order to compare the change in porosity before and after the water
resistance test, the porosity difference is defined as D-value (D), which is calculated by the
following equation:

D = ¢1— 9o 7)

where ¢q is the porosity of untreated BSC and ¢y is the porosity of BSC after 28-cycle
treatment, respectively.

2.4. Statistical Analysis

To detect the difference in water resistance among the BSC samples prepared using
different resin contents and densities, analysis of variance (ANOVA) was performed using
SPSS (IBM SPSS software version 24, SPSS Inc., Chicago, IL, USA)—F being the outcome of
the F test, which equals the ratio of the mean square between groups and within groups.
Additionally, p can determine the significance of differences and represent probabilities
under the corresponding F values, while defining 5% as the significance level (p < 0.05).

3. Results and Discussion
3.1. Dimensional Stability

Resin content and density are two main factors that affect BSC water resistance.
Figure 2 shows the WSR, TSR, and WAR of the BSCs after 28-h cycle treatment. The WSR
and WAR of BSC-20-1.3 were significantly lower than those of the other samples, which
was the minimum value among the BSCs in this study. For BSC-20-1.0, the TSR was as low
as 6.68%, which was the lowest value among the BSCs in this study. The high standard
deviations of the WSR and WAR for BSC-20-1.0 were due to the high variability among
the samples. At the set levels, it had the highest resin content (20%). Correspondingly,
the percentage of bamboo in BSC-20-1.0 was the smallest with the same density, so it
was more dispersed and had more voids in the lay-up process. The WSR and WAR of
BSC-10-1.0 had high standard deviations, indicating that the lower resin content can also
lead to higher variables due to uneven permeation of PF resin. Meanwhile, these findings
are attributed to the fact that both BSC-10-1.0 and BSC-20-1.0 had the lowest hot-pressing
pressure (smallest density) and the resin did not flow uniformly to all parts of the samples;
thus, the performance gaps among BSC samples at 1.00 g/cm? density were large.

As the resin content of the BSC increased, the WSR, TSR, and WAR gradually decreased
during the water-soaking test. This is attributable to the fact that water can penetrate
bamboo parenchymal cells, vessels, or intercellular spaces, and be absorbed through
hydrogen bonds due to the many free hydroxyl groups in the bamboo cell wall [8,29].
Moreover, the impregnation of the PF resin increased after the defibering process. PF
resin—which can penetrate the cell lumens, swell the cell wall, and form a rigid cross-
linked hydrophobic network during curing—helps to improve the dimensional stability
of bamboo by blocking the impregnation path of water [7,30-32]. Therefore, the ability of
the network system to effectively prevent the hydroxyl groups of bamboo from interacting
with water molecules is strengthened with an increase in the resin content.

With a density of 1.00 g/ cm?, the WSR, TSR, and WAR of BSC-10-1.0 were 2.39, 3.29,
and 3.15 times those of BSC-20-1.0, respectively. By contrast, when the density increased to
1.30 g/ cm3, the WSR, TSR, and WAR of BSC-10-1.3 were 1.67, 2.53, and 2.74 times those
of BSC-20-1.3, respectively. This phenomenon showed that the higher resin content BSCs
had higher water resistance—consequently, 20% was selected as the optimum resin content
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condition. Moreover, a higher density could decrease the effect of resin content on the
water resistance of BSCs. Based on the ANOVA results shown in Table 1, the resin content
significantly affected all values of water resistance (p < 0.05).

(a)

[
(=}
IS

\

WSR (%)

WAR (%)

Figure 2. Water resistance of BSC samples including (a) WSR, (b) TSR, and (c) WAR.
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The TSR—which represents the swelling of the bamboo cell wall plus the swelling caused
by the compressive release—showed an upward trend with increasing BSC density after the
water-soaking test (Figure 2b). The hydrothermal cycle treatment was more efficient or faster in
inducing the TSR in higher-density BSCs. The TSR of BSC-20-1.3 was 47.46% higher than that of
BSC-20-1.0. However, a high density had a positive effect on the WSR and WAR of the BSC.
These findings could be ascribed to the closure of the water infiltration path due to the formation
of interlocked structures between the dense cells and PF resin under high pressure [22]. Based
on the ANOVA analysis (Table 1), the density showed clear effects on the WSR and WAR of
BSCs (p < 0.05), except for the TSR (p = 0.291 > 0.05). At a resin content of 20%, the WSR and
WAR of BSC-20-1.3 were 52.33% and 64.24% lower than BSC-20-1.0, respectively.

It should be noted that the water resistance of a material is good only when all three
values (WSR, TSR, and WAR) are low. As mentioned above, 20% was chosen to be the
optimum resin content. At 20% resin content, the WAR and WSR of BSC-20-1.3 were
the lowest and the TSR of BSC-20-1.0 was the smallest. Considering all water resistance
indicators, 1.15 g/ cm? (the middle value) was confirmed to be the best density. Therefore,
the best process was that with 20% resin content and 1.15 g/cm? density. Besides the
samples under the optimum process (BSC-20-1.15), BSC-10-1.15, BSC-15-1.15, BSC-20-1.0,
and BSC-20-1.3 were also selected for the subsequent characterization to study the effects
of the resin content and density on the water resistance of BSCs. Moreover, the interaction
between resin content and density had a significant influence on the WSR, TSR, and WAR
(p < 0.05), which also revealed that they were not independent factors and had interactive
effects on each other (Table 2).

Table 2. Water-resistance data analyzed by ANOVA.

WSR TSR WAR
Factor
F P F p F P
resin 7.057 0.004 55.425 0.000 8.770 0.001
content
density 4.881 0.017 1.301 0.291 6.260 0.006
interaction 3.293 0.034 3.912 0.019 9.395 0.000

3.2. Bonding Interface Morphology

Two FBMs, separately dyed with Safranine T and Toluidine Blue O, were hot-pressed
to prepare BSCs under the optimum process conditions. As shown in Figure 3, uneven
dyeing outlined the shape of the bamboo fiber bundles, where the cracks generated by
the defibering process were compressed and cross-linked with the PF resin. In addition,
the yellow curve—that is, the boundary between the two FBMs after hot pressing—shows
a comb-meshing structure. Compared with other bamboo/wood composites, this bond-
ing structure is unique and stable and provides BSCs with higher strength and superior
water resistance.

Figure 3. The comb-meshing structure of the macro bonding interface.

LSM can reveal the distribution of the PF resin—hence, BSC-10-1.15, BSC-15-1.15, and
BSC-20-1.15 were selected for observation. The laser wavelengths were set to 405 nm (green
channel) and 488 nm (red channel).
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In Figure 4, green represents lignin, while orange and red represent the PF resins. It is
worth mentioning that orange is formed by the superposition of the red and green parts in the
dual-channel mode. The yellow arrows refer to the residual parts of the BPR—that is, stone
cells. In contrast to other bamboo composites, the macroscopic bonding interface of the BSC
was in the form of point-to-plane bonding rather than linear [33,34]. However, when the resin
content was less than 15%, the bonding interfaces were spotted structures (Figure 4(a-2,b-2)),
with planar structures appearing at resin contents of up to 20% (Figure 4(c-2)). When the resin
content increased from 10% to 20%, the area of the red part increased, which meant that the PF
resin was better distributed (Figure 4a—). It was also determined that the penetration of the PF
resin could be affected by the resin content.

Figure 4. The LSM images of the macroscopic bonding interface and the cured PF resin trapped in
the bamboo vascular tissue: (a,d) BSC-10-1.15, (b,e) BSC-15-1.15, (c,f) BSC-20-1.15. Note: 1 and 2
denote dual-channel superposition diagrams and single-channel diagrams, respectively.

Although a few fiber cells were not completely shielded by the toluidine blue O, a
general trend could still be observed (Figure 4). From Figure 4d—f, the distribution of
PF resin in the vessels reflected the growth of resin content. Cured PF resin filled the
metaphloem and metaxylem at 20% resin content (Figure 4(f-2)).

The parenchyma tissues and vessels of the FBMs were densified during hot pressing.
As the density increased, the degree of deformation increased, according to the SEM dia-
grams shown in Figure 5. It could be seen that, when the density was less than 1.15 g/ cm®,
more PF resin remained in the lumens. At 1.30 g/cm?, the cell cavity and vessels were
almost closed, causing large internal stress, with less PF resin present—which meant that
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the binding force of the PF resin on cell rebound would be reduced if the samples were in a
hydrothermal environment, resulting in a decline in diameter stability. This inference is
consistent with the previous water-resistance test results. In addition, many nanopores
with diameters ranging from tens to hundreds of nanometers could be observed in the
cured PF resin (Figure 5g—i).

Figure 5. SEM micrographs of BSC-20-1.0 (a,d), BSC-20-1.15 (b,e), BSC-20-1.3 (c,f), and cured PF resin
(g-i). Note: D denotes the diameter of the pore.

3.3. Macroscopic Interface Failure Morphology

The FBM has two sides, namely the outer and inner surfaces, and two BSC assembly
patterns (outer-to-inner and inner-to-inner) were observed (Figure 6). Figure 7a,g show the
original 2D morphologies of the bamboo fiber bundles in the FBMs. Bamboo has no radial
transfer structure that prevents the water-soluble PF resin from entering internal cells [35].
Consequently, a defibering process was adopted to create dot- and linear-shaped fissures
that disrupt few fibers—which is not only conducive to the penetration of the adhesive but
also maintains the outstanding strength of the natural bamboo. The brittle parts of the BE
and BPR fell off easily during the defibering process. In the 3D images, the red-shaded areas
correspond to the residual BE waxy layer (Figure 7b) and stone cells in the BPR (Figure 7h)
of the bamboo after mechanical fluffing. In addition, the maximum linear-shaped crack
depths of the outer and inner surfaces were determined to be 3740.19 and 3916.20 um,
respectively, which were sufficient to open the internal impregnation channels.

inner surface

outer surface

inner-to-inner outer-to-inner

Figure 6. Two BSC assembly patterns.
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Figure 7. 2D (a,g) and 3D (b,h) images of the outer (a,b) and inner (gh) surfaces of the FBM
and failure morphologies at the outer-to-inner bonding interfaces of the BSCs (c—f,i) after the 28-h
cycle treatment. Note: The pink frame represents BSCs at various resin contents; the purple frame
represents BSCs at various densities.

Compared to specimens of different densities (Figure 8a), it can be seen from the
photos that changes in the thickness of BSCs with different resin contents before and after
the 28-h cycle treatment were more substantial (Figure 8f), indicating that the resin content
had a greater impact on the TSR than the density. This was also proven by the previous
ANOVA results. Furthermore, the BSC-20-1.3 sample had more cracks in its macroscopic
appearance than BSC-20-1.0, after the 28-h cycle treatment (Figure 8a).

(a) Untreated
q p=1.00g/cm3 =
B~

- p=1.15g/cm3® =

N e e e e e e e e e e e e e e e e -

Figure 8. Images of BSC samples at various density (a) and resin content (f) conditions before and
after the water-resistance test and failure morphologies at the inner-to-inner bonding interfaces of the
BSCs (b—e,g) after the 28-h cycle treatment. Note: The pink frame represents BSCs at various resin
contents; the purple frame represents BSCs at various densities.
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To explore the effect of the resin content and density on the water resistance, the failure area
of the macroscopic bonding interface of the BSCs was observed along a transverse section. By
means of UDEM images, we established that the outer-to-inner bonding interfaces were always
damaged after treatment when the density was raised. However, increasing the resin content
contributed to clear improvements (Figure 7). Destruction of the macroscopic bonding interface
mostly occurred where the BE and BPR remained. The width and number of transverse cracks
decreased with increasing resin content (Figure 7d—f). The TSR showed the same trend with
changing resin content (Figure 2b). In the case of BSC-20-1.3 (Figure 7i), new thin cracks in the
transverse direction appeared after the water-resistance test as a result of the stress stored via
high compression, which led to a larger springback [36], but generally speaking, no obvious
transverse fracture trend was observed as the density was varied. However, the longitudinal
cracks due to the defibering process decreased with an increase in density (Figure 7c,f,i) because
the PF resin increased its fluidity under the action of high temperature and high pressure,
making it easier to penetrate these large fissures. This also explains why WSR correlates
negatively with density, as shown in Figure 2a. There were visible cracks between the inner
and inner surfaces of BSC-10-1.15 and BSC-15-1.15, whereas there were no fractures in the
others (Figure 8). In general, the thickness modification depends on the bonding strength of the
outer-to-inner interface. Overall, at either bonding interface, there was an inverse correlation
between the resin content and the number of cracks, indicating that the increase in PF resin
adhesive improved the interfacial bonding strength.

3.4. Analysis of Porosity

It was difficult to directly observe the failure morphology of the microscopic bonding
interface; therefore, the pore information was measured using MIP tests to indirectly
reflect the interface. Prior to analyzing the pore size distribution, the porosity of the BSC
samples under different preparation conditions should first be discussed. Figure 9 shows
the relationship between the resin content/density and porosity of the BSCs before and
after the 28-h cycle treatment. As observed from the data of untreated and treated BSCs,
the increase in density led to a decrease in porosity owing to the compression and closure
of partial lumens, which was confirmed by previous morphological observations. BSC
D-values at various densities (Table 3) were calculated, which revealed that BSC-20-1.3 has
the largest D-value, consistent with the previous conclusion about the correlation between
density and TSR, which indicated that changes in the microscopic bonding interface caused
by the hydrothermal treatment might be the reason for the change in the TSR. Furthermore,
the porosity of the untreated samples exhibited a positive correlation with the resin content,
whereas the porosity of the treated group was negatively correlated. The D-value of BSC-20-
1.15 was considerably less than that of BSC-10-1.15; consequently, the parts of the pores that
increased due to growth in resin content did not change much under hydrothermal action.
Combined with the above morphological analysis, we speculate that the increased parts of
pores are formed via the curing of the PF resin. The D-value of BSC-20-1.15 was the smallest
of all samples, consistent with the best conditions selected using the water-resistance test
mentioned above. This also confirmed that the failure of the microscopic bonding interface
was closely related to water resistance.

Table 3. D-values of BSC samples.

Sample D-Value/%
BSC-10-1.15 12.3275
BSC-15-1.15 4.9813

BSC-20-1.0 4.0425
BSC-20-1.15 2.6535
BSC-20-1.3 13.4705
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Figure 9. Porosity of the BSC samples before and after 28-h cycle treatment.

Typical MIP curves for the log differential intrusion versus pore size diameter for the
BSCs are shown in Figure 10. Based on the peak positions, it can be concluded that the
pore distribution in the BSCs could be divided into two parts—that is, pores of diameters of
10-100 nm and those >1000 nm. The bamboo structure consisted of parenchyma, fibers, and
vessel cells. These component cells had lumens with diameters in the range of 2140 pm [37,38]
for parenchyma, 0.26-24.96 pum for fibers [39,40], and 40.17-259.91 um for vessels [21].

Pores with diameters ranging from 10-100 nm could be pit-membrane voids or other
small voids [41]. With an increase in the resin content, the number of pores (10-100 nm)
in the untreated samples increased (Figure 10a,b,d). After the 28-h cycle treatment, there
were fewer nanopores (10-100 nm) of BSC-15-1.15 and BSC-20-1.15 than those of the
untreated group, which might have been due to the PF resin filling the void space of the
pits. In addition, it also showed that some nanopores produced due to the increase in
resin content had excellent hydrophobicity. This might be because of the pores formed by
water evaporation in the PF resin during curing, further confirming earlier speculation.
In contrast to BSC-20-1.0 and BSC-20-1.3, BSC-20-1.15 exhibited fewer pores (10-100 nm)
before treatment than after treatment (Figure 10c—e), suggesting that the PF resin could fully
penetrate and fill the nanopores under the proper stress only at a density of 1.15 g/cm?.

From Figure 10, it can be seen that the 28-h cycle treatment led to an increase in the
number of pores of diameters greater than 1000 nm. Micron pores (diameters greater than
1000 nm) contain cavities of various cells, cell gaps, cracks generated by defibering, gaps
between FBMs, etc. The micron pores (>1000 nm) of BSC-20-1.15 were smaller than those
of BSC-10-1.15. Compared with the pore size distribution before and after the 28-h cycle
treatment, the distribution of micron pores (>1000 nm) in the samples after the 28-h cycle
treatment decreased as the resin content increased (Figure 10a,b,d)—that is, as the resin content
increased, the permeability of the PF resin increased, making it easier for it to enter the larger
pores. Meanwhile, with the increase in density, the micron pore distribution of untreated BSC
decreased considerably, caused by the higher compaction ratios (Figure 10c—e). Based on the
untreated group, the changes in the micron pores in the samples after 28-h of cycle treatment
increased as the density increased, revealing that excessive pressure weakened the binding force
of the PF on micron pores, which rebounded more during the water-resistance test.
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Figure 10. Pore size distribution of the BSC samples before and after 28-h cycle treatment. Note: (a)
BSC-10-1.15; (b) BSC-15-1.15; (c) BSC-20-1.0; (d) BSC-20-1.15; (e) BSC-20-1.3.

4. Conclusions

In this study, the water resistance and macroscopic and microscopic bonding interface
characterization of BSCs with different resin contents (10%, 15%, and 20%) and densities
(1.00 g/cm?3, 1.15 g/cm?, and 1.30 g/cm?) were investigated. With an increase in density,
the TSR increased, while the WSR and WAR decreased. At the same time, the resin content
was inversely proportional to the three water-resistance indices of the BSCs. The BSC water
resistance at a resin content of 20% and density of 1.15 g/cm? was the best.

