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Abstract: Passivated-carbon quantum dots (P-CQDs) have been attracting great interest as an an-
timicrobial therapy tool due to their bright fluorescence, lack of toxicity, eco-friendly nature, simple
synthetic schemes, and possession of photocatalytic functions comparable to those present in tra-
ditional nanometric semiconductors. Besides synthetic precursors, CQDs can be synthesized from
a plethora of natural resources including microcrystalline cellulose (MCC) and nanocrystalline cel-
lulose (NCC). Converting MCC into NCC is performed chemically via the top-down route, while
synthesizing CODs from NCC can be performed via the bottom-up route. Due to the good sur-
face charge status with the NCC precursor, we focused in this review on synthesizing CQDs from
nanocelluloses (MCC and NCC) since they could become a potential source for fabricating carbon
quantum dots that are affected by pyrolysis temperature. There are several P-CQDs synthesized
with a wide spectrum of featured properties, namely functionalized carbon quantum dots (F-CQDs)
and passivated carbon quantum dots (P-CQDs). There are two different important P-CQDs, namely
2,2'-ethylenedioxy-bis-ethylamine (EDA-CQDs) and 3-ethoxypropylamine (EPA-CQDs), that have
achieved desirable results in the antiviral therapy field. Since NoV is the most common dangerous
cause of nonbacterial, acute gastroenteritis outbreaks worldwide, this review deals with NoV in
detail. The surficial charge status (SCS) of the P-CQDs plays an important role in their interactions
with NoVs. The EDA-CQDs were found to be more effective than EPA-CQDs in inhibiting the NoV
binding. This difference may be attributed to their SCS as well as the virus surface. EDA-CQDs
with surficial terminal amino (-NH,) groups are positively charged at physiological pH (-NH>*),
whereas EPA-CQDs with surficial terminal methyl groups (-CHj3) are not charged. Since the NoV
particles are negatively charged, they are attracted to the positively charged EDA-CQDs, resulting
in enhancing the P-CQDs concentration around the virus particles. The carbon nanotubes (CNTs)
were found to be comparable to the P-CQDs in the non-specific binding with NoV capsid proteins,
through complementary charges, -7 stacking, and /or hydrophobic interactions.

Keywords: microcrystalline cellulose; nanocrystalline cellulose; carbon quantum dots; functionalization;
passivation; antiviral therapy; norovirus
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1. Introduction
1.1. Nanocelluloses (NCs)

The most prevalent renewable organic substance on Earth is cellulose [1-4]. It can be
extracted from plants, algae, and bacteria. Higher plants have primary and secondary cell
walls that are made up of cellulose, hemicelluloses, lignin, and pectin. The distinctions
between primary and secondary cell walls in terms of chemical make-up and structure are
what give rise to the plant kingdom’s variety [1].

Several distinct types of nanoscale cellulosic fillers are possible due to the hierarchical
and multilevel structure of cellulose. In addition to its nanocrystalline forms, cellulose also
exists in an amorphous state that is randomly arranged in a spaghetti-like configuration,
giving it a lower density. On the other hand, because they are vulnerable to intense acid
attack, amorphous parts can be eliminated while leaving crystalline regions intact under
certain circumstances [1,3,5].

As shown in Figure 1, the anatomical structure of a typical wood tissue is clear
(Figure 1a), besides showing some macerated fibers (MFs), as presented at Figure 1b, which
are the famous natural resource of the cellulose precursor for the MCCs and NCCs products.
Furthermore, cellulosic microfibrils are confirmed to be a consequence of crystalline and
amorphous regions.

Cellulose-rich sources such as wood contain amorphous regions (Figure 1c) of cel-
lulosic microfibrils that are degraded by acid hydrolysis to produce highly crystalline
nanoparticles. Self-organization into a chiral nematic (cholesteric) liquid crystal phase with
a helical configuration is a remarkable feature of NCCs. With the help of this remarkable
property, dried NCC film can be utilized for security documents, mirrorless lasing, and
liquid crystal displays (LCDs and LEDs). Size, dimensions, and other NCCs’ geometrical
properties are also influenced by the composition of the cellulose precursors [2-11].

The amorphous regions are less dense than the crystalline domains and are constructed
in a random manner like a spaghetti pattern (Figure 1c). As a result, the crystalline
regions may remain unharmed while the amorphous regions are vulnerable to acid attack.
Depending on their precursors, the majority of cellulosic materials contain crystalline
and amorphous areas in varying proportions. The way that the cellulose molecules are
organized has a significant impact on the physicochemical characteristics of the material.
The majority of chemical reagents can only enter amorphous regions and can interact with
crystallite surfaces [3,5] to create MCC and/or NCCs (Figure 1d-k).

The MCC is a partially hydrolyzed cellulose [2,4]. It can be obtained industrially from
wood or lignocellulosic residues including linters, flosses, stalks, straw, rags, or shells of
agricultural crops. The MCC is favorable in pharmaceutical, food, and cosmetic industries
due to its high content of crystalline domains of the cellulosic microfibrils [2]. The MCC is
one of the most important tableting excipients due to its outstanding dry binding properties
of tablets for direct compression.

The nanometer range encompasses sizes larger than a few atoms and smaller than
the visible light spectrum [4,11]. Due to their distinct mechanical characteristics, chirality,
sustainability, and accessibility, colloidal NCCs rods with high aspect ratio (100250 in length
and 4-10 nm in width) have gained significant popularity in international markets [3,5,11].

[lustrating the large scale of the NCCs noticed in Figure 1, it is arisen from a so-called
novel crystallographic phenomenon termed as crystal growth (Figure 1a—j). When NCC
particles are approaching each other in an acidic aqueous atmosphere at a relatively warm
temperature condition, they are susceptible to agglomerating electrostatically up to mi-
croscale particles, termed as pseudo-microcrystalline cellulose (PMCCs), which differ from
ordinary MCCs in terms of their origin. For more illustration, the PMCC is agglomerated
directly from NCC upon its crystal growth, while the ordinary MCCs are ingrained directly
from cellulosic microfibrils harvested from plant’s cell wall. Despite both PMCCs and
MCCs being situated within the microscale zone, they differ in their internal construction,
especially crystallographic properties, namely crystallinity index (CI), crystallite size (CS),
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and lattice spacing (LS). It is worth mentioning that the NCCs have higher CI and CS, and
lower LS than the MCCs, as examined by XRD.
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Figure 1. Formation of sulphated nanocrystalline cellulose (SNCCs): (a) SEM micrograph of anatomi-
cal structure of a typical wood tissue. (b) An optical image of macerated fibers. (c) The crystalline
and amorphous domains within a microfibril. (d) SNCCs crystallite grafted by sulphated groups.
(e) A monomeric molecule of SNCC. (f) TEM micrographs of SNCCs colony, and (g) Close-up
image the SNCCs colony. (h) SEM micrographs of spreading and converging of the SCMCs.
(i) A single colony with wider particles due to agglomeration. (j) SCMCs aggregation of single
and multiball-shaped microcrystalline cellulose (SMCCs). (k) Desulphated cellobiose unit.

For the sulphate groups (Figure le), grafted as a result of the acid hydrolysis of
cellulosic microfibrils or MCC using sulfuric acid, we think that these functional groups
may play an essential role in the agglomeration (upon crystal growth) and dissociation
of micrometric particles (upon ingraining the NCCs from MCCs). Before synthesizing
the CQDs from the SNCCs, they are desulphated using sodium hydroxide, as is seen in
Figure 1k [12].
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The nature of the cellulose precursors as well as the hydrolysis circumstances, such as
duration, temperature, ultrasound treatment, and material purity, affect the geometrical
properties of the NCCs, such as size, dimensions, and form [13-15]. The rod-like struc-
ture of the charged NCCs creates an anisotropic liquid crystalline phase above a critical
concentration [4].

For the medicinal applications of the NCs, cellulose nanocrystals have the potential
to be cutting-edge nanomaterials, according to Marpongahtun, et al. [11]. Due to their
exceptional qualities, including good mechanical capabilities, low density, and an inherent
renewable nature, nanocelluloses have gained a lot of attention in recent years [7]. These
qualities make them ideal candidates for use as reinforcing nanofillers for various polymers.
Additionally, CNCs have a number of benefits as starting materials for the creation of
carbon structures, including a high fixed carbon content, low cost, and the exceptional
ability to assemble into various morphologies (such as single nanoparticles, films, filaments,
or aggregates). Then, specific carbon structures can be created by thermally decomposing
these various CNC assemblies [16-21].

1.2. CQDs

The CQDs are small carbon nanoparticles (less than 10 nm in size) with some form of
surficial passivation [22-24]. They possess the following properties: brightly fluorescent,
non-toxic, ecofriendly, made with simple synthetic techniques, and have photocatalytic
skills comparable to those of nanoscale semiconductors [11,25-27]. They have also attracted
a lot of attention because of their stable photoluminescence properties, wide ranges of
excitation and emission spectra, excellent biocompatibility, and little cytotoxicity effects on
biological components. C-Dots are crucial in a number of applications [11]. The chemical
modification of CQDs by adding organic molecules to their surfaces has created a novel
class of materials with unique characteristics [23,28]. Valuable applications cover chemical
and biological sensing, bioimaging, nanomedicine, photocatalysis, and electrocatalysis [25].
Among their unique properties is also their photo-catalytic antimicrobial function [27,29].
The CQDs with visible light illumination were found to be highly effective in inhibiting
Escherichia coli cells, which can be attributed to their photodynamic effect [30].