It could be concluded that there were nonlinear and point-to-plane structures in
the macroscopic bonding interface, and that the PF resin was more evenly and widely
distributed with an increase in resin content. Moreover, as the density increased, the
compression of the cell cavity and vessels increased.

To analyze the influence mechanism of the resin content and density on the water
resistance of the BSCs from a bonding interface perspective, the failure morphology of the
macroscopic bonding interface after the water-resistance test was observed, which showed
that the failure of the outer-to-inner interface had a more obvious effect on water resistance
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than that of the inner-to-inner interface. The transverse and longitudinal fissures at the
macroscopic bonding interfaces on the cross-sections of the BSCs decreased considerably
with increasing resin content, which was consistent with the trends of WSR and TSR. With
increasing density, only longitudinal fissures due to defibering decreased, which affected
the WSR. In conclusion, the influence of the resin content on all water-resistance indices of
the BSCs could be reflected by the macroscopic interface failure, which could only explain
the dimensional changes in the width direction concerning the density factor.

The microscopic bonding interface failure was measured using a MIP test, and the
changes in porosity and pore distribution before and after 28-h cycle treatment were
compared. As the resin content increased, the PF resin filled more nano- and micron-sized
pores. The D-value was the smallest when the resin content was up to 20%. When the
density increased, the porosities of the untreated and treated samples decreased. The
D-value at a density of 1.30 g/cm® was the largest. The microscopic bonding interface
structure affected all water resistance indicators, with the TSR being more influenced than
the other indicators. Therefore, the failure of the microscopic bonding interface could
suggest the influence mechanism of the two factors on the BSC water resistance.

Water resistance plays an important role in BSCs and depends on the lifespan of the
related products. Research on the water repellency and dimensional stability of BSCs from
a bonding interface structure perspective is innovative and has theoretical significance for
guiding performance improvements. Further research should be conducted to investigate
novel methods that could be used to determine the influence mechanism of water resis-
tance from a bonding interface perspective at other scales, such as ultramicroscopic and
molecular scales.
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Abstract: As one of the hazardous heavy metal ion pollutants, Cr(VI) has attracted much attention in
the sewage treatment research field due to its wide distribution range and serious toxicity. In this
paper, cellulose fibers were prepared by wet spinning and followed by freeze drying, resulting in
large porosity. Subsequently, in-depth sulfhydryl modification was applied with cellulose fibers for
efficient and rapid adsorption of Cr(VI). The maximum adsorption capacity of sulthydryl-modified
cellulose fibers to Cr(VI) can reach 120.60 mg g~!, the adsorption equilibrium can be achieved
within 300 s, and its adsorption rate can reach 0.319 mg g~ s~1. The results show that the in-depth
sulfhydryl-modified cellulose fibers perform excellent adsorption capacity for chromium, and are
also available for other heavy metal ions. At the same time, the low cost and environmentally friendly
property of the as-synthesized material also demonstrate its potential for practical usage for the
treatment of heavy metal ion pollution in waste water.

Keywords: cellulose fibers; adsorption; Cr(VI); sulfhydryl-modified

1. Introduction

Chromium (Cr) is commonly used in tanning, metalworking, mining, and electroplat-
ing industries, causing serious pollution of water, soil, and plant resources worldwide [1,2].
Cr in industrial wastewater is mainly hexavalent compounds, such as chromate ions; Cr(VI)
toxicity is approximately 100 times higher than Cr(III), and it can cause lung cancer and
nasopharyngeal cancer [3]. The World Health Organization (WHO) stipulates that the
maximum allowable value of Cr(VI) in drinking water is 50 ug/L [4]. Traditional treatment
methods, such as membrane separation [5], chemical reduction [6], adsorption [7,8], as
well as plasma method [9], have been used to address Cr(VI) in wastewater. Currently,
many materials (such as graphene, MXene, microalgal, etc.) are used in the field of adsorp-
tion, which is a method with the advantages of reusability, high selectivity, and simple
application [10-12]. Unfortunately, several problems are associated with these traditional
adsorbents, such as low removal efficiency, weak selectivity, and high cost. Therefore,
fabricating an excellent adsorbent to remove Cr(VI) in wastewater has become inevitable.

Cellulose is the most widespread biomass material in nature, which is nontoxic,
nonpolluting, and easily degraded, making it an environmentally friendly material [13,14].
The dissolution and regeneration of cellulose are necessary for the wide application of
cellulose, and different forms of cellulose materials (cellulose microspheres, cellulose fibers,
cellulose films, cellulose aerogels, foams, etc.) can be prepared through different solvent
systems [15]. The ionic liquid is an excellent cellulose dissolving system, which makes
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the reshaping of cellulose easy to operate. However, the ionic liquid is expensive and not
suitable for large-scale applications. Fortunately, ionic liquids can be recycled and then
cellulose dissolved, which greatly reduces the cost [16]. Cellulose fiber (CF) is a material
with the advantages of large specific surface area, low density, high mechanical strength,
reticular porosity, good hydrophilicity, etc., making it a new type of functional material
that is easy to be modified [17]. CFs can be prepared by wet spinning, and pure cellulose
fibers also have a certain adsorption effect [18]. Many studies have been carried out on the
modification of cellulose fibers to further improve their adsorption efficiency. Song et al. [19]
used polyethyleneimine-cellulose fibers for the fast recovery of Au(l) from alkaline e-waste
leachate, and Ali et al. [20] used cellulose fiber yarns with high wet strength and their
affinity for chitosan combined with the immobilization of tempo-oxidized cyclodextrins
to capture 17«-vinyl estradiol from aqueous solutions. These modification methods can
improve the adsorption performance of cellulose fibers; unfortunately, the methods are
too complex to be implemented and too costly for large-scale applications. Sulthydryl
(-SH) is a common adsorption group in pollutant treatment [21]. Cellulose contains many
hydroxyls, and thioglycolic acid is used to esterify it to achieve sulfhydrylation [22]. The
adsorption performance of sulfhydryl-modified cellulose is greatly improved, and it can
adsorb inorganic/organic pollutants.

Here, we proposed a simple and effective strategy for preparing CFs with a stable 3D
network structure using dissolution, regeneration, wet spinning, and freeze drying. Based
on the rich pore structure of CFs, thioglycolic acid was used to deeply sulfhydryl-modified
them to obtain sulfhydryl-modified cellulose fibers (CFs—SH). The adsorption of Cr(VI)
on the CFs—SH has the characteristics of high adsorption capacity and high adsorption
efficiency because of being deeply sulfhydryl-modified; simultaneously, the CFs-SH can
adsorb more kinds of metal ions, making CFs-SH have a wide application space.

2. Materials and Methods
2.1. Materials

All chemicals were used without further purification. Potassium dichromate (K,Cr,Oy,
99%), sodium hydroxide (NaOH, 99%), cobalt nitrate (Co(NOs3),06H,0, 99%), cadmium
nitrate (Cd(NO3),04H,0, 99%), thioglycolic acid (C;H40,S, 99.5%), diphenylcarbazide
(C13H14N4O, 99.7%) and 1-Butyl-3-methyl imidazole chloride ([Bmim]CI 99%) were ob-
tained from Sigma-Aldrich Co. Ltd. (Shanghai, China). Cupric nitrate (Cu(NOs),e3H,0,
99%), nickel nitrate (Ni(NOj3),06H,O, 99%), zinc nitrate (Zn(NO3),06H>0O, 99%) and lead
nitrate (Pb(NO3)2, 99%) were purchased from Tianjin Kemiou Chemical Reagent Co., Ltd.
(Tianjin, China). Hydrochloric acid (HCI, 37%), nitric acid (HNO3, 37%), and ethanol
(CaHgO, 99%) were sourced from a local supplier.

2.2. Characterization

The morphology and structural characteristics of samples were observed using a
scanning electron microscope equipped with an energy-dispersive X-ray spectrometer
(SEM-EDS; TM3030, Tokyo Prefecture, Japan). Thermal stability was evaluated using a
simultaneous thermal analyzer (Netzsch STA 449F3, Frankfurt, Main, Germany) based on
the analysis of thermal gravimetric analysis (TG) and differential scanning calorimetry
(DSC), at a temperature range of 50-600 °C with a heating rate of 10 °C min~! under
N, atmosphere. The crystal structures of pure CFs and CFs-SH were analyzed using an
X-ray diffractometer (XRD; D/max-2200VPC, Tokyo Prefecture, Japan). Fourier transform
infrared spectroscopy (FTIR; Frontier, Perkin Elmer, Waltham, MA, USA) was used to
characterize the abundant functional group in the pure CFs and CFs-SH. The Cr(VI) con-
centration was monitored using a UV-vis spectrophotometer (UV-1800, Shimadzu, Kyoto
Prefecture, Japan) at 540 nm. The adsorption capacity of CFs-SH toward the adsorption
of other heavy metal ions by inductively coupled plasma mass spectrometry (ICP-MS;
NEXILN350D, PerkinElmer, Waltham, MA, USA).
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2.3. Preparation of Pure CFs and CFs—SH

The x-Cellulose (5 wt%) was initially dissolved in [Bmim]Cl at 90 °C for 1 h, the
cellulose solution was vacuumed at 80 °C to remove air bubbles, and the solution was
injected into ethanol using a 10 mL syringe (needle diameter 800 um) under the action of a
syringe pump. The obtained fibers were washed with water and then prefrozen at —12°C
for 12h and subsequently freeze-dried for 48 h under high-vacuum conditions (0.010 mbar)
at —56 °C to obtain pure CFs. Pure CFs (5 g) were further immersed in thioglycolic acid
solution (200 mL, the volume ratio of H,SO4 and thioglycolic acid was 1:100) for 4 h, and
washed 3-5 times in distilled water until the pH of solution was neutral, then finally, dried
at 45 °C for 24 h.

2.4. Adsorption of Cr(VI)

The dried pure CFs and CFs-SH (50 mg, the optimal adsorbent quality selection was
shown in Figure S1) were immersed in 20 mL of K,Cr,O; aqueous solution (200 mg L~1)
with stirring at 100 rpm at room temperature (20 + 1°C). Pollutants remaining in the
filtrate were analyzed in a UV-vis spectrophotometer; the full spectrum before and after
adsorption was shown in Figure S2, at a wavelength of 540 nm to test Cr(VI) based on
the DPC method [10]. The Cr(VI) adsorption capacity of the adsorbent (g.) was calculated
using Equation (1):

e = (CO CL’)V (1)

m

where g, is the Cr(VI) equilibrium adsorption capacity, and Cy (mg L™ !) and C, (mg L)
represent the initial and equilibrium concentrations of Cr(VI) in solution, respectively. V
(L) and m (g) refer to the volume of the solution and the mass of samples, respectively.

The effects of initial Cr(VI) concentration (5-500 mg L~!, the standard curve was
shown in Figure S3), pH (1.0, 3.0, 5.0, 7.0, 9.0, 11.0, the optimum pH was shown in Figure 54),
and temperature (20-60 °C) on the adsorption process were investigated. All the adsorption
experiments were performed in triplicate (n = 3) at least with the mean taken. The flow of
the experiment was shown in Scheme 1.

Ccllulose

. . Wet spinning
dissolution Thiolation

[\ = ——= CFsSH
L" —————
- - Clean water

5
VA Uwv OH HO, OH
@ -SH & o JM
oH 5 W b v

@® Heavy metal ions

Scheme 1. Preparation of in-depth sulfhydryl-modified CFs-SH.
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3. Test Results and Discussion
3.1. Characterization of Pure CFs and CFs—SH
3.1.1. FTIR Analysis

Figure 1 shows the FTIR spectra of pure CFs and CFs-SH. The FTIR spectra of both
aerogels revealed bands at 3362 cm !, which can be attributed to ~OH stretching vibra-
tion of hydrogen bonds. They play a pivotal role in the process of cellulose dissolution
and regeneration, which indicate that the fibers have good hydrophilicity [23-25]. The
characteristic peak of sulfhydryl (-SH) is 2250 cm~!. The C=0 stretching vibration peak is
1746 cm~1. 1279 cm~! and 1160 cm ! are all the C-O-C stretching vibration peaks. These
changes indicate that the esterification reaction between cellulose and thioglycolic acid
occurred, resulting in the modification of pure CFs to CFs—SH.

Pure CFs
—— CFs-SH

Intensity (a.u.)

1 1 L 1 1 1

4000 3500 3000 2500 2000 1500 1000

‘Wavenumber (cm'] )

Figure 1. FTIR spectra of pure CFs and CFs—SH.

3.1.2. XRD Analysis

Figure 2 shows the X-ray diffraction patterns of pure CFs and CFs-SH. Note that the
crystallinity of CFs-SH decreased compared to pure CFs, this is because the modification
of the —SH breaks hydrogen bonds between parts of the cellulose, resulting in a change in
crystallinity. At the same time, the mechanical properties of the fibers are reduced (from
155.64 MPa to 69.51 MPa, as shown in Figure S5), which indicates that the modification by
-SH was successful.

— Pure CFs
— CFs-SH

Intensity (a.u.)

20 40 60 30

2Theta (degree)

Figure 2. XRD patterns of pure CFs and CFs-SH.
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3.1.3. SEM-EDS Analysis

The pure CFs obtained by wet spinning and freeze drying have smooth outer walls
(Figure 3a) and a rich pore structure inside (Figure 3b), which makes the modification
of —SH easier and more thorough. On the contrary, only the surface of the dried CFs can
be modified by —-SH, and the interior contains almost no sulfur element (Figure S6). The
crystallinity of the modified cellulose fibers decreased by —-SH, and the porous structure
inside the fibers collapsed and stacked (Figure 3c,d). Fortunately, the interior of the CFs
has been completely modified, the SEM-EDS cross-section of CFs-SH (Figure 3e-h), so that
CFs—SH has a relatively large adsorption capacity.

) |

%200 um 200 um

Y

200 um | O 200um S 200 um

Figure 3. SEM-EDS images of pure CFs and CFs-SH, (a) surface of pure CFs, (b) cross section of pure
CFs, (c) surface of CFs-SH, (d,e) cross section of CFs-SH, (f-h) EDS mapping of C, O, and S.

3.1.4. TG/DTG Analysis

The thermal stability of pure CFs and CFs-SH were displayed by TG and DTG curves
(Figure 4a,b), respectively. Initially, all samples underwent a slight weight loss below
100 °C, belonging to the evaporation of adsorbed or bound water [26,27]. At 343 °C, pure
CFs have the maximum decomposition rate, indicating that the decomposition temperature
of pure CFs is at 343 °C. At 150 °C, in CFs—SH, the ester group contained in the cellulose
successfully modified by thioglycolic acid was thermally decomposed, resulting in a large
mass change occurring. The reason why the thermal decomposition temperature of other
cellulose (300 °C) was lower than CFs (343 °C) was that the modification reduces the
crystallinity of cellulose, which also proved the success of the modification.

100

Pure CFs
——CFs-SH
80
S g
—’E 60 E
= &
10 Q -2 F
S p Pure CFs
M | 16 b CFs-SH
BEY 8 343°C
100 200 300 400 300 600 100 200 300 100 500 o0

Temperature (°C) Temperature (°C)

Figure 4. TG (a) and DTG (b) of pure CFs and CFs-SH.
3.2. Cr(V1) Adsorption
3.2.1. Effect of Contact Time and Adsorption Kinetics

Figure 5a shows the adsorption kinetics of the as-prepared pure CFs and CFs-SH.
Cr(VI) was rapidly captured by —-SH in the CFs—SH within the first two minutes, as shown
in the Figure 5a, before achieving the g, value at 250 s. The adsorption capacity of Cr(VI) is
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greatly increased by modifying CFs with -SH. Two kinetic models were used to explore the
Cr(VI) adsorption behavior in CFs and CFs-SH, in the following equations:

In(ge — q¢) = Ing, — kqt (2)
t 1 t
=t 3)
qt 24¢ de
a m Ie
L T M
60 2 L4 § [] <
—Eg 50 % of _'%n 0k
£ 40 g 2 Z
F —e— Pure CFs|= _| i <l e  Pure CFs
0 *— CFs-SH s} " CFssH “r =  (CFs-SH ‘
10 /’-‘—.—.""—H‘Q—O—H—. sh o ° L}
B S T TR T ah m 00 150 0 Y030 o 1% 0 20 w0 e w0
I'ime (s) Time (s) I'ime (s)

Figure 5. Cr(VI) adsorption behavior in CFs-SH: (a) Adsorption kinetics (pH = 3.0; V = 20.0 mL;
m =2 50 mg; Cp =200 mg L1, (b) pseudo-first-order kinetics, (c) pseudo-second-order kinetics.

As shown in Figure 5b,c, and Table 1, the fitting results revealed that a pseudo-second-
order kinetic model (r? = 0.954) could better describe the adsorption behavior of CFs-SH
than a pseudo-first-order one. This indicates that the Cr(VI) adsorption of the adsorbents is
mainly dependent on the number of accessible active sites of CFs—SH [28-30].

Table 1. Pseudo first order and Pseudo second order.