1.3. P-CQDs

The surface modification of CQDs is an important target for selective application such
as bioimaging and can be performed by either passivation (Figure 2a—d) or functionaliza-
tion (Figure 2e) processes. The passivation process is the infliction of an outer layer of a
shield material over a core material via a chemical reaction. This process is performed
by constructing a core-shell model combined from passivation agents (such as EDA and
EPA) that surround the hard fluorescent core of the CQDs and improve fluorescence emis-
sions [31]. The process of surface functionalization (Figure 2e) involves adding functional
groups to the surface, such as carboxyl, carbonyl, and amine groups, which can act as
surface energy traps and change the fluorescence emission of CQDs. Surface chemistry or
interactions such as coordination, interactions, covalent bonding, etc., can result in surface
functionalization. The oxygenous characteristic of carbon quantum dots makes covalent
bonding with functionalizing chemicals possible.

Functionalized carbon quantum dots have superior photoreversibility, high stability,
strong biocompatibility, and minimal toxicity when compared to naked carbon quantum
dots. Occasionally, a small number of molecules can serve as both passivating and function-
alizing agents, requiring no extra post-synthesis modifications [29,32,33]. To compete with
their rivals, such as organic dye molecules and inorganic semiconductor quantum dots,
carbon quantum dots must have a high emission quantum yield. In addition to surface
passivation and functionalization, one can use the heteroatom and nitrogen doping of
carbon quantum dots to increase the quantum yield by up to 83%.
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Figure 2. Schematic construction of surface modification of carbon quantum dots (CQDs): a surface
passivation. (a) The spherical core and the thin layer shell of CQDs, (b) chemical structure of
2,2'-ethylenedioxy-bis-ethylamine (EDA) and 3-thoxypropylamine (EPA) which will be grafted on
the CQD surface, (c) passivated CQDs, where MW is molecular weight of the surface molecule, TG is
the terminal group of the surface molecule, FGY is fluorescence quantum yield, and PS is particle size.
(d) 3D-ilustration schematic model for the grafted EDA and EPA, and (e) surface functionalization.

1.4. Applications of CQDs
1.4.1. Industrial Field

CQDs have numerous applications in industrial fields [34] due to their enormous
surface area, high electric conductivity, and quick electric charge transfer, as well as high
physiochemical properties including crystallization, dispersibility in different liquids, and
photoluminescence. In particular, the small size, superconductivity, and rapid electron
transfer of CQDs endow the CQDs-based composites with improved electric conductivity
and catalytic activity. In addition, CQDs have huge surficial functional groups that could
facilitate the preparation of electrical active catalysts, which plays an important role in
electrochemistry due to promoting charge transfer within and/or between molecules of
these composites. By adjusting the size, shape, surface functional groups, and heteroatom
doping of CQDs, it is possible to tailor their distinctive electrical and chemical structures.
Rich organic groups that have been grafted onto the surface of CQDs make it possible
for water molecules to easily adsorb there while also providing active coordinating sites
for metal ions to produce CQD hybridized catalysts. The engineering of the electronic
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structures of the nearby carbon atoms within CQDs is greatly aided by the heteroatoms
(such as N, S, and P) doped in CQDs [35].

Moreover, CQDs have been utilized to fabricate thin-film composite membranes
for forward osmosis derived from oil palm biomass into polysulfone, which increased
water flux and improved antibacterial performance [36] and nanofiller [37], packaging
sheets [38,39], and lubricant additives [40].

Furthermore, there are many applications of CQDs in the field of electrocatalysis such
as the reduction and/or evolution of oxygen, hydrogen, or CO,, as well as bifunctional
catalysts, drug delivery, bioimaging, biosensing, optronic, solar cells, light-emitting diodes
(LEDs), and fingerprint recovery [35].

1.4.2. Medicinal Field

The CQDs were reported to have medicinal therapeutic effects [15,16,24,40-55]. It was
indicated that all these biomass-derived CQDs contain the nitrogen element, which might
be from the proteins, amino acids, and nucleic acids in the biomass [34]. Furthermore, metal-
containing CQDs (Figure 3) are divided into four types that can be used as antimicrobial
agents: metal ion-doped CQDs, metal nanoparticle-decorated CQDs, CD/metal oxide
nanocomposites, and CQD/metal sulfide nanocomposites [34]. For photoresponsive CQD,
photosensitive agents (photosensitizers) are sensitized by light in the presence of oxygen to
generate ROS, such as free radicals and singlet oxygen [56,57]

] Antimicrobial CQDs \

v
4 v

' Biomedical applications ‘ ‘ Industrial applications ‘

' Antibiotic-conjugated CQDs

v v y

‘ Nitrogen-dopped CQDs H Metal-containing CQDs H Photoresponsive CQDs ‘

Metal  nanoparticle-decorated ‘

CD/metal oxide nanocomposites ‘

CD/metal sulfide nanocomposites ‘

Figure 3. Scheme illustrating the different types of antimicrobial CQDs for biomedical and
industrial applications.

Bacterial Field

Several mechanisms were proposed to illustrate the effects of CQDs on typical bacterial
cells [38,41,58-62]. The antimicrobial CQDs have been leveraged for coating the surface of
orthopedic implant materials [58].

Positively charged CQDs (p-CQDs) effectively combat multidrug resistant (MDR)
bacteria and can prevent the formation of biofilms, whereas n-CQDs significantly enhanced
bone regeneration [41].

Incorporating water-dispersible and photoluminescent CQDs into bacterial nanocellu-
lose (BNC) film was found to have protective activities against microbes, oxidants, and ul-
traviolet, making it suitable for food packaging [38]. The behavior of this biocomposite can
be revealed by the hydrogen bonding interaction between CQDs and the surficial carboxyl,
hydroxyl, and carbonyl groups of BNC, leading to the formation of the CQD-BNC film.

Bacterial biofilm (BB) is a key issue in the medical industry. The BBs were found to be
colonized and to damage a wide range of medical implants and devices [59].
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In addition, biofilms have major efficacy in many industries including oil, gas, and
water production [60] due to causing metal corrosion in engineered systems.

In the complex process of biofilm formation, microorganisms grow and attach to
surfaces in an irreversible manner. They also secrete extracellular polymeric substances
(EPS) that help the formation of an extracellular matrix (ECM) and alter the phenotype of
the organisms in terms of growth rate and gene transcription [61].

Although numerous conventional antimicrobial treatments have been employed to
stop the development of mature biofilms or to remove them, these agents frequently require
high dosages and are toxic, which poses serious risks to ecological and environmental
systems as well as public health. Recent research on the newly created CQDs has had a
substantial impact on efforts aimed at both prevention and eradication [11].

There are three general mechanisms illustrating the effects of CQDs on bacterial cells,
namely electrostatic interaction, the disruption of the cytoplasm in which the internalization
and intercalation occur in the bacterial membrane of the cytoplasm as a result of the charge
alteration on the cell surface, and photodynamic inactivation with reactive oxygen species
(ROS) production and DNA damage [62].

Viral Field

The semiconductor quantum dots can be used in labeling enveloped viruses for single
virus trafficking [63]. Due to the importance of human noroviruses (NoVs), this review was
focused on novel technical therapy using CQDs. NoVs are known for acute gastroenteritis
outbreaks [64-66]. Great considerations were directed towards chemical and physical
disinfection methods of human pathogens, especially norovirus (NoV) known as virus-like
particles (VLPs) GI.1 and GIL.4 [67,68]. This is due to the fact that there are currently no
licensed vaccines or therapeutics for the prevention or treatment of human noroviruses.
Moreover, a lack of well-defined infection models for such viruses, either in vitro or in vivo,
has limited the development of their countermeasures [69]. Finally, these viruses are known
for their resistance against traditional sanitizers and disinfectants [70]. However, most of
these methods have been used for antibacterial applications and have been extended to be
antiviral agents.

In the last couple of years, the use of nanoparticles as an antiviral strategy has gained
much attention [14,15], which includes, but is not limited to, silver nanoparticles [71], gold-
copper core-shell [72], TiO, coupled with the illumination of low-pressure UV light [73],
and passivated-carbon quantum dots (P-CQDs) which should be pithily considered [74].

A group of viruses known as NoVs (family: Calicivirdae) is distinguished by their
single-stranded RNA and lack of an envelope. They consist of six genogroups (GI-GIV),
which can be further divided into various genetic genotypes based on the sequencing of
their capsids [64]. Examples of these are GI, which has nine genotypes, and GII, which has
22 genotypes [64]. It is worth mentioning that human infection is caused by the genogroups
GI, GII, and GIV [75].

Gastroenteritis is a common cause of morbidity and mortality among all ages of
individuals, and it results from a large variety of bacteria, parasites, and viruses [66].
Serovar is a distinct variation that may occur within a species of bacteria, virus, or immune
cells, which can be used for classifying them according to their cell surface antigens.

It was reported by Patel et al. [66] that developing protocols for direct serovar pur-
poses will be an important area of studying NoVs due to these viruses having not yet
been cultivated. Expressed VLPs from different NoV strains were found to be useful as
immunogens to produce hyperimmune animal sera, and as antigens to assess serum anti-
body responses to infection. Identifying a cellular NoV receptor and researching potential
host—cell interactions have both been performed using VLPs. Human histo-blood group
antigens (HBGAs) have been shown to function as NoV infection receptors.