Pseudo First Order Pseudo Second Order
Material qe kg x 103 2 Ge ky x 103 2
(mgg1) (min—1) (mgg1) (min—1)
Pure CFs 12.34 58.52 0.672 11.49 77.20 0.992
CFs-SH 79.73 11.55 0.906 78.32 5.86 0.954

For excellent adsorbents, high adsorption efficiency is critical for future industrial
applications [31]. The effect of CFs—SH was confirmed by evaluating the initial Cr(VI)
adsorption rate (s) of both adsorbents, following Equation (4).

h=hkyxg*t—0 (4)

The adsorption efficiency of CFs-SH is calculated to be 0.319 mg g~! s~!, which is due
to the large number of adsorption sites brought by the deeply —-SH for CFs, which can reach
the adsorption equilibrium in a very short time. On the contrary, fibers modified only on
the surface layer did not have good adsorption effect (Figure S7). More importantly, the
residual Cr(VI) in the treated solution was only 0.03 & 0.01 mg L~!, which met the World
Health Organization (WHO) maximum allowable value of Cr(VI) in drinking water [4].

3.2.2. Cr(VI) Adsorption Isotherm on CFs-SH

With Cr(VI) concentrations of 200 mg L=, 0.05 g CFs-SH was added to various 20 mL
Cr(VI) solutions. Each sample was left to stand at 20 °C, 30 °C, 40 °C, 50 °C, and 60 °C for
300 s to reach adsorption equilibrium. Subsequently, a preferential analysis was conducted
to obtain the final Cr(VI) concentration in the solution. The results were then applied to
the Langmuir and Freundlich models to investigate the Cr(VI) adsorption isotherm, using
Equations (5) and (6).

Co_Co, 1

- L 5
e qm qm X Ky, ( )
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1
Ing, Zanp—i-Elan 6)

ge (mg g~ 1) and g, (mg g~ ?!) are the Cr(VI) adsorption equilibrium capacity and
theoretical maximum monolayer Cr(VI) adsorption capacity of CFs-SH, respectively. K
(L mg~!) represents the Langmuir adsorption equilibrium constant. kr and 1/7 are the
adsorption equilibrium constant and intensity of the concentration effect on adsorption,
respectively.

Figure 6a shows the results of the Cr(VI) adsorption equilibria of CFs-SH. The isotherm
parameters were deduced by fitting the data in Figure 6b,c, and these parameters are sum-
marized in Table 2. The adsorption capacity of the adsorbent increases with temperature,
which is consistent with the findings reported in the literature. This illustrates that the
adsorption process in the adsorbent is an endothermic reaction [32,33].

10 -
Sl !A '. A "% o
[f L L -
b
TEll ol & ° 1.0
E 1 = 20°C] Fo .
of ‘@ e 30°C - .
alia A 40°C A 40°C
[ v 50°C] v 50°C
oF e * 60°C T * 607
o 50 00 150 200 250 0 50 100 150 200 250 0 2 4 6
C, (mg LY C, (mg L InC,

Figure 6. (a) Adsorption isotherms, (b) Langmuir and (c) Freundlich isotherms of Cr(VI) adsorption by
CFs-SH at 20 °C, 30 °C, 40 °C, 50 °C and 60 °C (pH = 3.0; V =20 mL; m £ 50 mg; Cy = 50-500 mg L.

Table 2. Langmuir model and Freundlich model.

Langmuir Isotherm Freundlich Isotherm
Temperature
qm (mg g—1) k1 x 103 2 ky n 2
20 °C 105.08 9.42 0.999 0.185 3.77 0.471
30°C 113.57 8.80 0.999 0.198 3.78 0.491
40 °C 115.58 8.61 0.999 0.205 3.81 0.470
50 °C 122.51 8.15 0.999 0.203 3.88 0.393
60 °C 120.60 8.24 0.999 0.200 3.89 0.376

A comparison of the correlation coefficients (r2) indicated that the Langmuir model
could better describe the adsorption behavior of the adsorbent, rather than the Freundlich
model. This illustrated that similar energy was required during the Cr(VI) adsorption at all
sites on CFs-SH, thus confirming the monolayer adsorption of Cr(VI) onto the external and
pore surfaces of CFs—SH [34]. The maximum Cr(VI) adsorption capacity of CFs-SH was
120.60 mg g~ ! (Table 2).

3.2.3. Adsorption Ability of CFs-SH

Cyclic adsorption/desorption performance was analyzed to investigate the durable
performance in terms of performance consistency and the structural stability of CFs-SH
and the importance of loading. Unfortunately, after one cycle, the adsorption performance
of CFs—SH dropped sharply to 12.49% by the fifth cycle (shown in Figure S8), but it was
sufficient as an inexpensive adsorption material.

A comparison of the Cr(VI) adsorption performance by the as-prepared adsorbent
relative to that of other composites is summarized in Table 3. CFs-SH exhibited relatively
high adsorption capacity; although the adsorption capacity does not have a great advantage,
its adsorption rate reaches 0.319 mg g~ ! s~!, which is very important for applications.
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Table 3. Comparison of the Cr(VI) adsorption performance of CFs—SH with that of other composites.

Adsorption Capacity Adsorption Rate

Composites (mg g1) (mg g1 s-1) Ref.
Peanut shell biochar 22.93 0.013 [4]
HI 353.87 0.098 [11]
SBA-15 66.50 0.004 [21]
PAIN/TiO, 394.43 0.219 [35]
Brazilian-pine fruit coat 240.00 0.008 [36]
CFs-SH 120.60 0.319 This study

3.3. Other Heavy Metal lons Adsorption

In previous studies, -SH also had an adsorption effect on other heavy metal ions [37].
To broaden the application of CFs-SH, six different heavy metal ions (Cd2+, Pb%*, Cu?*,
Co?*, Zn?*, and Ni?*) were used to test their adsorption properties. As shown in Figure 7,
CFs-SH adsorbs 20 mL, 200 mg L~! different heavy metal ion solutions for 300 s under
20 °C. The adsorption efficiency of CFs-SH was relatively low. The adsorption and
adsorption efficiency displayed by CFs—-SH is relatively low, but it shows that it has an
adsorption effect on various heavy metal ions, which is more promising.
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Figure 7. Other heavy metal ions” adsorption behavior in CFs-SH, including Cd?*, Pb%*, Cu?*, Co?*,
Zn?*, and Ni?* (pH = 3.0; V = 20.0 mL; m = 50 mg; Cy =200 mg L~ 1).

4. Conclusions

In this study, CFs-SH with porous structure CFs was deeply modified by sulfthydryl.
Therefore, CFs-SH possessed a large number of adsorption sites, which made it become an
adsorbent with extremely strong adsorption activity for Cr(VI) and other heavy metal ions.
The maximum Cr(VI) equilibrium adsorption capacity of CFs-SH was 120.60 mg g~ ! at
50 °C, and the Cr(VI) adsorption isotherm agreed well with the Langmuir model. More
importantly, CFs-SH could reach the adsorption equilibrium within 300 s, the adsorption
rate could reach 0.319 mg g~ ' s~ ! at 20 °C, and CFs-SH had certain reusability, which
was very useful for practical applications. For future research, improving the reusability
of CFs-SH and expanding its adsorption capacity will be the primary task, followed by
the improvement of the adsorption efficiency of other heavy metal ions to more effectively
remove heavy metal pollution in water.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/polym14071482/s1, Figure S1: Standard curve of Cr(VI), Figure S2: The
full UV-Vis spectrum of different solution. Figure S3. Standard curve of Cr(VI). Figure S4. Adsorption
rate under different pH conditions. Figure S5. The stress-strain curve of pure CFs and CFs-SH. Figure
S6. SEM-EDS images of cellulose fibers after drying at 50 °C. Figure S7. The adsorption performance
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of cellulose fibers after drying at 50 °C. Figure S8. Cyclic adsorption/desorption performance
of CFs-SH.
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Abstract: Color is one of the most important characteristics of a material’s appearance, which affects
the additional value of bamboo and psychological feelings of users. Previous studies have shown
that the dimensional stability, mildew resistance and durability of bamboo were improved after
tung oil thermal treatment. In this study, the effects of tung oil thermal treatment on bamboo
color at different temperatures and durations of time were investigated. The results show that the
lightness (L*) of bamboo decreased as the tung oil temperature or duration of time increased. The
red-green coordinates (2*) and color saturation (C*) of bamboo were gradually increased as the tung
oil temperature rose from 23 °C to 160 °C, while the a* and C* were gradually decreased when
the temperature continued to rise from 160 °C to 200 °C. There was no significant difference in the
yellow-blue coordinates (b*) of bamboo when the duration was prolonged from 0.5 h to 3 h with tung
oil thermal treatment at 140 °C. Eye movement data show that the popularity of bamboo furniture
was significantly improved at 23-100 °C and slightly improved at 160-180 °C with tung oil treatment.
Therefore, tung oil thermal treatment plays a positive role in improving visual effects and additional

check for value of bamboo.
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1. Introduction

Bamboo is an excellent biomaterial that improves the living environments of humans
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and has lightweight, good mechanical properties, processes properties and visual proper-
ties [1,2]. Bamboo has been widely used in architecture, decoration and furniture. Color
is an important characteristic for the evaluation of the application value of bamboo [3,4].
The color of bamboo is perceived by human eyes at a light wavelength at 400-700 nm after

absorption and reflection on the bamboo surface, relating to the color system composed of
chromophores and auxochromes. However, bamboo is prone to deformation and mildew.
Therefore, it is necessary to modify bamboo before it is used as an engineering material.
In order to improve the durability of bamboo, the properties of bamboo can be im-
proved by mechanical compression, surface coating, thermal treatment, in situ polymer-
ization and so on [5-9]. Oil thermal treatment is considered to be an effective industrial
modification method for improving the dimensional stability, mildew resistance and dura-
bility of bamboo and wood [10-12]. Compared with thermal treatment in steam [13,14] or
a nitrogen atmosphere [15], oil thermal treatment can protect wood or bamboo from mold
and fungi decay as well as prevent moisture access to its cell walls in the long term, as oil
is not only a heat transfer medium but also an excellent modifier. Oil had been used as
protective surface coating for over thousands years. Additionally, oil treatment not only
Attribution (CC BY) license (https://  improves wood properties but also enhances the aesthetic of wood. In addition, tung oil,
creativecommons.org/ licenses /by / as a vegetable oil, is friendly for the environment and wood itself [16]. The effect of oil
40/). thermal treatment on wood color is mainly related to the changes in chromophores and
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auxochromes in lignin, extracts and hemicellulose [17,18]. The oxidative polymerization
of oil influences the color of the material, and the more o0il absorbed by the material, the
deeper the color of the material. For example, after Dubey et al. thermally treated radiata
pine with linseed oil at 180 °C, the lightness (L*) of the radiata pine significantly decreased,
whereas the red—green coordinates (¢*) and yellow-blue coordinates (b*) increased, which
may be related to the oil absorption of radiata pine and the move of pyrolysis products,
including quinine, low-molecular-weight sugar and amino acid to the surface of radiata
pine [19].

Previous studies have shown that the synergistic effect of tung oil and thermal treat-
ment (100-200 °C) could improve the dimensional stability and mildew resistance of
bamboo and maintain the excellent mechanical properties of bamboo [12,20]. Addition-
ally, tung oil can separate oxygen from bamboo during the treatment process, with less
degradation of the bamboo’s chemical structure compared with thermal treatment in air,
allowing the excellent mechanical properties of bamboo to be maintained [17]. Tung oil is a
transparent oil with an orange color containing a mass of unsaturated conjugated groups
compared with other natural vegetable oils, such as soybean oil and flaxseed oil; thus,
the natural drying time of tung oil is significantly shorter than that of the other oils. For
instance, the natural drying time of tung oil is approximately one-tenth of that of linseed
oil [21-23]. Moreover, tung oil is an excellent water repellent, even after severe aging and
weathering [24]. Therefore, tung oil is more advantageous in industrial applications. At
present, no systematic study on the effect of tung oil thermal treatment on bamboo color
has been carried out. Moreover, due to unique chemical property of tung oil, the effects
and mechanisms of thermal treatment with tung oil on bamboo could be different from
other oils. In view of the importance of bamboo color for its application in the living
environment, this study examined the effect of different temperatures (23-200 °C) and
durations (0.5-3 h) of tung oil thermal treatment on bamboo color. The visual-physical and
visual-psychological data were measured and analyzed to provide a theoretical basis for
the application of tung oil in bamboo modification.

2. Materials and Methods
2.1. Materials

Five-year-old moso bamboo (Phyllostachys edulis (Carr.)]. Houz) was obtained from
Xuancheng, Anhui, China. Moso bamboo from 1.5 m (height from base) to 3.5 m in height was
used in this study. Defect-free bamboo materials were dried at room temperature and cut from
the center region to dimensions of 20 x 50 x 5 mm? (longitudinal x tangential x radial),
as shown in Figure la—c. Samples were then kept in a climate-controlled room until the
moisture content reached approximately 12% before use. Tung oil was purchased from
Emperor’s craftsman, Shanghai, China.
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Figure 1. Schematic presentation of sample preparation. (a) Moso bamboo, (b) bamboo culm,
(c) bamboo sample, (d) bamboo thermal treatment with tung oil and (e) bamboo sample.
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2.2. Sample Preparation

Moso bamboo samples were treated with tung oil at 23 °C, 100 °C, 120 °C, 140 °C,
160 °C, 180 °C and 200 °C for 3 h (Figure 1d). Furthermore, in order to analyze the color as
influenced by the duration of treatment, the bamboo samples were thermal treated with
tung oil at 140 °C for 0.5 h, 1 h and 3 h. The 140 °C variable was chosen for a further analysis
of how color is influenced by treatment duration, mainly because of the better mechanical
performance at 140 °C than other temperatures (range from 23 to 200 °C) [12,20]. During
thermal treatment of samples, the treatment temperature was maintained constantly within
+2 °C. After tung oil thermal treatment, the excess o0il on samples’ surface was wiped off,
and the samples were then naturally dried. Following our conventions, 140 °C-3 h is the
abbreviation of bamboo that underwent tung thermal treatment at 140 °C for 3 h, and
likewise for the other treatments.

2.3. Visual-Physical Quantification

The color of bamboo before and after thermal treatment with tung oil was measured
using a colorimeter (CC-6834, BYK-Gardner, Grazrid, Germany), referring to color space
CIE L*a*b*. Measurements were carried out by a D65 illuminant and 10° standard observer.
To reduce errors, color parameters were measured at the center position of the sample
surface. Furthermore, the measurement was performed more than 20 times to verify
the results.

The CIE L*a*b* is one of the most frequently used methods to quantify surface color,
as it describes the color as human eyes would recognize it. The relative color changes AL,
Aa* and Ab* were calculated by L*, a* and b* before and after the same sample was treated
(fOl‘ example: Aa* = a*after treated — a*before treated)‘

From the relative color changes AL*, Aa* and Ab*, the total color change AE* was
calculated by Equation (1):

AEx = \/ Aax* 4+ Abx® + AL%? (1)

Based on the L*, a* and b* color coordinates, the color saturation (C*) was calculated

according to Equation (2):
Cx = \/ax2 + bs? @)

The statistical analysis of color parameters was carried out with the use of IBM SPSS
Statistics software and based on the least significant difference (LSD) or one-way ANOVA,
with a significance level (p) of 0.05. The same superscript letters (a, b, ¢, d, e, f or g) marked
in the same column indicate there were no significant differences between them.

2.4. Visual-Psychological Quanification

The effect of bamboo color changes on the psychological feelings of users was quanti-
fied using an eye tracker (Tobii X120, Tobii Technology AB, Danderyd, Sweden). A total
of 40 participants were randomly selected from college students at Qilu University of
Technology with normal vision, aged between 18 and 26 years old. Three different types
of furniture, including two different styles of tables and one cabinet, were designed. The
bamboo furniture models with corresponding colors after different tung oil treatments
were created using graphic design software, which was used to quantify the changes in
users’ visual psychology. In the eye movement experiment, the same type of bamboo
furniture that had undergone different tung oil treatments with varying temperature or
treatment duration was put in a picture, and twelve groups of tests were designed in
total. After the participants entered a laboratory with sound insulation and uniform light,
a pre-experiment was conducted so participants could familiarize themselves with the
testing process. Subsequently, the formal experiment began after the participants relaxed
their eyes for one minute. The experiments involved observing bamboo furniture and
making a choice about their favorite piece of furniture. To quantify the visual psychology
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of different types tung-oil-treated bamboo furniture, the eye tracker automatically recorded
the eye fixation duration, fixation count and a hot-spot map of the participants as they
observed different colors and different types of furniture during the experiment. The total
fixation duration and fixation count of each participant was different, so it is more accurate
to express them as a percentage.

3. Results and Discussion

The visual-physical quantity depends on color tone, lightness and saturation. The
color tone is determined by the dominant wavelength of light reflected from the surface of
the material. In the visible spectrum, different wavelengths of light cause different visual
effects, resulting in red, orange, yellow, green, blue, purple or other corresponding tones.
Lightness is the degree of color brightness, which refers to the reflection coefficient of
light and depends on the intensity of the light. Saturation refers to the purity of color and
depends on the range of the wavelength of light reflected from the surface.

Bamboo is usually processed into standard engineering materials, such as laminated
timber and flattened timber after removing bamboo bark. Due to the differential radial
gradient structure of bamboo, bamboo shows different colors in different radial gradient
directions affected by the changes in chemical composition [25]. In this study, the color
(tone, lightness and saturation) of bamboo (near the outer layer and near the inner layer)
after different tung oil treatments was investigated in detail.