It is known that histo-blood group antigens (HBGAs) determine the host’s susceptibil-
ity to NoV infection. Protection from viral infection is provided by antibodies that prevent
NoVs-HBGAs binding [76]. The NoVs engage in strain-specific infection interactions with
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HBGAs in intestinal tissues as receptors or attachment factors [77,78]. It is important to
note that HBGAs are terminal assemblies of glycan chains that are complex and highly
polymorphic carbohydrates. They mostly consist of the ABO, secretor, and Lewis groups.
Moreover, HBGAs are widely distributed on the mucosal epithelia of the gastrointestinal
tract, where they serve as anchors for NoVs to begin infection [79]. According to earlier
research, intestinal bacteria that express HBGA or synthetic HBGAs may promote NoV
infection in B cells [80].

2. Material and Methods
2.1. Synthesis of CQDs

For the synthesis of the CQDs, their precursor differs according to the synthesis route
(Figure 4), either a top-down [25] or bottom-up route [81], and whether natural materials
(Tables S1 and S2), especially nanocelluloses (MCC and NCC), are used, as shown in
Table S2, or synthetic based precursors (Table S3). As shown in Figure 4, the ‘top-down’
synthetic route breaks down larger carbon assemblies such as graphite, carbon nanotubes,
nano-diamonds, or carbon nano-powders [25] into CQDs below 10 nm. On the other hand,
the ‘bottom-up’ synthetic route is a building process that begins from small precursors such
as glucose, carbohydrates, citric acid, and polymer-silica nanocomposites [81].

Top-down <— CQDs’ synthesis routes —  Bottom-Up

Precursors in micro-, nanoometric scale, i.e. Precursors in angstromic scale, i.e.
MCC, NCC, graphite, carbon nanotubes, glucose, carbohydrates, citric acid, etc.

nano-diamonds, carbon nano-powders, etc.

Microwave Synthesis ’7
Pyrolysis }—

Hydrothermal ]7
|| Electro Chemical Oxidation

Templated route | |
—[ Arc Discharge ]

—

|| Chemical Oxidation

Laser Ablation l

—{ Ultrasonic Synthesis Plasma Treatment |

—‘ Pyrolysis I

—i High-energy ball milling } ‘
Hydrothermal | |

—[ Solvothermal ]

‘[ Hydrothermal ]

Solvothermal ||

{ Reverse micelles ||

Chemical vapor deposition (CVD) |

Bulk carbonaceous materials | Small organic molecules ”

Figure 4. The synthesis routes of carbon quantum dots (CQDs).
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The “top-down’ synthetic route breaks down larger carbon structures such as graphite,
carbon nanotubes, nano-diamonds, or carbon nano-powders [25] into CQDs below 10 nm
using laser ablation [59,74], arc discharge [82], high energy ball milling [83], and electro-
chemical techniques [84]. In addition, chemical oxidation with acid reinforces quick CODs
with good characteristics [85-87].

On the other hand, the ‘bottom-up” synthetic route is a building process that begins
from small precursors such as glucose, carbohydrates, citric acid, and polymer-silica
nanocomposites [81]. There are several synthesis methods via the bottom-up route,
namely combustion/thermal/hydrothermal [88-93], plasma treatment [94], supported
synthesis [95-97], solution chemistry approaches [91,92,98-100], and the cage-opening of
fullerenes [101]. Regardless of their synthesis procedure, the resulting CQDs have different
particle sizes, and thereby require complex separation processes to obtain mono-dispersed
CQDs. Some of the explored post-synthesis separation techniques include dialysis [89],
chromatography [84,102], gel electrophoresis [103], and ultra-filtration [104].

Synthesis of CQDs from Natural Resources

CQDs can be ingrained from plethora of macro-natural resources, as shown in
Table S1 [11,16,105-140], as well as mnano-natural resources of MCC and NCC
(Tables S1 and S2) [3,6-9,141-174]. It was reported by Marpongahtun, et al. [11] that
due to the fragmentation of the cellulose structure into tiny bits that carbonize to produce
the CDs, CQDs were probably created during the thermal decomposition of the NCCs.
Through a straightforward thermal pyrolysis method without any surface passivation,
this work has successfully demonstrated the conversion of cellulose nanocrystals from oil
palm empty fruit into fluorescing CQDs. The materials produced by pyrolysis at various
temperatures exhibit various fluorescence and morphological characteristics.

Through a straightforward thermal pyrolysis method without any surface passivation,
this work has successfully demonstrated the conversion of cellulose nanocrystals from oil
palm empty fruit into fluorescing CQDs. The materials produced by pyrolysis at various
temperatures exhibit various fluorescence and morphological characteristics.

Synthesis of Microcrystalline Cellulose (MCC)

The MCC can be synthesized by different processes such as reactive extrusion, enzyme
mediated, steam explosion, and acid hydrolysis. The latter process is performed using min-
eral acids such as H,SO4, HCI, and HBr as well as ionic liquids (Table S2) in order to dissolve
the amorphous regions, and, subsequently, the remaining the crystalline domains [6-9].
The degree of polymerization (DP) of the MCC is typically less than 400, while that for
NCC is more than 400 extending to several thousands of (1—4)-f3-d-glucopyranose units.

After synthesizing MCC (Figure 5), CQDs were ingrained from MCC (Figure 6) and
prepared under hydrothermal conditions [16].
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Step 1. Wood delignification to eliminate all polymers other than alpha cellulose

Step 2. Maceration of wood tissue into cellulosic fibers

Step 3. Macro-partition of cell wall of fiber into two domains (amorphous and crystalline)

Step 4. Dissolving of amorphous regions with the dominant of the crystalline regions (MCC, NCC).

Step 5. Nano- partition of crystalline domains into SNCC’ s monomeric molecule

Step 6. Angstromic partition of SNCC’ s monomeric molecule into CQDs

Figure 5. Schematic representation of deriving CQDs from macro-, nano-, and angstrom-structured
cellulosic tissues.

MCC Powder (PH-101, 50 um- particle)

Dispersion in deionized water (10-30 g/L)

Ingraining of CQDs (10 /L) NaOH
from MCC

Magnetic stirring for 2 h at 90°C

Lignocellulosic Materials

l Delignification

a-Cellulose

n
[ Acid I hydrolysis ]

l L
Nanocrystalline cellulose

CQDs- Heating in hydrothermal autoclave
I Pyrolysi, 400°C

Nucleation at125°Cfor6 h
! J

!

CQDs-

Nucleation

[ Nucleated CQDs ]

Separating l
Centrifugation (5000 rpm/15 min)

insoluble

particles

I Ultrafiltration

Dialyses with 6-8 kD-kits

1

[ Mono-dispersed CQDs ]

I

[ Passivated quantum dots (P-CQDs) ]

Figure 6. Synthesis of CQDs from (a) MCC, and (b) NCC [11,16].
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Synthesis of Nanocrystalline Cellulose (NCC)
L. Ordinary Synthesis Methods

NCCs were synthesized by Hindi [3,5] by macerating cellulosic fibers with H,SO4, 64%
w/w at 70 °C and stirring continuously for an hour. Deionized water was used to dilute
the solution up to 20 times in order to stop the reaction. The unhydrolyzed fibers were
removed from the suspension by centrifuging it at 1500 rpm, then for 20 min at 14,000 rpm
to extract the NCCs. The precipitate was recovered, centrifuged again, and dialyzed until
neutralized against deionized water. The NCC synthesis did not undergo any sonication
exposure [3,5-10].

II.  Cryogenic Synthesis Methods

A novel procedure for synthesizing NCCs, issued in December 2018, was invented
by Hindi and Abohassan [6]. The patentability cornerstone of this patent is using liquid
nitrogen vapors and/or its liquor for cooling the resultant NCCs to force them to be agglom-
erated, and, subsequently, precipitated. This cooling technique is termed as the lyophilizing
process or cryogenic method. SEM and TEM analyses revealed that the obtained forced
precipitates are nanoscale constructions (50-100 nm), although the agglomerated particles
may reach up to several micrometers in diameter via the crystal growth phenomenon [6].

To obtain these NCCs, oven-dried MFs powder (10 g) is indirectly subjected to liquid
nitrogen vapor. Then, once the frozen concentrated sulfuric acid (98.06%) is melted, it is
allowed to saturate the lyophilized MFs powder in a ratio of 1:1 (wt/wt) by suction. A
series of successive vacuums and releasing vacuums was performed as an alternative to the
blending process to assist and accelerate the complete penetration of the acid into all interior
pores of the MF structure. The acid-saturated MFs were re-lyophilized to maintain the
synthesized crystalline particles from corrosion by the acid. Once the hydrolysis process
had finished, a mixture of cold distilled water with tiny flakes in a ratio of 1:1 wt/wt
was added to the NCCs synthesized. Then, two subsequent vacuum filtration steps were
performed immediately after the dilution of the NCCs, namely primary filtration and
secondary filtration. The primary filtration was performed using a textile (mesh), while
the secondary filtration was applied using the Gooch crucible filter [6]. The simplicity of
this patent is extended to cover the collection of the NCCs without needing to use the
centrifugation process, obtaining nutrients” NCCs via an ordinary washing process without
needing to use the dialysis process, and using simple machinery helpful for cheap mass
production of the NCCs.

II.  Removal of NCCs’ sulfate groups

Sulfate groups were hydrolytically cleaved from CNCs following established proce-
dures [12]. About 1% wt. dispersions of CNCs were treated with 1 M NaOH at 60 °C for 5 h.
Then, the reaction was quenched by a 10-fold dilution with distilled water and centrifuged
at 12,000 rpm at 4 °C for 20,121 min. Consequently, desulfated CNCs were re-dispersed
and dialyzed against distilled water for one week to remove traces of NaOH.