3.1. The Effect of Changes in Tung Oil Temperature on Bamboo Color

The color of bamboo after tung oil treatment for 3 h at different temperatures is shown
in Table 1. The L* of bamboo near the outer layer was decreased after tung oil treatment,
which was decreased from 81.67 (untreated bamboo) to 78.41 (23 °C-3 h). The L* of bamboo
near the outer layer continued to decline as tung oil temperature increased, reaching only
37.77 after tung oil treatment at 200 °C. The a* of bamboo after tung oil treatment was higher
than that of the untreated bamboo, indicating that the redness of the bamboo increased after
tung oil treatment. When the tung oil temperature increased from 23 °C to 160 °C, the a* of
bamboo near the outer layer gradually increased from 12.64 to 18.12, while the a* of bamboo
near the outer layer decreased to 14.94 as the tung oil temperature increased to 200 °C. No
significant difference in the b* of bamboo after the increase in tung oil temperature from
23 °C to 160 °C was observed, but the b* within this temperature range was significantly
higher than that of the bamboo that had undergone an increase in tung oil temperature
from 180 °C to 200 °C. The variation trend of C* of bamboo was similar to that of a*, and the
only difference was that the C* of bamboo that had undergone tung oil thermal treatment
at 200 °C was lower than that of untreated bamboo.

Table 1. The color of bamboo after tung oil treatment at different temperatures.

Lightness Red-Green Coordinates  Yellow—Blue Coordinates Color Saturation

Treatment L* a* b* C*

Outer Inner Outer Inner Outer Inner Outer Inner

81.67 8 84.118 10.26 8.752 25.56 P 23.63° 27.552 2520
Untreated (0.80) (0.66) (0.33) (0.40) (0.68) (0.69) (0.73) (0.75)
3°C.3h 78.4118 79.10 ¢ 12.64 20 11.43° 36.08 4 32.714 38.23 be 34.66 4

(1.90) (2.50) (1.03) (1.03) (1.96) (1.74) (2.19) (1.91)
100°C_3 1 75.23 f 80.14 18 14.56 b¢ 11.71b 39.67 4 36.34 € 42.26 38.18 def

(1.11) (0.76) (0.38) (0.34) (0.56) (0.46) (0.55) (0.46)
1920°C3 1 74.72 < 78.87 °f 14.97 bed 12.26 b¢ 39.47 4 35.28 de 4222 37.35de

(0.84) (1.93) (0.17) (1.04) (1.10) (1.31) (1.05) (1.56)
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Table 1. Cont.

Lightness Red-Green Coordinates ~ Yellow—Blue Coordinates Color Saturation
Treatment L* a* b* c*
Outer Inner Outer Inner Outer Inner Outer Inner
140°C3 1 69.49 <d 75.59 cde 17.01 d¢ 13.89 bed 39.41d 37.31¢ 42924 39.82 ¢f
(2.03) (1.99) (0.86) (1.07) (1.35) (1.20) (1.57) (1.22)
160°C3 h 66.47 © 71.75 ¢ 18.12¢ 16.07 de 39.374 38.53 ¢ 43.354 41.76
(3.13) (2.95) (1.02) (1.18) (0.87) (1.13) (0.94) (1.30)
180°C-3 1 51.46° 46.47° 17.80 € 17.05¢€ 30.39 € 27.18"° 35.22° 32.09 €
(1.98) (1.82) (1.04) (0.77) (1.94) (1.76) (2.11) (1.88)
. 37.772 32.392 14.94 bed 12.60 b¢ 19.58 @ 14.122 24.652 18.942
200°C=3h (343 (2.39) 2.87) (2.90) 4.77) (3.45) (5.45) (4.42)

* Note: Mean values followed by the same superscript letters (a, b, ¢, d, e, f or g) in the same column are not
significantly different at <0.05. Values in parentheses are standard deviations. Outer: the surface near the outer
layer of bamboo. Inner: the surface near the inner layer of bamboo.

The L* of untreated bamboo from near the outer layer was lower than that from near
the inner layer, whereas the a* and b* were higher than that from near the inner layer. The
bamboo color is mainly related to the chemical structure of lignin and extractives [26,27].
Wei et al. measured the chemical composition of inner, middle and outer moso bamboo
layers, which showed that the content of lignin in the outer layer was higher than in the
inner layer [28]. The content of lignin in the outer layer was higher than in the inner layer
of bamboo, which indicates a high bulk density increases the chromophore concentration
in the outer layer, leading to more chromophores in the outer layer [29]. Hence, the color
intensity of the bamboo’s outer layer was increased, and a reduction in lightness could be
observed. Although bamboo has a gradient structure, the color change rule of bamboo near
the inner layer was similar to that of the outer layer (Table 1).

In order to further analyze the effect of tung oil temperature on bamboo color, statistical
analysis was conducted on the changes in color, as shown in Figure 2. Both tung oil thermal
treatment and tung oil treatment at room temperature changed bamboo color, and the AE*
increased with rising tung oil temperature. A significant color difference was observed
between 23 °C-3 h and untreated bamboo, which was mainly related to the oxidation of
tung oil on bamboo. Yoo et al. reported that the L* of wood was decreased, whereas the a*
and the b* were increased on the tung-oil-finished wood surface [22], which shows similar
results with tung-oil-treated bamboo at 23 °C. The a* and b* of bamboo were gradually
decreased as the tung oil treatment temperature increased from 160 °C to 200 °C. The same
trend was also found in wood after thermal treatment [19,30-32].

With rising tung oil temperature, the AE* was gradually increased (Table S1), which
was closely related to the degradation of bamboo chemical components and the aging of
tung oil on bamboo. The chemical structure of lignin and extractives changed after thermal
treatment, resulting in the variation in bamboo color [33]. Lignin is an aromatic compound
that produces a significant number of chromophores during thermal treatment [34]. Pre-
vious studies have suggested that the 3-O-4 bond in the propyl structure of the benzene
ring side chain is acidified and broken during thermal treatment, which reduces the ester-
ification structure and increases the content of phenolic hydroxyl [35-38]. The phenolic
hydroxyl is gradually oxidized to quinone compounds, leading to the increase in a* and b*.
In addition, the dehydration reaction occurs in conjugated C=C in the aromatic ring and
C=0 during thermal treatment, resulting in the increase in ketones and conjugated carbonyl
groups in lignin [39]. The increase in conjugated structure and extension of conjugated
system leads to increased L* [27,40—42]. Extractives mainly include phenolic, alcohol and
aldehyde compounds [43], and they can be acid-catalyzed by acetic acid during thermal
treatment, which causes the self-condensation and oxidation of compounds, forming a
new chromogenic system composed of conjugated double bonds, carbonyl or a quinone
structure. The spectral absorption is enhanced and extended to the range of visible light,
resulting in the bamboo becoming darker and redder.
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Figure 2. The variation in bamboo color after tung oil treatment at different temperatures. (* Note:
Mean values followed by the same superscript letters (a, b, ¢, d, e, f or g) in the same column are not
significantly different at <0.05. Values in parentheses are standard deviations. Outer: the surface near
the outer layer of bamboo. Inner: the surface near the inner layer of bamboo.).

Tung oil has major components of x-eleostearic acid (77-82%) with three conjugated
double bonds (at carbons 9 cis, 11 trans, and 13 trans), oleic acid (3.5-12.7%) with one double
bond, and linoleic acid (8-10%) with two nonconjugated double bonds [22]. Partially conju-
gated double bonds are altered to nonconjugated double bonds after thermal treatment by
oxidation, thermal rearrangement or both [44]. Similarly to other vegetable oils [45], the
color of tung oil deepens with thermal treatment. The changed chemical structure of tung
oil also influences bamboo color. In addition, some studies have demonstrated that more
oil absorption results in a deeper color of the material [20,46]. After the thermal treatment
and drying processes, an oil layer is formed on the bamboo surface, enhancing surface
color changes in bamboo [6]. The chemical structure of bamboo and tung oil change during
thermal treatment, and oil absorption changes along with the thermal temperature [12],
which comprehensively influence bamboo color.
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3.2. The Effect of Changes in Tung Oil Treatment Duration on Bamboo Color

The color of bamboo after tung oil thermal treatment at 140 °C under different treat-
ment durations of time is shown in Table 2. With the extension of tung oil treatment
duration, the L* of bamboo decreased and the a* of bamboo increased, but the tung oil
treatment duration had no significant impact on the b* of bamboo. After thermal treatment
with tung oil for over 1 h, the C* of bamboo did not change significantly. Comparing Table 1
with Table 2, the AE* of 140 °C-0.5 h was higher than that of 23 °C-3 h but lower than that
of 100 °C-3 h. Furthermore, the AE* of 140 °C-1 h was higher than that of 120 °C-3 h but
lower than that of 140 °C-3 h. Significant differences among the color of bamboo were
observed after thermal treatment for 0-1 h at 140 °C. However, the differences reduced
with increasing treatment duration.

Table 2. The color of bamboo after tung oil treatment at different durations of time.

Lightness Red-Green Coordinates  Yellow-Blue Coordinates Color Saturation
Treatment L* a* b* C*
Outer Inner Outer Inner Outer Inner Outer Inner
Untreated 81.67 8 84.118 10.26 2 8.754 25.56 P 23.63P 27.552 25.20P
(0.80) (0.66) (0.33) (0.40) (0.68) (0.69) (0.73) (0.75)
140 °C—0.5 76.21 f 78.15 def 14.09 be 12.92 be 38.074 36.06 de 40.60 °d 38.31 def
h (1.54) (2.16) (0.55) (0.89) (1.42) (0.76) (1.46) (0.88)
. 71.31de 73.81 <d 16.48 cde 14.55 cde 40.05 4 37.01°¢ 43314 39.77 ¢f
140°C-1h (1.35) (2.96) (0.43) (1.04) (0.78) (1.23) (0.83) (1.44)
. 69.49 <d 75.59 cde 17.01 de 13.89 bed 39.414 37.31°¢ 42924 39.82 ¢f
140°C3h (2.03) (1.99) (0.86) (1.07) (1.35) (1.20) (1.57) (1.22)

* Note: Mean values followed by the same superscript letters (a, b, ¢, d, e, f or g) in the same column are not
significantly different at <0.05. Values in parentheses are standard deviations. Outer: the surface near the outer
layer of bamboo. Inner: the surface near the inner layer of bamboo.

The changes in bamboo color after different tung oil treatment durations are shown in
Figure 3. The L* and a* of bamboo significantly changed after tung oil thermal treatment
at 140 °C within 0-3 h, which was mainly related to the gradual increase in quinone
compounds, ketones and the conjugated system during thermal treatment. The b* of
bamboo had no significant changes after tung oil thermal treatment at 140 °C within 0.5-3 h
(Figure 3), which indicates a rapid increase in b* occurred in the early thermal treatment
and an extended treatment duration had little impact on b*.

The AE* was affected by thermal treatment conditions (Table S2) and the type of
material. The AE* was gradually increased with the thermal temperature rising from
23 °C to 200 °C (Figure 2), which was also gradually increased over the thermal treatment
duration, which was extended to 1 h at 140 °C (Figure 3). The AE* had greater values
after the oil thermal treatment than after air thermal treatment and nitrogen thermal
treatment under the same conditions [6]. The AE* was also related to the type of material,
for example, moso bamboo had an obviously higher value of AE* compared with Scots
pine after thermally treated in air under the same conditions [6,47]. Nevertheless, bamboo
scrimber thermally treated with methyl silicone oil had a similar value of AE* to moso
bamboo thermally treated with tung oil [11].
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Figure 3. The variation in bamboo color after tung oil treatment at 140 °C for 0-3 h. (* Note: Mean
values followed by the same superscript letters (a, b, ¢, d, e, f or g) in the same column are not
significantly different at <0.05. Values in parentheses are standard deviations. Outer: the surface near
the outer layer of bamboo. Inner: the surface near the inner layer of bamboo.).

3.3. The Effect of Tung Oil Treatment on Visual-Psychological Quantification

Eye trackers are used to precisely record the trajectory of human eye movement.
Visual responses and characteristics can be obtained from eye movement data. The fixation
points of observers are usually distributed across the most important, comprehensible
or informative objects. The regions recognized as the interesting spots experience more
fixation counts and a longer fixation duration [48-51]. The hot-spot map as a common
representation of fixation duration that appears in the studies of eye movements, which
reflects the attention of participants [52,53]. Together, the fixation count, fixation duration
and hot-spot map were used to analyze the popularity of different bamboo furniture pieces
after tung oil treatment.

To simulate bamboo used in the living environment, three different types of furniture
were designed and matched to bamboo color after tung oil treatment. The eye movement
data show that furniture was made of bamboo after tung oil treatment at 23 °C-3 h,
100 °C-3h, 160 °C-3 h and 180 °C-3 h experience more fixation counts and a longer
fixation duration compared with untreated bamboo (Figure 4), indicating the popularity of
bamboo furniture was improved after tung oil treatment at 23 °C, 100 °C, 160 °C and 180 °C.
The popularity of bamboo furniture was significantly improved after tung oil treatment
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at 23 °C and 100 °C, whereas a slightly improved popularity of bamboo furniture was

observed after tung oil treatment at 160 °C and 180 °C (Figure 4). The popularity of bamboo
furniture after tung oil thermal treated at 140 °C and 200 °C decreased according to the eye

movement data. A longer fixation duration and greater fixation count of bamboo furniture
made with untreated bamboo compared with that furniture made of bamboo treated at

140 °C-0.5 h, 140 °C-1 h and 140 °C-3 h (Figure 4b,d), which suggests the participants had
a greater preference for untreated bamboo compared to the bamboo treated with tung oil at

140°C—1h 140°C—3h

Figure 4. The fix duration and fix count of different bamboo furniture. (a,b) Furniture was made of
the outer layer of bamboo, (c,d) furniture was made of the inner layer of bamboo.
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The fix duration and fix count had some differences among the different types of
furniture, and the hot-spot map for bamboo furniture is shown in Figure 5. In the hot-spot
map, the area of the furniture was overlaid with red and yellow colors, indicating that
this area received a longer total fixation duration. By contrast, the green color indicates
a shorter fixation duration. The bamboo treated at 23 °C-3 h, 100 °C-3 h, 160 °C-3 h
and 180 °C-3 h had a larger area of the red and yellow colors, which suggests that the
participants had a greater preference for bamboo that had been treated at 23 °C-3 h,
100 °C-3 h, 160 °C-3 h and 180 °C-3 h. Interestingly, the area of the red and yellow colors
for bamboo treated at 120 °C-3 h and 200 °C-3 h was gradually decreased as furniture
volume increase. According to the hot-spot map, the table (small furniture) that had been
treated with tung oil at 200 °C was more popular than the cabinet (large furniture).

Figure 5. The hot-spot map of different types of bamboo furniture. Bamboo (near the outer layer)
after thermal treatment with tung oil for 3h: (aj—c1) untreated, (az—cz) 23 °C, (az—c3) 100 °C, (ag—c4)
120 OC, (a5—C5) 140 OC, (aﬁ—ca) 160 OC, (a7—C7) 180 °C and (as—Cs) 200 °C.

Previous studies have shown that tung oil thermal treatment could improve the di-
mensional stability and mildew resistance of bamboo, and the durability of bamboo was
gradually improved with the increase in tung oil thermal temperature [12]. According to a
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comprehensive analysis of bamboo properties and the popularity of bamboo furniture, the
popularity of bamboo after tung oil thermal treatment at 23 °C and 100 °C was significantly
improved and the durability was slightly improved, which may be more suitable for furni-
ture or interior decorative materials with high appearance requirements. By contrast, the
popularity of bamboo after tung oil thermal treatment at 160 °C and 180 °C was slightly
improved and the durability was significantly improved, which is more suitable for furni-
ture or engineering materials with high durability requirements. Although the durability
of bamboo after tung oil thermal treatment at 200 °C had the greatest improvement, the
popularity of bamboo was relatively low, suggesting that bamboo treated with tung oil at
200 °C may be more applicable to outdoor engineering materials, such as floorings and
fencing or small-area decoration materials. Thus, the application of tung oil modification
technology to bamboo not only improved the durability but also improved the visual effects
of bamboo.

4. Conclusions

The oil absorption of bamboo and chemical structure of bamboo and tung oil compre-
hensively influenced bamboo color. Bamboo became darker with the increase in tung oil
treatment temperature and duration of tung oil treatment time. The L* of bamboo after tung
oil thermal treatment at 200 °C was decreased by more than 50% compared with untreated
bamboo. Bamboo became redder and had a higher saturation as the tung oil temperature
rose from 23 °C to 160 °C. When the tung oil treatment temperature was higher than 180 °C,
bamboo became greener and had a lower saturation with increasing tung oil temperature.
The L* and a* of bamboo were closely related to tung oil treatment duration. However,
the b* of bamboo had no significant change over the duration of tung oil treatment from
0.5h to 3 h at 140 °C. According to eye movement data, the popularity of furniture made
by bamboo treated at 23 °C-3 h, 100 °C-3 h, 160 °C-3 h and 180 °C-3 h was increased
compared with that made with untreated bamboo. Comprehensive analysis of bamboo
properties and the popularity of bamboo furniture suggests that bamboo after tung oil
thermal treatment at 23 °C and 100 °C is more suitable for engineering materials with high
appearance requirements, whereas bamboo after tung oil thermal treatment at 160 °C and
180 °C is more suited to engineering materials with high durability requirements. The
application of tung oil modification technology in the production of bamboo engineering
materials not only improved the durability of bamboo but also improved the visual effects
of bamboo, which would expand the application field of bamboo.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym14061250/s1, Table S1: Visualizations of bamboo after tung
oil treatment at different temperature, Table S2: Visualizations of bamboo after tung oil treatment at
different duration of time.
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Abstract: Konjac glucomannan (KGM) hydrogel has favorable gel-forming abilities, but its insufficient
swelling capacity and poor control release characteristics limit its application. Therefore, in this
study, oxidized hyaluronic acid (OHA) was used to improve the properties of KGM hydrogel. The
influence of OHA on the structure and properties of KGM hydrogels was evaluated. The results
show that the swelling capacity and rheological properties of the composite hydrogels increased
with OHA concentration, which might be attributed to the hydrogen bond between the KGM and
OHA, resulting in a compact three-dimensional gel network structure. Furthermore, epigallocatechin
gallate (EGCG) was efficiently loaded into the KGM/OHA composite hydrogels and liberated in a
sustained pattern. The cumulative EGCG release rate of the KGM/OHA hydrogels was enhanced by
the increasing addition of OHA. The results show that the release rate of composite hydrogel can be
controlled by the content of OHA. These results suggest that OHA has the potential to improve the
properties and control release characteristics of KGM hydrogels.

Keywords: konjac glucomannan; oxidized hyaluronic acid; hydrogels

1. Introduction

Hydrogels are three-dimensional polymer networks connected by cross-linked cova-
lent bonds and weak cohesive forces in the form of hydrogen or ionic bonds [1]. Due to
their excellent biocompatibility, soft texture, and high permeability to small hydrophilic
molecules, hydrogels have been attractive candidates for a wide range of applications, such
as cartilage scaffolds, drug delivery, and sensors [2]. Furthermore, hydrogels have been
used in a variety of forms, including scaffolds, injectable hydrogels, hydrogel nanoparticles,
microgels, nanofibers, and hydrogel membranes [3]. However, most hydrogels have weak
stability due to their high water content, which greatly limits their application [4]. This
drawback can be overcome by fabricating a “composite or hybrid hydrogel” system.

Konjac glucomannan (KGM) is a kind of natural polysaccharide that is extracted
from the tuber of the Amorphophallus konjac K. Koch plant. It primarily consists of a
linear chain of 3-1-4-linked D-glucose and D-mannose, with a glucose to mannose ratio of
approximately 1:1.6, with a low degree of acetyl groups at the side-chain C-6 position [5].
Due to its excellent film-forming ability and good biodegradable, biocompatible, and
gel-forming properties [6,7], KGM has been widely applied in the field of biomedicine,
food, health care, and cosmetics, among others [8,9]. In particular, KGM has been used
as a raw material for the preparation of hydrogels and films that show drug-loading and
sustained-release properties [5,6,9]. The preparation methods of KGM gel mainly include
alkaline treatment, borate cross-linking, polymer compositing, high-voltage electric field
preparation, and metal ion cross-linking after modification [6]. However, as a drug carrier,
pure KGM hydrogel has a low drug release amount due to the strong hydrogen bond
between KGM and other molecules [7]. Therefore, other substances need to be added to
KGM hydrogel to improve its release properties.
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Hyaluronic acid (HA), widely present in all organisms [10], is a nonsulfated gly-
cosaminoglycan consisting of alternating (3-1,4-D-glucuronic acid and (3-1,3-N-acetyl-D-
glucosamine monosaccharides [11]. Due to its non-immunogenicity and excellent degrad-
able and excellent biocompatible properties, HA has been widely used in tissue engineering,
drug delivery, and immune regulation [12]. Furthermore, as a drug carrier, it has been
shown that the controlled release from HA has many benefits, such as maintaining optimum
drug concentration, enhancing therapeutic effects, improving treatment efficiency with less
drug, lowering toxicity, and prolonging in vivo release rates [13]. To expand the application
of HA, modification is usually required. Research shows that modified HA could be mixed
with chitosan and gelatin to form a hydrogel with enhanced properties [14,15]. As a modi-
fied product of HA, oxidized hyaluronic acid (OHA) has similar characteristics to HA and
can be used to improve the properties of the hydrogel. The preparation of a KGM/OHA
hydrogel has not been reported. In this study, HA was oxidized by sodium periodate to
prepare OHA, and then mixed with KGM to form a composite hydrogel. The physical
and chemical properties of the KGM/OHA composite hydrogels were evaluated by FT-IR,
rheometer, and SEM. Moreover, the epigallocatechin gallate (EGCG) release properties of
KGM/OHA hydrogels were also discussed. At present, the study of KGM/OHA composite
hydrogels has not been reported. Therefore, this study could provide feasible advice for
the preparation of KGM/OHA hydrogels and a preliminary evaluation of the properties of
KGM/OHA hydrogels.

2. Materials and Methods
2.1. Materials

HA (molecular weight: 200400 kDa), sodium periodate, EGCG, and hydroxylamine
hydrochloride were purchased from Shanghai Macklin Biochemical Technology Co., Ltd.
(Shanghai, China). KGM (molecular weight: 200-2000 kDa) was purchased from Zhaotong
Sanai Organic Konjac Development Co., Ltd. (Yunnan, China). Glycol and anhydrous
sodium carbonate were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). The dialysis bag (Mw 3.5 kDa cut-off) was purchased from Shanghai Yuanye
Biotechnology Co., Ltd. (Shanghai, China).

2.2. Preparation of OHA

OHA was prepared by the previous method with some modifications [16]. HA (1 g)
was added to 100 mL of deionized water and stirred at 500 r/min for 2 h until the HA was
completely dissolved. Then, 0.535 g of sodium periodate was added to the HA solution;
1mL of glycol was added to stop the reaction after 24 h of light protection. The dialysis was
performed with a dialysis bag (M 3.5 kDa cut-off) for 3 d. OHA was obtained after freeze
drying the dialysate for 24 h.

2.3. Oxidation Rate Determination

The oxidation rate was calculated according to the previous method [17]. A total of
0.05 g of OHA was added to 25 mL (0.25 mol/L) of hydroxylamine hydrochloride solution
into which 2-3 drops of methyl orange were dropped. The solution was shaken for 2 h at
90 r/min. The solution of methyl orange was titrated with 0.1 mol/L of sodium hydroxide
until it turned yellow. The oxidation rate can be calculated by the following formula:

o mol Of(—CHO) - VNaOH : NNaOH % 0.001
1= 3 molof OHA 2-W = 400

)

where 77 is the oxidation rate, Vo is the volume of sodium hydroxide consumed by
titration (mL), Nn,0p is the concentration of sodium hydroxide (mol/L), W is the mass of
OHA (g), and 400 is the molar mass of the basic cyclic unit of OHA.
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2.4. Preparation of Hydrogels

The fabrication process of the hydrogels was conducted as follows: First, a cer-
tain amount of OHA was weighed and dissolved in deionized water through stirring
(400 r/min) for 1 h. Then, the KGM powder was added to the OHA solution under stirring
at 400 r/min. The compositions of the hydrogel samples are detailed in Table 1. After
adding the KGM, 0.1 mol/L of sodium carbonate solution was added to the KGM/OHA
solution to adjust the pH = 11. Subsequently, the KGM/OHA solution was placed in the
water baths at 40 °C under stirring at 400 r/min for 2 h. Then, the KGM/OHA solution
was transferred to the 80 °C water baths for 1 h to form hydrogel. The steps of the hydro-
gels’ preparation are shown in Figure 1. The obtained hydrogels were cooled to 25 °C, by
running water, for further evaluation.

Table 1. Composition of KGM and OHA in hydrogels.

Sample KO-0 KO-1 KO-2 KO-3
KGM% (w/v) 1 1 1 1
OHA% (w/2) 0 0.1 03 0.5

............ Hydrogen
bonding

=]
=
>

OHA

KGM Sol KGM/OHA sol

KGM/OHA hydrogel

Figure 1. Synthesis diagram of KGM/OHA hydrogel.

2.5. Preparation of EGCG-Loaded Hydrogels

In order to load the EGCG into the OHA /KGM hydrogel, EGCG was directly added
to deionized water at a concentration of 0.8 mg/mL, followed by a 10 min ultrasound.
The freeze-dried hydrogel was then placed in the EGCG solution with 100 mL of EGCG
solution for each gram of freeze-dried gel. The EGCG was loaded onto the hydrogel after
standing at room temperature for 12 h [18].

2.6. FT-IR Characterization

The FT-IR of the OHA and KGM/OHA freeze-dried composite gels was measured by
an FT-IR spectrometer (Bruker VERTEX 70, Thermo Fisher Scientific Co., Ltd., Waltham,
MO, USA) using the KBr pressed pellet method. A small number of samples were mixed
with potassium bromide, ground carefully for approximately 5 min, and then pressed.
The FT-IR spectra were measured with wavelengths from 400 cm ! to 4000 cm ! with a
resolution of 4 cm~! and 64 scan acquisitions.
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2.7. Rheological Test

The rheological properties of the KGM/OHA hydrogels were measured using a rota-
tional rheometer (MCR301, Anton Parr, Austria) with a standard parallel-plate geometry
(PP-50, 50 mm of diameter, and 1 mm gap). Steady shear flow behavior was measured
at 25 °C and the scans were conducted at a shear rate range of 0.1 s7! to 1000 s~!. The
measurement was conducted in oscillation amplitude mode at a constant temperature
of 25 °C, an angular frequency of 1.0 rad/s, and a strain range of 0.1-100%. After the
linear viscoelastic region of the samples was obtained, the measurement was carried out in
oscillation frequency mode, in which the strain was fixed at 1% and the frequency sweep
was in a range of 0.1-100 rad/s. The values of the frequency-dependent G’ and G” were
recorded. The shear stress sweep was tested from 0.1 Pa to 100 Pa at a constant temperature
of 25 °C.

2.8. Scanning Electron Microscopy (SEM)
The microstructures of the samples were observed through SEM (Nova NanoSEM 230,

FEI CZECH REPUBLIC S.R.O., Brno, Czech Republic). The cross section of the freeze-dried
gel was coated with gold and scanned at an accelerated voltage of 15 KV.

2.9. Swelling Properties of Hydrogels

The prepared hydrogel was freeze dried for 24 h and weighed immediately after it
was taken out. The dry hydrogel was then immersed in 100 mL of PBS (0.01 M, pH =7.4).
After a certain interval of time, the hydrogel was weighed. The swelling rate was calculated
as the formula: M M

t — Mo
—— x 100 % 2
My x 100 % 2)
where M) is the weight of dry hydrogel and M; is the weight of hydrogel after a period
of time.

SD =

2.10. In Vitro Degradation Rate (DR)

The freeze-dried OHA /KGM hydrogels were weighed and then immersed in the PBS
(0.01 M, pH = 7.4) solution at 25 °C. The hydrogels were washed with deionized water and
freeze dried for 24 h. The degradation rate of hydrogel was calculated as the formula:

Wo — W;

DR =
Wo

% 100 % ®)
where W is the initial weight of the dried hydrogel and W; is the weight of the dried
hydrogel weighed every 4 days.

2.11. EGCG Loading Determination

The concentration of EGCG was measured using the Folin-Ciocalteu phenol method [19].
The absorbance of the solution was recorded at a 717 nm wavelength using a UV-vis spec-
trophotometer (UV-1780, Shimadzu, Japan). The concentration and content of EGCG in the so-
lution were calculated by the standard curve of EGCG absorbance. The entrapment efficiencies
(EEs) of the KGM/OHA hydrogel for EGCG were determined using the following equation:
mo

M0~ M 100% 4)
mo

EEs =

where my is the total amount of EGCG contained in the suspension and m; is the amount
of free EGCG.

2.12. In Vitro Release Studies

In order to evaluate the sustained release performance of KGM/OHA hydrogel, the
KGM/OHA hydrogel, loaded with EGCG, was immersed in 50 mL of PBS (0.01 M, pH = 7.4)
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and continuously shaken at 60x g rpm. The temperature was maintained at 37 °C. Then,
1 mL of the solution was taken out every 1 h to measure the content of EGCG, and the
release amount of EGCG was, also, calculated according to the Folin—Ciocalteu phenol
method. The concentration and content of EGCG in the PBS were calculated by the standard
curve of EGCG absorbance. The cumulative release rate of EGCG was calculated by the
EGCG content in the hydrogel and the solution before the release experiment. The formula

is as follows:
mi

moy — nmq

Cumulative release rate = x 100% (5)
where m; is the EGCG content in the PBS solution after a certain release time. The volume of
PBS was kept at 50 mL. The experimental data were obtained from three parallel experiments.

3. Result and Discussion
3.1. Characterization of OHA

Sodium periodate can oxidize two adjacent hydroxyl groups in HA into two aldehyde
groups to form OHA. Because the amino group in hydroxylamine hydrochloride can react
with the aldehyde group in OHA, the reaction between hydroxylamine hydrochloride and
the aldehyde group can be used to verify whether OHA can be successfully prepared [20].
The content of the aldehyde group in OHA was calculated according to the reaction formula,
and the oxidation rate of OHA was 43.8 £ 2.26%, which was consistent with previous
research [21]. To further confirm the successful formation of the dialdehyde groups in OHA,
FT-IR spectra of HA and OHA were recorded. As shown in Figure 2, compared with HA, a
new absorption peak at approximately 1725 cm ™!, corresponding to the dialdehyde groups,
was observed in the spectrum of OHA [15], which confirmed the successful preparation of
OHA. Similar results were also reported by Li et al. [22].

——HA
— OHA

1730

Transmittance (%)

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

Figure 2. FT-IR spectra of HA and OHA.
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3.2. Appearance Characteristics of Hydrogels

The photographic appearance of the hydrogels is shown in Figure 3. It was obvious
that all of the hydrogels were pale yellow due to the deacetylation of KGM during the
formation of the hydrogels [23]. The original slight yellow color of the OHA hydrogel
might be responsible for this. With the increase in the OHA concentration, the composite
hydrogels” color became deeper. Meanwhile, the structure of all the hydrogels was flat
without collapse, indicating the good potential of KGM and OHA for the formulation
of hydrogels.

Figure 3. An image of the hydrogels. From left to right, the hydrogels are KO-0, KO-1, KO-2 and
KO-3, respectively.

3.3. FT-IR Spectra of Hydrogels

FT-IR was usually used to observe functional groups in polysaccharides. Changes
occurring at a molecular level were often difficult to observe from a macroscopic perspective.
The FT-IR spectra of the KO-0, KO-1, KO-2 and KO-3 hydrogels are shown in Figure 4a.
The spectra of the KO-0, KO-1, KO-2 and KO-3 hydrogels were basically similar. However,
the O-H bond absorption peak near 3406 cm ! moved with the addition of OHA. The
peaks of KO-0, KO-1, KO-2 and KO-3 appeared at 3396 em !, 3406 cm 1, 3420 cm !, and
3404 cm ™!, respectively. From KO-0 to KO-2, the site of the O-H bond absorption peak
gradually deviated to the high wavelength due to the stretching of the O-H bond. This
was attributed to the hydrogen bond interaction between the KGM/OHA hydrogels that
gradually increased with the increase in the OHA content [24]. However, the hydrogen
bond absorption peak site of the KO-3 hydrogel was close to that of KO-1, indicating that
the hydrogen bond interaction of KGM/OHA hydrogel was weakened when the OHA
concentration was 0.5%.

3.4. Rheological Analysis of Hydrogels

To investigate the effect of the OHA amount on the rheological properties of composite
hydrogels, the steady rheological behavior of the composite hydrogels with different OHA
contents was measured, as shown in Figure 4b. It was found that the apparent viscosity of
all the hydrogels could be maintained at a relatively high level at a low shear rate. With
the increase in shear rate, the apparent viscosity of the hydrogels gradually decreased and
finally stabilized at an almost identical low viscosity level. It shows that the properties
of pseudoplastic fluid were consistent with the rheological properties of KGM studied
previously [25]. At a lower shear rate, the three-dimensional network structure of the
hydrogels was not damaged, so the viscosity of the hydrogels could be maintained at
a high level. However, with the increase in shear rate, the molecular chain gradually
fractured, leading to an increased degree of damage to the three-dimensional network of
the hydrogels and a decrease in the viscosity of the hydrogels [26]. In addition, adding
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OHA can significantly improve the viscosity of the mixed system, which might be due
to the hydrogen-bond interaction between the OHA and KGM that made the hydrogels’
network structure more stable. Among the three hydrogels containing OHA, the hydrogels
with an OHA concentration of 0.3% had the highest viscosity. This was because the main
effect of the OHA addition on the KGM hydrogel was to reinforce the network structure
at a concentration of 0-0.3%. However, the viscosity of the hydrogel decreased at an
OHA concentration of 0.5%. This may be because the excessive OHA addition might have
impacted the original structure of the KGM gel, allowing the molecules to slide.

(a) (b) KO-0
50 —a—KO-
KO-0 gy
—A—KO-2
KO-1 40 4 —v—KO-3
s 3396 7
2 £
£ KO-2 < 304
£ £
2 3406 z
3420
10
3404 e
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4000 3500 3000 2500 2000 1500 1000 500 0.1 1 10 100 1000
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Figure 4. FT-IR spectra of KO-0 hydrogel, KO-1 hydrogel, KO-2 hydrogel and KO-3 hydrogel (a). The
viscosity—shear rate curves (b), the viscoelasticity—angular frequency curves (c) and the viscoelasticity—
shear stress curves (d) of KO-0, KO-1, KO-2 and KO-3 hydrogels.