Converting MCC into NCC

A simple, fast, economical, and ecofriendly method was invented for producing
NCC from MCC using frozen concentrated H,SO4 and cooling with hair-shaped ice [10].
There are many benefits of using MCC as a starting material instead of cellulosic fibers
for the synthesis of NCC, such as using less of the cellulosic precursor. As it consumes
less concentrated acid, the MCC precursor can be easily handled within the synthesis
apparatus because it is a powder, compared to the fibrous cellulose, and, finally, MCC is
less susceptible to degradation by acid hydrolysis compared to other cellulosic precursors.

Other limitations of conventional NCC production processes include the requirement
for the use of expensive machinery, such as sonication baths, sonication props, centrifuges,
dryers, lyophilizers, and spray-driers or a complicated series of process steps such as
requirements for centrifugation, sonication, neutralization, dialysis, and/or subsequent
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drying of an NCC product. Consequently, there is a need for a less complicated process
that produces NCC in less time and at a lower cost.

After synthesizing NCCs, they are converted to CQDs in the manner illustrated in
Figures 5 and 6 [11,16].

2.2. Synthesis of CQDs from Synthetic Resources

Besides the possibility of synthesizing CQDs from natural resources, they can be
produced from synthetic precursors such as suitable organic acids, salts, or carbonaceous
materials, as presented in Table S3 [14,74,75,83-86,173,175-192]. Moreover, the CQDs can
be synthesized from carbon nanopowders by the top-down route using nitric acid (8 M)
under reflux for 48 h (Figure 7). After cooling the reaction liquor and centrifugation at
1000x g, the supernatant is discarded, while the precipitate is dispersed in water. The
new liquor is dialyzed and centrifuged at 1000 x g to retain the supernatant. Upon the
subsequent dehydration, nanometric CQDs can be collected and are used in the subsequent
functionalization process [15,29,32,33].

Carbon nano-powders (2g)

Nitric acid _Reﬂuxmg I
(8 M, 200 mL) -

i Coolin§ to room temperature l

Centrifugation at 1000 g l
| PreCiEitate I | Supernatant

! Dispersing in deionized water I ‘ Discarded l

!

Dialyses in a membrane tubing

(molecular weight cut-off ~ 500)

against fresh water for 48 h

|

Centrifugation at 1000 g I

Precipitate I CQDs Supernatant I
Discarded I : CQDs I

Figure 7. Synthesis of CQDs from carbon nanopowders.
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2.3. Syntheses of P-CQDs

The difference between the functionalization and passivation processes of a CQD to
produce P-CQDs is shown in Figure 2. For the passivation process, two different P-CQDs
can be synthesized, namely EDA-CQDs using 2,2'-ethylenedioxy-bis-ethylamine [15,29],
and EPA-CQDs using 3-ethoxypropylamine, as presented in Figure 2b—d [15,29,32,33].
Furthermore, the surface functionalization of CQDs can be achieved by gifting chemical
groups such as carboxyl, hydroxyl, oxygen atom, etc., to the CQDs’ surface (Figure 2e).

As shown in Figures 2 and 8, the synthesized CQDs are chemically passivated to yield
either EDA- or EPA-CQDs [40]. First, the CQDs are allowed to react with SOCl, in order
to form the acid chloride intermediates which are more active than their carboxylic group
precursors, and form amides by a reaction with the amine-terminated molecules [15].

4
IH Treated CQDs (50 mg) I IH

CQDs

Refluxing I
Thionyl chloride
SOCL 12 hrs I

‘ Remaoval of excess thionyl chloride l

120 °C-Stirring under Nz-atmosphere for 3 days I '@

2,2"-Ethylenedioxy-bis-ethylamine

3-Ethoxypropylamine

| Cooling to room temperature I Cooling to room temperature I

I Dispersion in water I Dispersion in water I

l I

Centrifugation at 20,000 g | Centrifugation at 20,000 g I

1

l
| l |

Precipitate

I EDA-CQDs Supernatant CQDs Supernatant Precipitate I

l

Discarded I Dialyses in a membrane tubing Discarded I

(molecular weight cut-off ~500)

against fresh water for 48 h

Figure 8.  Synthesis of chemically passivated-CQDs (P-CQDs): (a) EDA-CQDs, and
(b) EPA-CQDs [15,32,33].
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2.3.1. Characterization of Nanocelluloses

There are huge studies that were conducted to characterize the suitability of different
natural precursors for the synthesis of CQDs [190,191].

In order to evaluate the MCC quality, several characteristics were tested, including
particle size, density, compressibility index, angle of repose, powder porosity, hydration
swelling capacity, moisture sorption capacity, moisture content, crystallinity index, crystal-
lite size, and mechanical properties such as hardness and tensile strength. Furthermore,
thermogravimetric analysis (TGA) and differential thermal analysis (DTA) or differential
scanning calorimetry (DSC) are also important properties to evaluate the thermal behavior
of the MCC under thermal stresses.