Frequency scanning is one of the most common test modes in polymer dynamic
rheological testing. Through frequency scanning, the frequency dependence of the storage
modulus (G) and loss modulus (G”) can be obtained in order, so as to judge the relaxation
time of the polymers. The relationship between the viscoelasticity and angular frequency
of the hydrogels is shown in Figure 4c. G’ represents the elasticity of hydrogel while G”
represents the viscosity of the hydrogel. It has been previously stated that when the G’
value of a substance is greater than the G” value, the substance acts as a viscoelastic solid,
indicating that the substance behaves like a gel [25,27]. It can be seen that the G’ values of all
the hydrogels were higher than the G” values in the whole angular frequency measurement
range (0.1-100 rad/s), and all the hydrogels exhibited stable viscoelastic solid morphology.
These results indicate that hydrogels can keep their original hydrogel network structure in
a middle frequency band and have good structural stability. In addition, the viscoelasticity
of all the hydrogels containing OHA was higher than that of the KGM hydrogels, indicating
that OHA could improve the stability of the KGM hydrogel network. This result was
consistent with the steady rheological study. The hydrogels with an OHA concentration
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of 0.3% still had the highest viscoelasticity, which was consistent with the performance of
viscosity and the shear rate of the hydrogels.

The mechanical properties of the hydrogels reflected the homogeneity state and the
interfacial interactions between its components, which was measured by oscillatory shear
rheology [27]. The hydrogels behaved as viscoelastic fluids under a certain degree of shear
stress, and the critical value of shear stress was also shown as the intersection of the G’ and
G" curves [28]. As shown in Figure 4d, the viscoelasticity of the KGM hydrogel was lower
than that of the hydrogel containing OHA. The intersection point of the G’ and G” curves
of the KGM hydrogel was more advanced than those of the other hydrogels containing
OHA. These results demonstrate that the mechanical properties of the KGM hydrogels were
significantly lower than those of the hydrogels containing OHA [26], indicating that OHA
could improve the mechanical properties of hydrogel and make the hydrogel structure
more stable. Furthermore, the hydrogel structure at an OHA concentration of 0.5% was
weaker, which was consistent with the above experiments.

3.5. SEM Analysis

Figure 5 shows the morphology of the KGM and KGM/OHA freeze-dried hydrogels
with different OHA concentrations. It can be seen that all the hydrogels present continuous
network structures, which was the structural characteristic of stable hydrogels. This was
similar to the observation of the KGM hydrogel network structure under alkaline conditions
by Mu et al. [29]. It indicated that the network structure of KGM occupied the majority in
the gel system of KGM/OHA, which corresponded to the higher content of KGM relative
to OHA in the experimental group design. In addition, the network structure of the
KGM/OHA hydrogels was more compact than that of the KGM hydrogels after adding
OHA. It can be speculated that the OHA molecules wound onto the KGM gel network, and
its molecular chains were connected by the hydrogen bond interaction, which strengthened
the network structure of the KGM hydrogel and thus enhanced the stability of the KGM
hydrogel. However, when the content of OHA was 0.5%, due to the hydrophilicity of OHA,
a large number of holes appeared in the network structure of the KGM/OHA hydrogel
after freeze drying [30]. Adding too much OHA increased the water content within the
hydrogel, which led to many water-filled holes in the structure of the hydrogel. Therefore,
the excessive OHA made the water content of the hydrogel higher, thereby resulting in a
decrease in the viscosity and stability of the KGM/OHA hydrogel at 0.5% OHA content.

3.6. Swelling Properties

Swelling is one of the main properties of hydrogels. The swelling properties of the
hydrogel within 6h are shown in Figure 6a. It can be observed that the swelling rate of all
the prepared hydrogels increased, with the increase in soaking time, and finally reached a
relatively stable level. It indicated that the hydrogels could swell well in the PBS solution
with a pH of 7.4, which was similar to the swelling trend of the KGM hydrogels observed
previously [31]. In addition, it can be seen, from the broken line diagram of gel swelling, that
the swelling rate of the KGM hydrogel was higher than that of the KGM/OHA hydrogel.
The swelling rate of the hydrogels was usually related to the cross-linking density and
the network structure of the hydrogels [32]. As the cross-linking density increased, the
swelling rate of the hydrogels decreased, which was probably due to the denser network
formed in the hydrogels with a higher cross-linking density, thus making it difficult for
water molecules to enter the internal space of the hydrogels [33]. Therefore, with the
addition of OHA, the swelling rate of the hydrogels became lower because the cross-linking
density of the KGM hydrogel was lower than that of the KGM/OHA hydrogel. When the
OHA concentration ranged from 0 to 0.3%, the decreasing swelling rate showed that the
cross-linking density of the hydrogel network gradually increased. However, when the
OHA concentration was 0.5%, excessive OHA made the microstructure of the hydrogel
appear porous, which reduced the cross-linking density of the hydrogels and increased the
swelling rate.
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3.7. In Vitro Degradation Rate

In order to study the degradation performance of hydrogels, the hydrogels were
soaked in PBS solution and then removed every 4 days for drying and weighing, followed
by a recording of the mass loss of the hydrogels, which can be utilized for reflecting the
degradation rate of the hydrogels. The degradation rate of the hydrogels in different
proportions is shown in Figure 6b. The results show that the degradation rate of the hy-
drogel increased gradually within 16 d, which was a common phenomenon of hydrogel
degradation in vitro. In addition, the degradation rate of hydrogels containing OHA was
significantly higher than that of the KGM hydrogels within 16 d, and the degradation rate
of hydrogels in vitro increased with the increase in the OHA supplemental level. This phe-
nomenon was due to the high degradation capacity of the OHA [33]. The cyclic monomer of
the OHA contained an aldehyde group, which was beneficial to degradation [34]. Therefore,
the addition of OHA could make KGM hydrogel possess a higher degradation rate.

(d)

— 500 ym —— 500 ym ——

Figure 5. The SEM images of KO-0 hydrogels (a), KO-1 hydrogels (b), KO-2 hydrogels (c) and KO-3
hydrogels (d).

3.8. Load and Release Behavior of Hydrogels

The entrapment efficiencies (EEs) of KO-0, KO-1, KO-2, and KO-3 hydrogels were
18.43 £ 1.99%, 19.13 + 1.94%, 22.40 £ 1.24%, and 20.87 £ 2.28%, respectively. The EEs of
the hydrogels were usually related to the microstructure of the hydrogel network. When
the network structure of the hydrogels was relatively loose, the area available for EGCG
attachment was less [35]. The increase in the number of pores in the hydrogel could also
improve EEs, which was based on the principle that the pores could increase the internal
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surface area of the hydrogel [36]. SEM showed that from KO-0 to KO-2, the network of
hydrogels became more compact. KO-2 hydrogels had the densest network structure and
contained many pores and, thus, had the highest EEs. Compared with the KO-2 hydrogel,
the KO-3 hydrogel had slightly more pores, but the excessive OHA impacted the molecular
structure of the KGM and made the structure of the hydrogel not compact. Moreover, the
reduced load space of EGCG on the hydrogel resulted in the EEs of the KO-3 hydrogel
being slightly lower than that of the KO-2 hydrogel.
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Figure 6. Swelling curve of KO-0 hydrogels, KO-1 hydrogels, KO-2 hydrogels, and KO-3 hydrogels (a).
In vitro degradation curve of KO-0 hydrogels, KO-1 hydrogels, KO-2 hydrogels, and KO-3 hydrogels (b).

Figure 7 shows the EGCG release rates of KGM/OHA hydrogels in different propor-
tions. The EGCG release amounts of KO-0, KO-1, KO-2, and KO-3 hydrogels after 10 h
were 31.40 4= 0.73%, 54.89 + 2.81%, 57.62 & 4.11%, and 62.44 + 1.97%, respectively. Figure 7
also shows that the amount of EGCG released in the first 6 h was significantly higher than
that in the following 4 h. The phenomenon observed by Wang et al. [37] and Yuan et al. [38]
did not appear in this experiment: hydrogels showed an explosive release of the loaded
substance in the first 1 h of the release experiment and a sustained release in the following
several hours. In this experiment, all hydrogels showed higher release rates in the first 5 h
of the release experiment than in the subsequent hours. Although the burst release rate
was lower, KGM/OHA hydrogels showed a longer burst release period of EGCG than
other KGM-based hydrogels. This phenomenon was attributed to the fact that OHA could
prolong the in vivo release [13]. The other reason was that the molecular structure of EGCG
contained a large number of hydroxyl groups so that it was easy to have a strong hydrogen
bond interaction with the hydroxyl groups on the KGM and OHA molecular chains [39].
The gradual increase in the EGCG release of the KO-1, KO-2, and KO-3 hydrogels was due
to the hydrophilicity and degradation of the OHA [30,34]. The hydrophilic properties of
the OHA allowed water to enter the internal structure of the KGM/OHA hydrogels more
quickly, which allowed the EGCG in the hydrogel to be released into the buffer more easily.
The rapid degradation of the OHA made the structure of the gel become gradually fluffy
during the release experiment, which made EGCG easy to release. It could be concluded
that the release rate and amount were related to the content of OHA and that they can be
easily controlled by the addition of OHA. Therefore, KGM/OHA hydrogels, capable of the
long-term, high-speed, and controlled release of EGCG, can be used for biomedical and
food applications, as a promising gel material.
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Figure 7. Cumulative release curves of KO-0, KO-1, KO-2 and KO-3 hydrogels.

4. Conclusions

In this study, a stable composite hydrogel was prepared by incorporating KGM with
OHA, after which alkali processing and thermal treatment were conducted. The effect
of OHA content on various gel properties was evaluated. The obtained hydrogel was
pale yellow, smooth in surface, and had a favorable swelling capacity, which qualified the
essential requirements for ideal drug-delivery applications. The OHA played an effective
role in adjusting the swelling ratio and increasing the biodegradation rate. The rheological
analysis shows that, when the concentration of OHA is 0.3%, KGM/OHA has the most
stable network structure and the greatest mechanical properties. When observed through
SEM, the firm and porous structure of the KGM/OHA hydrogel demonstrates a rich storage
space for drug loading. Furthermore, both EGCG encapsulation efficiency and the release
properties of the hydrogels were significantly raised with the presence of OHA. The overall
results suggest that the KGM/OHA hydrogel, loaded with EGCG, exhibited potential
applications in controlled release.
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Abstract: Moisture content and shrinkage strain are essential parameters during the wood drying
process. The accurate detection of these parameters has very important significance for controlling
the drying process and minimizing drying defects. The presented study describes an electrochemical
method to determine wood moisture content and shrinkage strain during drying, and the accuracy
of this method is also evaluated. According to the results, the electrical resistance of the samples
increased with the decrease in wood moisture content. As the moisture content changed from 42%
to 12%, the resistance increased from 1.0 x 107 Q) to 1.2 x 108 Q. A polynomial fitting curve was
fitted with a determination coefficient of 0.937 to describe the relationship between moisture content
and electrical resistance. In addition, both the shrinkage strain and resistance change rate increased
with the decrease in wood moisture content, especially for the moisture content range of 23% to 8%,
where the shrinkage strain and resistance change rate increased by 4% and 30%, respectively. The
shrinkage strain increased exponentially with the increase in the resistance change rate; thereby, an
exponential regression equation was proposed with a determination coefficient of 0.985, expressing
the correlation between the two. This demonstrates the feasibility of the electrochemical method for
measuring wood moisture content and shrinkage strain.

Keywords: electrochemical method; moisture content; shrinkage strain; wood water loss

1. Introduction

Wood drying is an essential step in wood processing, and it is also the most energy-
and time-demanding step. When the drying quality of wood is ensured, the reduction in
time and energy consumption can result in economic benefits. This enhancement requires
persistent improvements of the process to obtain the best trade-off between the drying rate
and quality, which can also be facilitated by a greater understanding of the drying process,
especially for moisture content (MC) and shrinkage strain.

Wood MC is one of the most important parameters that need to be rapidly and
accurately measured during the drying process, because both the control and adjustment
of drying environmental conditions are mainly dependent on the MC. The oven drying
method is one of the most traditional testing methods of wood MC, which has high
precision, but the speed of the testing is slow, and continuous online testing is unachievable.
The probe test method is the most popular approach in the wood processing enterprise
due to the advantages of quick measurement and data evaluation. However, the method
has certain limitations, as the testing accuracy is mainly concentrated on an MC below
30% and is also influenced by the temperature, probe depth and probe location, among
other factors. As the measurement methods become increasingly advanced, some non-
destructive methods, such as the X-ray densitometry method [1,2], X-ray microscopy [3,4],
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computed tomography scan [5,6] and the nuclear magnetic resonance approach [7,8], are
applied to measure wood moisture content. Although the above advanced measuring
methods have the characteristics of a fast measurement speed, high precision and imaging
capabilities, some limitations still exist such as their high cost, their complex operation and
a demanding application environment in industrial production.

Shrinkage strain is another characteristic of significant interest that can be used as
an indicator to evaluate the wood drying process. It can be determined by the traditional
slicing and strain gauge methods. For the slicing method, a manual measurement error is
inevitable because of the contact measurement by a vernier caliper, or micrometer, and it
has a specific requirement for the size of test specimens [9]. In the strain gauge method,
a perfect bond between the strain gauges and the sample is crucial. Additionally, the
temperature and relative humidity have a significant impact on the test results [10]. To
improve the precision of the measurement and to visualize the shrinkage of wood, some
non-contact optical measurement methods such as digital image correlation and near-
infrared spectroscopy have been applied for the determination of shrinkage strain [11-14].
However, the optical methods require real-time image acquisition for the wood drying
process, which limits their application in wood industry.

Electrochemical methods are usually simple, rapid, accurate and sensitive characteri-
zation approaches, which have played an essential role in scientific research and industrial
applications. The main principle is to accurately establish the relationship between the
electrical parameters and the substance being measured, based on the electrochemical prop-
erties and changing rules of substances in the solution, and then conduct the qualitative
and quantitative analyses for components. The electrochemical methods have been widely
used in the fields of electrochemical power sources [15,16], chemical and biological sen-
sors [17,18], corrosion of metals [19,20] and biotechnology [21]. However, the application
of electrochemical methods in the field of wood science is scarce.

There is a vast amount of literature on the relationship between electrical proper-
ties and wood MC. The electrical properties of wood strongly depend on MC, exhibiting
changes that span almost 10 orders of magnitude over the range of possible MCs [22]. As
electrical resistance measurements provide information about wood MC, Brischke et al.
designed a system for the long-term recording of wood MC with internal conductively
glued electrodes [23]. Further, Brischke and Lampen determined resistance characteristics
for a total of 27 wood-based materials and established a functional relation between elec-
trical resistance and wood MC in a range between 15 and 50% MC [24]. In addition, the
relationship between MC and material resistance is different in various MC ranges. It is
affected by the wood species, experimental variables and calibration experiments [25-27].
Currently, industrial tests of commercial online MC meters have shown low accuracy of
individual readings [28].

Taking into account the aspects mentioned above, some methods based on the electrical
properties of wood have been used to determine wood MC. However, an electrochemi-
cal workstation is first used in the determination of wood MC, which has higher signal
resolution and measuring stability. No previous research discusses the feasibility of elec-
trochemical workstations in measuring shrinkage strain during wood drying. Thus, the
presented study describes an electrochemical method to determine wood MC and shrinkage
strain during drying, and the accuracy of this method is also evaluated.

2. Materials and Methods
2.1. Preparation of the Samples and Testing Equipment

Forty-five-year-old eucalyptus (Eucalyptus exserta) trees with a diameter of 40 cm at
breast height were obtained from Tilestone town (110°42" E, 22°09’ N), Gaozhou, China.
Several flat-sawn lumbers with a dimension of 120 mm (tangential) x 25 mm (radial) x
900 mm (longitudinal) were sawn from one log, wrapped with a preservative film and
stored in a freezer to keep them in the green condition. In this experiment, one flat-sawn
lumber with an initial MC of 42% and no visible defects was chosen. Eight test specimens
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(a)

a5

with the dimension of 120 mm (tangential) x 25 mm (radial) x 10 mm (longitudinal) were
machined from the lumber and equally divided into two groups (Figure 1). One group was
used to measure MC, and the other was for the determination of shrinkage strain.

Figure 1. Diagram of the testing device and wood specimens (a): 1—electrochemical workstation;
2—computer host and monitor; 3—electric wire; 4—conductive clip; 5—test specimen for MC; 6—test
specimen for shrinkage strain. Testing system of the electrochemical method (b).

A CHI760E electrochemical workstation test system (Shanghai Chenhua instrument
equipment Co., LTD, Shanghai, China) was employed to measure the MC and shrinkage
strain. The electrochemical workstation is an electronic instrument that controls the poten-
tial difference between the working electrodes and reference electrodes. In this study, one
of the electrodes was connected to a working electrode, and the other was connected to a
counter electrode and reference electrode together. The potentiostat controls the potential
between the working electrode and the reference electrode and measures the current at
the counter electrode so that a plot of potential vs. current can be created. The applied
potential range was £10 V, the current range was +250 mA and the lower limit of the cur-
rent measurement was below 50 pA. The electrochemical software of CHI760E (Shanghai
Chenhua instrument equipment Co., LTD, Shanghai, China) was used for data acquisition,
storage and processing. The diagram of the testing device and wood specimens is shown
in Figure 1a, while the testing system can be observed in Figure 1b.

2.2. Determination of MC and Shrinkage Strain

The MC was measured by a current vs. time curve (i-t). The parameters were set as
follows: the voltage was kept at a constant value of 1V, the sampling interval was 0.1 s, the
running time was 240 s and the sensitivity was set to 1 x 10~ A/V. Before testing, both
ends of the test specimens were sprayed with conductive coatings, which acted as contacts
to enhance the conductivity between the wood and electrodes.

The shrinkage strain was measured by the current-time curve, combined with linear
sweep voltammetry (LSV). The parameter settings of the current—time curve followed the
measurement mentioned above regarding the moisture content. The parameter settings for
LSV were as follows: the voltage ranged from —1 V to 1V, the scan rate was 0.1 V/s, the
sampling interval was 0.01 V and the sensitivity was 1 x 107® A/V. Before the electrochem-
ical test, a conductive band with a thickness of 3 mm was sprayed on the surface of test
specimens, as shown in Figure 1a.

Firstly, the initial weight for all test specimens and the initial length of the conductive
band for shrinkage strain test specimens were obtained, and the electrochemical tests for
all test specimens were performed. After that, the test specimens were dried at a constant
temperature of 60 °C in a DKN611-type drying oven (Yamato Scientific Co., LTD, Tokyo
Japan) to obtain different MC stages of wood specimens. The test specimens were taken
out from the drying oven at drying times of 0.5h, 1 h, 1.5 h, 2 h, 3 h and 4 h. The samples
were weighed, followed by electrochemical measurements. For the shrinkage strain test
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specimens, the measurement of conductive band length was added. After finishing the
tests, the specimens were oven dried to the absolute dry state and weighed. The moisture
content, shrinkage strain and resistance change rate were calculated using Equations (1)-(3),
respectively.

~_ M-M

0

MC x 100% 1)

where MC is the moisture content of test specimens, M is the weight of test specimens at
different MCs and M) is the weight after oven drying treatment of the test specimens.
Lo
=1L

S x 100% @)

where S is the shrinkage strain of specimens, L is the initial length of the conductive band
on the surface of test specimens and L; is the length of the conductive band on the surface
of test specimens at different moisture contents.
_Ri—R

i

AR x 100% 3)
where AR is the resistance change rate for shrinkage strain measurement specimens, R; is
the initial resistance at the MC of 42% and R is the resistance at different MCs.

3. Results and Discussion
3.1. The MC of Test Specimens

The MC of test specimens obtained with various drying times is shown in Figure 2.
The MC of test specimens at the initial stage was about 42% and decreased with drying time.
The changing trend almost remained the same for the specimens of MC and shrinkage
strain. The mean value of MC at drying times of 0.5h, 1 h, 1.5h, 2 h, 3 h and 4 h was 31%,
23%, 17%, 12%, 8% and 5%, respectively. Therefore, all discussions and analyses after this
section are based on these MC stages.

50

429% Test specimens for moisture content

454 B Test specimens for shrinkage strain

40

354

304

25

20

154

Moisture content (%)

10+

1h 1.6h 2h
Time (h)

Figure 2. Changes in MC with the applied drying times.

3.2. Analysis of MC Test Results

The electrical properties of wood can strongly depend on the MC, exhibiting changes
that span almost ten orders of magnitude in the range of possible MCs [22]. The changes
in current with time at different wood MC stages are shown in Figure 3a. As shown,
the current had a positive correlation with moisture content. However, the phenomenon
disappeared as the MC became lower than 12%. When MC decreased from 42% to 12%, the
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current was reduced from 1.2 x 1077 A to 1.0 x 108 A, whereas the current showed nearly
constant values at smaller MCs of 8% and 5%. This is because when the wood MC is lower
than 10%, wood is similar to an insulator [22]. Thereby, the effect of MC on the electrical
signal disappeared. The current slightly decreased with time and gradually reached a
steady state at around 240 s. The resistance increased with the decrease in wood MC under
a constant voltage of 1 V (Figure 3b). As the MC changed from 42% to 12%, the resistance
increased from 1.0 x 10”7 Q to 1.2 x 10® ), while the increasing trend continued at lower
concentrations. For MCs of 8% and 5%, there was a tiny difference in resistance.

1.60E+008
(a) 1.40e-007 (b)
1.40E+008
1.20E-007 —2% MO
1.20E+008
1.00E-007 — 2% MC
~ —31% MC
2 g 100E+0084 e
= 8.00E-008 —31% MC g —17% MC
G 2 800E+0074 —12%MC
= ol 8% MG
= 17} —
6.00E-008 k7 5% MC
© & 6.00E+007 4
o K_’_’—_’_’—’—
0084 \\ —23% MC
4.00E-008 4 00E+007 |
2.00E-008{ “—— L 200E+007{
e 1 2% MG == 8% MG === 5% MC j—
0.00E+000 ————————————————————————— 0.00E+000 +————————————————T——T——T——T————1
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Time (s) Time (s)

Figure 3. Changes in current (a) and resistance (b) over time at a potential of 1 V for the measurement
of moisture content.

On the other hand, in the case where the MC decreased from 42% to 17%, the variation
in electrical resistance with time was negligible, except for the first 20 s. For wood MC below
12%, the resistance fluctuated with time to a limited extent. This behavior may be related
to the uneven distribution of the MC in wood specimens at the low-MC stage. According
to the calculation formula of resistivity, the resistance was converted into resistivity, and
the resistivity was about 10°~107 () m at an MC range of 42% to 5%, which agrees with
the results of the literature. As reported, the resistivity could be about 101°~10'® Q) m for
oven-dried wood and 103~10* Q) m for wood at the fiber saturation point [22,29].

The relationship between MC and resistance can be observed in Figure 4. As it can be
observed, the electrical resistance increased in a nonlinear way with the decrease in MC,
and there was an apparent increasing trend as MC was reduced from 31% to 17%. Similar
results reported by Barariski et al. showed a nonlinear dependence of wood resistance on
the moisture content [25]. In this study, a polynomial fitting curve was employed, and the
determination coefficient was 0.937, which indicated that the resistance of wood specimens
was capable of explaining more than 93.7% of the wood MC. The relationship between
MC and resistance, according to the fitting curve, can be expressed as Equation (4). Thus,
wood MC can be obtained directly by the changes in resistance using the electrochemical
approach.

MC = 47.59 — 1.17R + 0.013R? — 4.8 x 10 °R3 (4)

where MC is the moisture content of wood test specimens, and R is 107° times the electrical
resistance of wood test specimens.
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Figure 4. The fitting curve for wood MC to electrical resistance.

3.3. Analysis of Shrinkage Strain Test Results

The variation in the current and resistance at different MC stages for measuring
shrinkage strain is shown in Figure 5. The current increased significantly with the decrease
in moisture content, increasing from about 0.014 A to 0.028 A as the MC dropped from 42%
to 5%. In contrast, the resistance decreased gradually with decreasing MC. Furthermore,
the variation in electrical resistance ranged from 70 () to 35 () within the measured range
of the moisture content. However, this phenomenon conflicts with the inverse relationship
between electrical resistance and MC observed in Figure 3b. The reason can be explained
as follows: comparing Figure 3b with Figure 5b, the electrical resistance in test specimens
of MC was about 6~7 orders of magnitude higher than in the test specimens of shrinkage
strain. This observation revealed that the conductivity of the conductive silver paint
used in measuring shrinkage strain was much better than that of the wood itself, and the
electrical current could move through the conductive band with low resistivity instead
of wood tissue. Therefore, the resistance change with MC in measuring shrinkage strain
was determined by the conductive band. Generally, the value of resistance decreased with
the decreasing length of the electrical conductor. With the shrinkage of the wood, the
length of the conductive band shortened, and in conjunction with the accumulation of
the conductive silver paint, the electrical resistance gradually decreased with the wood
shrinkage generated by the decrease in MC.

The LSV method was used to explore the changes in the current and resistance at
different voltages. The current and resistance changes with the MC at a range of —1~1V
are presented in Figure 6. As observed in Figure 6a, the slope of the lines represents the
inverse of the resistance, which varies with the changes in MC. The slope also confirms the
variation in resistance at different MC stages. As seen in Figure 6b, the resistance remained
constant when the voltage changed from —1 V to 1 V at each MC, but there was a great
difference at different MCs. A particular situation can be seen at the MCs of 8% and 5%,
where the curves of resistance vs. voltage overlap, indicating that the change in electrical
resistance generated by shrinkage was very small at this MC stage. Moreover, Figure 5 also
provides a piece of evidence as the voltage does not affect the testing results of electrical
resistance. Thus, the activation voltage was free to choose at the coverage of —1 Vto 1V in
this study.
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Figure 5. Current (a) and resistance (b) change over time under a constant voltage of 1 V for
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Figure 6. Plots of current (a) and resistance (b) with voltage for measuring shrinkage strain.

Figure 7 shows the variation in the resistance change rate and shrinkage strain at
different MCs. Wood shrinkage was strongly connected with the water in the wood; once
the wood MC dropped to the fiber saturation points, shrinkage occurred. It is widely
accepted that the fiber saturation point is at an MC of approximately 30% for most wood
species, which is a turning point for wood physics and mechanical properties [30,31].
Therefore, the shrinkage strain in this study was discussed from the MC of 31%, and
no shrinkage was considered at the initial MC of 42%. As observed in Figure 7, both
the shrinkage strain and resistance change rate increased with the decrease in wood MC,
especially for the MC range of 23% to 8%, where the shrinkage strain and resistance change
rate increased by 4% and 30%, respectively. As observed, the shrinkage of wood clearly
increased with the decrease in MC below the FSP [9,32]. From Section 3.3, the electrical
resistance gradually decreased with the wood shrinkage generated by the decrease in
MC, and thus the resistance change rate increased with decreasing MC. In the case of
shrinkage strain, its value increased from 1% at an MC of 23% to 5% at an MC of 8%, and
the matching values for the resistance change rate changed from 17.5% to 47.5%. These
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results demonstrate a close correspondence between shrinkage strain and the resistance
change rate.
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Figure 7. Resistance change rate and shrinkage strain at different MC stages.

In order to describe the correlations between shrinkage strain and the resistance
change rate, the fitting curve between the two parameters is presented in Figure 8. As
shown, the shrinkage strain increased exponentially with the increasing resistance change
rate. The regression equation between shrinkage strain and the resistance change rate was
described by Equation (5), and the determination coefficient reached 0.985, indicating that
the prediction success rate of shrinkage strain was as high as 98.5% using this equation.
This result provides a decent approach for the determination of wood shrinkage strain and
also shows the feasibility of the electrochemical method in determining the wood shrinkage
behavior.

S = 0.852 + 0.021¢%1134R (5)

where S is the shrinkage strain, and AR is the resistance change rate.
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Figure 8. Fitting curve for the resistance change rate to shrinkage strain of wood.
4. Conclusions

The present research discussed the applicability of electrochemical methods for the
determination of MC and shrinkage strain in wood drying, evaluating the precision as well.
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According to the test results for MC, the electrical resistance clearly increased with
the decreasing wood MC, especially in the MC range of 42% to 12%. A polynomial fitting
curve with a determination coefficient of 0.937 was employed to describe the relationship
between MC and electrical resistance.

In the case of the measurement of shrinkage strain, the electrical resistance gradually
decreased with the decrease in MC, and the voltage did not affect the results of electrical
resistance. The resistance change rate was further chosen as the correlation parameter
to characterize shrinkage strain. The shrinkage strain increased exponentially with the
increase in the resistance change rate. An exponential regression equation with the deter-
mination coefficient of 0.985 was determined to describe the correlation between shrinkage
strain and the resistance change rate.

The findings of this article demonstrate the feasibility of the electrochemical approach
to determine the MC and shrinkage strain in the wood drying process. Additional studies
will be conducted on full-size specimens to achieve the applicability of this method in
industrial production.
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Abstract: Bamboo is a natural fibre reinforced composite with excellent performance which is, to
a certain extent, an alternative to the shortage of wood resources. The heterogeneous distribution
and molecular structure of lignin is one of the factors that determines its performance, and it is the
key and most difficult component in the basic research into the chemistry of bamboo and in bamboo
processing and utilization. In this study, the distribution of lignin components and lignin content in
micro-morphological regions were measured in semi-quantitative level by age and radial location
by means of visible-light microspectrophotometry (VLMS) coupled with the Wiesner and Maule
reaction. There as guaiacyl lignin and syringyl lignin in the cell wall of the fibre. Lignin content of
the secondary cell wall and cell corner increased at about 10 days, reached a maximum at 1 year, and
then decreased gradually. From 17 days to 4 years, the lignin content of the secondary cell wall in the
outer part of bamboo is higher than that in the middle part (which is, in turn, higher than that in the
inner part of the bamboo). VLSM results of the micro-morphological regions showed that bamboo
lignification developed by aging. Guaiacyl and syringl lignin units can be found in the cell wall of
the fibre, parenchyma, and vessel. There was a difference in lignin content among different ages,
different radial location, and different micro-morphological regions of the cell wall. The fibre walls
were rich in guaiacyl lignin in the early stage of lignification and rich in syringyl units in the later
stage of lignification. The guaiacyl and syringyl lignin deposition of bamboo green was earlier than
that of the middle part of bamboo culm, and that of the middle part of bamboo culm was earlier than
that of bamboo yellow. The single molecule lignin content of the thin layer is higher than that of thick
layers, while the primary wall is higher than the secondary cell wall, showing that lignin deposition
is consistent with the rules of cell wall formation. The obtained cytological information is helpful to
understand the origin of the anisotropic, physical, mechanical, chemical, and machining properties
of bamboo.

Keywords: Phyllostachys pubescens; fibre; lignification; micro-morphological regions of cell wall;
syringyl lignin; guaiacyl lignin; visible-light spectrophotometry

1. Introduction

Bamboo is a profuse, long-lasting resource and the quickest developing and most
adaptable plant on Earth. Bamboo has a wide range of applications. Due to its sustain-
ability, extraordinary growth rate, accessibility, light weight, high mechanical strength,
and good toupghness, it has been widely used as structural materials and bio-composites
for industrial applications [1,2]. Bamboo is also considered to be an important source
of biofuels and biochemical production [3]. Many excellent properties of bamboo stem
are governed by the properties of the cell wall, which can be described in terms of the
sub microstructure of cell wall and the localization of cell wall components of cellulose,
hemicellulose, and lignin.
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Being the most abundant biopolymer on earth, lignin shows beneficial structural
properties [4]. Lignin is an amorphous polymer of benzene linked by the ether bond of
propane and carbon-carbon (C-C) bond [5]. Lignin has various unique characteristics,
including biocompatibility, antioxidant, antimicrobial, redox activity, etc. [6]. Lignin can
be used in various industrial applications, including bio-fuels, chemicals, polymers, etc.
Lignin can also be utilized in biomedical applications, such as drug delivery. However,
these applications depend on the source, chemical modification, and physico-chemical
properties of lignin [7]. An important role of lignin in the wood cell wall is to function as
a cross-linking matrix between moisture sensitive cellulose and hemicelluloses. Thereby,
lignin is considered to be a special compound closely related to the mechanical strength
of cell wall [8,9]. Wood parenchyma cells do not generally contain lignin, but in bamboo
culms, lignin widely exists in all kinds of lignified bamboo tissues [10]. It is the important
component of the fibre cell wall, parenchyma cell wall, and vessel cell wall [11]. Therefore,
understanding the structural distribution of bamboo lignin on the cell wall, especially
“seeing” the micro structure of bamboo in the sense of chemical element distribution, is of
great significance for making full use of bamboo lignin resources [12].

Studies on lignin in bamboos have been carried out in species of the genus Phyllostachys
characteristically lacking free fibre strands [13,14], and possessing free fibre strands is
associated with the vascular bundle [9,15]. The studies mainly focused on the lignifica-
tion progress [16,17], various lignin content [10], peroxidase in lignification [18], lignin
structure [4,15], and lignin industrial application [5], etc. However, the heterogeneous
distribution and molecular structure of lignin are one of the factors that determine the
performance of bamboo. Considering the heterogeneous distribution of lignin and the
quantitative analysis of the micro morphological region of cell wall from the perspective
of bamboo processing and utilization performance is of great significance for the basic
research of bamboo chemistry and bamboo processing and utilization.

The vascular bundles of Phyllostachys pubescens are typically of the type III, which
has a central vascular strand with four small fibre caps, one adjacent to the protoxylem,
one to the phloem and one to each of the two large metaxylem vessels [19,20]. The in
situ distribution and the content of lignin component within the fiber located at bamboo
green, bamboo timber and bamboo yellow, and also located at different cell wall micro-
morphological regions within fibre cap on radial and longitudinal location were visualized
by complementary microscopy techniques (visible-light microspectrophotometry) coupled
with the biochemical method (Wiesner and Maule reactions), especially in different cell wall
growth stages. The obtained cytological information is helpful to understand the origin of
the anisotropic, physical, mechanical, chemical, and machining properties of bamboo.

2. Materials and Methods
2.1. Bamboo Samples

12- and 17-day-old immature bamboo shoots and 1- and 4-year-old mature bamboo
culms of Phyllostachys edulis Carr. Lehaie were harvested on 23 April 2007 in Miaoshanwu
Bamboo Garden (29°44’-30°12" N, 119°25'-120°09" E and 20 m altitude) of Semitropical
Forestry Institute, Chinese Academy of Forestry, Zhejiang Province, China. Blocks of about
2 cm along the grain, including the green and yellow parts of bamboo culm, were cut from
the middle part of the 13th internode above the ground and preserved in Formaldehyde-
acetic acid-ethanol Fixative (FAA). 3 blocks for each bamboo age were taken as repetition.

2.2. Sectioning and Microscopy

Transverse sections of 20 um in thickness, including the whole radial culm wall, were
cut with a sliding microtome (Yamato Kohki TU-213, Saitama, Japan). All sections were
observed directly under light microscope (Olympus BX50F4, Tokyo, Japan) for checking
integrity of vascular bundles. Three sections from each sample block as repetition were
used for detection of autofluorescence of cell walls by fluorescence microscopy before and
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after chemical treatments. The average value of nine sections from three sample blocks was
as the value of lignin content.

2.3. Miule Reaction, Wiesner Reaction and Visible-Light Spectrophotometry

Maiule and Wiesner reactions were classically applied to stain the syringylpropane
and guaiacylpropane units of the cell wall lignin, respectively. After rinsing by distilled
water, half of the transverse sections were treated in 1% KMnOy for 5 min followed by three
washing in distilled water, then immersed in 3% HCI for 1 min and washed again in distilled
water before being mounted in 29% ammonia and immediately observed by fluorescence
microscope [21]. Other transverse sections were treated with 2% phloroglucinol in 95%
ethanol for 5 min and mounted in 6 M HCI [17]. Absorption spectra from 450 nm to
650 nm at interval of 5 nm were measured with a visible-light microspectrophotometer
(UNIVAR, Austria, spot size: 1.0 pm, band width: 10 um) on the sections after Maule and
Wiesner reactions. Measurements were repeated for three times at every wavelength for the
measuring points in each micro-morphological regions of cell wall. Visible-light absorption
value of fibre was measured on four different levels: (1) different bamboo ages; (2) different
radial positions of bamboo culms, including the green part, the middle part and the yellow
part of bamboo culm; (3) different positions of vascular bundle fiber cap, from inner-side to
outer-side of fibre cap adjacent to phloem in vascular bundles (Figure 1, four-year-old fibre
in Méule reaction); and (4) different positions of cell micro-morphological regions between
two adjacent cells (Figure 2), including cell corner (CC), compound middle lamella (CML),
the primary wall (PW), and the layers of secondary wall (SW).

Figure 1. Testing points on different cell wall layers from inside to outside of the outer fibre cluster in
the vascular bundle (four-year-old bamboo, the outer part of bamboo, Méule reaction (Bar = 20 um)).
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Figure 2. Testing points on different micro-morphological regions of fibre wall in lignin content
test—four-year-old, the outer part of bamboo, Wiesner reaction (Bar = 5 um). CML, cell middle
lamella; PW, primary wall; SW, secondary wall; CL, cell lumen.

3. Results and Discussion
3.1. Histochemical Staining of the Cell Walls and Determination of Lignin Components

In histochemical staining, chemicals mainly reacted with syringyl lignin of cell wall in
Maule reaction. Then, the cell walls of dicotyledon wood fibres are stained into amaranth,
but the cell walls of gymnosperm wood fibres are stained brown [22]. The Wiesner reaction
has universal applicability to guaiacyl and syringyl lignin, which cell walls were stained
into red in Wiesner reaction. In this study, fibres of Phyllostachys pubescens displayed light
brown to dark brown in Médule reaction, and pink or red in Wiesner reaction.

The layering of fibre generally alternate thick and thin layers with different fibrillar
orientation [22]. To find out whether there is the difference of lignin content between
thin layer and thick layer of the secondary wall, as an illustration, the secondary wall of
four-year-old fibre in Wiesner reaction was divided into two micro-morphological regions
for research, which were marked as B (the thin layer of the secondary wall) and H (the
thick layer of the secondary wall). The detailed measurements were detected on micro-
morphological regions of double cell walls between two fibre lumen. From one side to the
other side, visible-light absorption value was measured gradually on B, PW, CML, PW and
H in turn (Figure 2, four-year-old fibre in Méaule reaction). Due to the temporary nature of
the colour reactions, all of the measurements were performed within 10 min. Then visible-
light absorption spectra taken were averaged to give the mean spectrum, from which the
mean absorbance at each developmental stage of the secondary wall was obtained.

Figures 3 and 4 showed the color reactions of fibre cell walls in Méule and Wiesner
reactions. Since the fibers in the vascular bundle of bamboo over one-year-old are extremely
tough, when sliced with sliding microtome, the quality of slicing is not high, and the fiber
cell wall is particularly easy to crack. The high strength and toughness of fibers often causes
the edge of slicing blade to crack. The damage rate of slices increased with the increase
of bamboo age. Cell wall of 12-day-old fibre did not show characteristic colours in both
reactions (Figure 3A-C, Figure 4A—C). Cell wall of 17-day-old fibre showed back-brown
in Méule reaction (Figure 3D-F), especially in the fibres near the centre of the vascular
bundle, according to the mature degree of fibre cell wall. However, cell wall of 17-day-old
fibre in Weisner reaction showed pink colour on the area near the centre of the vascular
bundle, indicating that fibre began lignification 17 days from shooting. Both one-year-old
and four-year-old fibre showed brown in Méule reaction (Figure 3G-I), and reddish pink
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in Wiesner reaction (Figure 4G-I), wherever in the green or yellow part of bamboo. This
reflected the different developmental progress and distribution of guaiacyl and syringyl
lignin. The positive reactions with Maule and Weisner reagents demonstrated that both the
guaiacyl (G) and syringyl (S) units were the components of fibre lignin. This accords with
the general view which angiosperm plants contained abundant G and S units in lignin.
Lybeer and Koch [23] found that the lignin of fibre in Gigantochloa levis and Phyllostachys
viridiglaucescens (Carr.) Riv. & Riv. culms had G, S and p-hydroxyphenypropane (H)
units. That was the three diferent phenyl propane monomers: coniferyl alcohol, syringyl
alcohol, and coumaryl alcohol precursors. In softwoods, coniferyl alcohol is higher. In
hardwoods, syringyl alcohol is abundant, and in crops and grasses, coumaryl alcohol
is dominant [5,24,25]. The different proportions of these three monomers determine the
important biological characteristics of plants, such as different rigidity and stiffness charac-
teristics, water absorption, antifungal and insecticidal characteristics. Although there exists
a little H lignin in monocotyledon plants, it has still no effective histochemical method for
its detection and visual microscopic observation.

4years fi ol B
The green part of bamboo
Figure 3. Fibre staining in Maule reaction. Bar = 100 um. (A) 12-day-old, the green part of bamboo;
(B) 12-day-old, the middle part of bamboo, (C) 12-day-old, the yellow part of bamboo; (D) 17-day-old,
the green part of bamboo; (E). 17-day-old, the middle part of bamboo, (F). 17-day-old, the yellow part
of bamboo; (G). 1-year-old, the green part of bamboo; (H). 1-year-old, the middle part of bamboo;
(I). 1-year-old, the middle part of bamboo; (J). 4-year-old, the green part of bamboo; (K). 4-year-old,
the middle part of bamboo; (L). 4-year-old, the yellow part of bamboo.
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Figure 4. Fibre staining in Weisner reaction. Bar = 100 um. (A) 12-day-old, the green part of bamboo;
(B) 12-day-old, the middle part of bamboo, (C) 12-day-old, the yellow part of bamboo; (D) 17-day-old,
the green part of bamboo; (E). 17-day-old, the middle part of bamboo, (F). 17-day-old, the yellow part
of bamboo; (G). 1-year-old, the green part of bamboo; (H). 1-year-old, the middle part of bamboo;
(I). 1-year-old, the middle part of bamboo; (J). 4-year-old, the green part of bamboo; (K). 4-year-old,
the middle part of bamboo; (L). 4-year-old, the yellow part of bamboo.

3.2. Visible-Light Absorption Spectra

Visible light absorption spectra varied remarkably with culm age. Figure 5A,B showed
the visible-light spectra taken on the thickest layer of fibre in different ages after Mdule and
Weisner reactions. The spectrum exhibited respectively the absorption peak, summarized
in Table 1. From 12 days to 4 years, absorption spectrum revealed clear peaks at 500 nm
and 510 nm in the Maule reaction. Absorption maxima of the 12-day-old fibre, 17-day-old
fibre, and 4-year-old fibre were at 515 nm, 505 nm, and 520 nm, respectively, in the Weisner
reactions. However, the spectra of four-year-old fibre had an unclear shoulder. Most of
the absorption values were near the upper limit of the reference range, except a little peak
at 500 nm. So, 500 nm was selected (arrowed in Figure 5B) for the detection of four-year-
old fibre. Then, the absorption values on different micro-regions of fibre cell wall were
measured at corresponding absorption spectra peak value.
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Figure 5. Visible-light absorption spectra for Maule (A) and Wiesner (B) reactions of fibre in different
ages. 12d, 12-day-old; 17d, 17-day-old; 1y, 1-year-old; 4y, 4-year-old.

Table 1. Absorption peaks with Maule and Wiesner reactions of fibre.

Absorption Peak of Spectra (nm)

Type of
Reaction 12-Day-Old 17-Day-Old 1-Year-Old 4-Year-Old
Maiule reaction 500 500 510 510
Wiesner reaction 515 505 500 520

3.3. Variation of Lignin Content of SW and CC in Different Ages

For SW, the absorbance values were very low in both of Médule and Wiesner reac-
tions, when fibre was 12-day-old (Figure 6A,B). This was consistent with the results of
Figures 3 and 4, and indicated that fibre was in the swelling stage. It was the beginning
of fibre lignification. When the fibre was 17-day-old, the curve showed the absorbance
value of SW ascended to the top, before descending in the Méule reaction. Since the Médule
reaction was the characteristic reaction to distinguish syringyl lignin [26], the content of
syringyl lignin was the most abundance in SW of 17-day-old fibre and gradually decreased
when growth was occurring (Figure 6A). The value was nearly equaled to the level of
shooting age when fibre was four years old. In the Wiesner reaction, the content of lignin
in SW increased at one period, and reached the absorption maximum at one year before
decreasing gradually (Figure 6B). Since both guaiacyl and syringyl lignin react with Wies-
ner reagents, the absorbance value indicates the both lignin units from the stain colour by
means of visible-light microspectrophotometry. It was found that the content of guaiacyl
lignin increased from 17-day-old to 1-year-old. Comparing the results of Wiesner and
Maéule reaction, it was concluded that guaiacyl lignin was increasing when syringyl lignin
was decreasing. The content of both guaiacyl and syringyl lignin decreased a little after
one year.

For cell corner, the variation trends of lignin components were generally similar to
those of secondary wall in different ages. The difference was that the content of syringyl
lignin on cell corner was always higher than that on secondary wall in the middle and
yellow parts of bamboo culms in Méule reaction (Figure 6C) when fibre was four years
old. So, the rapid decreasing of guaiacyl lignin must be the reason that both content of
lignin units decreased in the middle and yellow parts of bamboo culm from one-year-old
to four-year-old samples in contrast with the results of Wiesner reaction.
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Figure 6. Change curve of absorbance of Maule and Wiesner reaction in fibre secondary wall and cell
corner during lignification process—(A) Secondary wall, Maule reaction; (B) secondary wall, Wiesner
reaction; (C): cell corner, Méule reaction; (D): cell corner, Wiesner reaction.

In the initial period of lignification, the lignin content of fibre cell wall was low.
However, it enhanced rapidly following cell development and fibre became one cell type
containing the highest concentration of lignin. It owed to different functions of cells
during bamboo growth process. As mechanical supporting tissue, fibre cells deposited
lignin rapidly in order to improve the mechanics property and the resistance to outside
attacks. This is consistent with the literature “the difference of lignin components reflects
the difference of cell functions” [10]. In particular, the variation in the modulus was
mainly due to the variation in the cell wall lignification level and its composition [12]. The
observed difference in the modulus of elasticity between developing and fully lignified cell
walls is due to the filling of the spaces with lignin and an increase in the packing density
of the cell wall during lignification [27]. In addition, the results of lignin heterogeneity
researched in Quercus mongolica latewood indicated that guaiacyl lignin was abundant in
fibre secondary wall during the initial period of lignification [28]. However, the content
and proportion of syringyl lignin would increase gradually with the development of
lignification. Syringyl lignin would become the main unit in bamboo culm. Fukushima
and Terashima [29] studied the lignin components of sugarcane and rice by means of UV
microspectrophotometry. They suggested guaiacyl lignin is the main body in secondary
wall of protoxylem vessel. In this study, syringyl lignin was abundant in fibre secondary
wall of Phyllostachys pubescens during the initial stage of lignification, but decreased in the
middle and last stages of lignification, accompanying with the increasing of guaiacyl lignin.
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These results are different from the research results of Quercus mongolica, sugarcane and
rice. This may be due to the difference of plant genus.

3.4. Variation of Lignin Content of SW and CC in Different Radial Location

The results of Méule reaction showed that syringyl lignin of SW deposited more in
the green and yellow parts of bamboo culm than in the middle part of bamboo culm when
fibre was 17 day sold. The sequence of lignin content was the green part, yellow part and
middle part of bamboo culm. However, syringyl lignin of SW deposited more in the middle
part of bamboo culm than in the other part of bamboo culm, when the fibre was twelve
days old, one year old or four year sold. The sequence of lignin content was the middle
part, yellow part and green part of bamboo culm. The results of Wiesner reaction indicated
that the whole lignin of syringyl and guaiacyl units was the most abundant in yellow part
of bamboo culm, and the lesser abundant in green part of bamboo culm, when fibre was
12-day-old. While it varied to the most abundant in the green part of bamboo culm, and
the lesser abundant in the middle part of bamboo culm, when fibre was after 12-day-old.

There was some difference of lignin content on CC with SW of fibre. When fibre was
12-day-old and 4-year-old, the sequence of syringyl lignin content on CC was the middle
part, yellow part and green part of bamboo culm. But when fibre was 17-day-old and
1-year-old, the sequence of syringyl lignin content on CC was the green part, middle part
and yellow part of bamboo culm. For the whole lignin of syringyl and guaiacyl units on CC,
it was the totally same with the distribution of lignin on SW from 12-day-old to 4-year-old.

In different development period of Phyllostachys pubescens, the lignification progress of
SW and CC experienced from the green part of bamboo culm to the yellow part of bamboo
culm from 17-day-old to 4-year-old samples, except it varied greatly on radial location
when the fibre was 12 days old. In the middle and last period of fibre lignification, the
lignification progress and degree were similar to each other on radial location. These results
supported the conclusion which the lignification of fibre and parenchyma cell developed
from the outside to inside of bamboo culm of Phyllostachys pubescens [13].

Along the radius bamboo culm the modulus, hardness and carbohydrates concentra-
tion also had a gradient trend [30]. The change trend of elastic modulus and hardness was
positive correlation with lignin content, and the carbohydrate concentration was negative
correlation with lignin content [12]. This is the relationship between the lignin distribution
in micro-morphological regions and the macro properties of bamboo.

3.5. Variation of Lignin Content of Different Cell Wall Micro-Morphological Regions

As shown in Figure 7A,B, the absorbance value showed syringyl lignin distribution
on different micro-morphological regions of fibre cell wall in Méule reaction when the
fibre was four years old. The curve and histogram of absorbance showed the syringyl
lignin content of CML was the most abundant, the syringyl lignin content of PW was the
secondary, and the syringyl lignin content of SW was the least. Furthermore, the syringyl
lignin content of thin layer of SW was always higher than that of thick layer of SW. Both
single molecule lignin content of primary wall is higher than the secondary cell wall.

Figure 7C,D showed the both syringyl and guaiacyl lignin units distribution on dif-
ferent micro-morphological regions of fibre cell wall in Wiesner reaction when the fibre
was four years old. As shown in the curve and histogram of absorbance, the trend of both
syringyl and guaiacyl lignin distribution on different micro-morphological regions were
similar to that of syringyl lignin distribution. The lignin content between two adjacent cells
was the highest, followed by the cell lumen and, finally, the cell wall. It could be judged
that the lignin monomer in the cell wall may come from the protoplast existing in the cell
lumen, and the lignin monomer substances can permeate and flow between cells.
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cell lumen.

4. Conclusions

As one of the main components of the cell wall, lignin is distributed everywhere on
different micro-morphological regions in the developmental fibre of Phyllostachys pubescens.
Lignification develops by aging. Guaiacyl lignin units and syringyl lignin units can be
found in the cell wall of the fibre, parenchyma, and vessel. The difference in lignin content
among different ages, different radial location, and different micro-morphological regions
of the cell wall was observed in this paper. The fibre walls were rich in guaiacyl lignin
in the early stage of lignification, and lignin rich in syringyl units were deposited in the
later stage. The guaiacyl and syringyl lignin deposition of bamboo green was earlier
than that of the middle part of bamboo culm, and that of the middle part of bamboo
culm was earlier than that of bamboo yellow. The multilayer of the fibre secondary cell
wall has alternating thick and thin layers, while both single molecule lignin content of
thin layer is higher than that of thick layers and the primary wall is higher than the
secondary cell wall. This also shows that the rules of lignin deposition is consistent with
the rules of cell wall formation. It is considered that lignin plays an important role in cell
wall formation and cell wall mechanical properties. Lignin is related to the physical and
mechanical properties of bamboo. Therefore, the study of the distribution and change
of lignin in bamboo development is conducive to the mastery and prediction of various
properties in the bamboo development, and has guiding significance for bamboo and lignin
industrial utilization.
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