2.3.2. Characterization of CQDs

Several techniques are used to characterize the CQDs such as nuclear magnetic reso-
nance (NMR), X-ray diffraction (XRD), transmission electron microscope (TEM), Fourier
transform infrared spectroscopy (FTIR), fluorescence spectrophotometer, ultraviolet (UV)
spectroscopy, UV—vis absorption spectra, and atomic force microscopy (AFM), as reported
by Xu et al. [192], Singh et al. [59,193], and Joo et al. [63]. Moreover, the interactions of
various polypeptides with individual carbon nanotubes (CNTs), both multiwall (MW) and
single wall (SW), were investigated by Li et al. [194] using atomic force microscopy (AFM).
The characterization procedures were performed to test for bacteria [13,61,195-197] and
viruses [15,16,24,197-209].

2.3.3. Evaluation of Viral Therapeutic Efficacy of P-CQDs

Briefly, saliva samples from healthy adult volunteers, including blood type A, B, and O,
are collected [15]. The pretreatment process is performed using phosphate-buffered saline
(PBS). The plates are blocked with Super-Block T20 (PBS) blocking buffer as shown in Figure
S5. Collected saliva samples from individuals with blood types A, B, and O are collected
and pretreated with phosphate-buffered saline (PBS). The samples are immediately boiled
for 5 min and centrifuged at 10,000 x g for 5 min. The collected supernatant is diluted to
1:2000 in PBS. For coating the plates with HBGAs, an aliquot of 50 pL saliva dilution was
used to coat 96-well plates at 4 °C overnight. Unbound saliva was removed and the wells
were rinsed three times with super-block T20 (PBS) buffer to yield a high signal-to-noise
ratio in the detection system [15]. Noticeably, a similar difference in effectiveness between
EDA-CQDs and EPA-CQDs was found in their antiviral function [27], where EDA-CQDs
were more effective than EPA-CQDs in inhibiting norovirus virus-like particles binding
to histo-blood group antigen receptors, due primarily to the difference in surface charge
status between the two CQDs.

The final solution is treated with 3,3',5,5'-tetramethylbenzidine (TMB) peroxidase
developer, and the absorbance is measured at the wavelength of 450 nm using a microplate
reader (Figure S2).

As presented at Figure S3 [15,77,79], the enzyme-linked immunosorbent assay (ELISA)
test is used to evaluate the binding capacity between the EDA-CQDs and EPA-CQDs and
human NoVs-VLPs antibody (GIL.1 or GII.4) using two standard antibodies: (1) primary
antibody, namely mAb 3901 for the strain ‘GL.1’, or mAb NS14 for the strain GIL4, and
(2) secondary antibody such as horseradish peroxidase (HRP) having 44,173.9-dalton
glycoprotein with 6 lysine residues for labeling goat anti-mouse IgG antibody [15]. It
produces a colored, fluorometric, or luminescent derivative of the labeled molecule when
incubated with a proper substrate, allowing it to be detected and quantified [194].

The sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) test
and Western blotting protocol (Figure S4) are used for evaluating the effect of EDA- and
EPA-CQDs on VLP capsid protein. Different concentrations of EDA- and EPA-CQDs (20 or
60 pg/mL) are applied to treat VLPs (GI.1 or GIL.4) [15].

On medium-binding 96-well polystyrene plates, EDA- and EPA-CQDs at various
doses ranging from 0 to 60 g/mL are employed to treat either GI.1 or GIL.4 VLPs. The
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reaction solutions are removed and the wells are twice washed with phosphate-buffered
saline (PBS) following the addition of a specific amount of PBS, agitation, and incubation
for 30 min.

For one hour, PBS-blocking buffer is used to block the wells. Each well is twice washed
with phosphate buffered saline with tween 20 (PBST) buffer after the blocking solution has
been discarded. After that, 50 aliquots of 1 g/mL anti-GI are added. To interact with the
bound GI.1 or GIL4 VLPs, 1 VLP antibody (mAb 3901) or anti-GII.4 VLP antibody (mAb
NS14) is added to each well. Each well is put into a solution containing goat anti-mouse
IgG that has been HRP-labeled before being incubated at 37 °C for 1 h. The wells are then
twice rinsed with PBST. PBST is used to wash the plates. Tetramethylbenzidine (TMB)
peroxidase is used to create the end product, and its absorbance is measured at 450 nm.

The gel containing the VLPs-treated P-CQDs (GI.1-VLP/EDA-CQDs and GI.1-VLP/EPA-
CQDs) is used for staining (Figure S5) and Western blotting (Figure S6). The gel used for
staining was previously prefixed with a 50% methanol and 7% acetic acid solution, stained
by GelCode Blue stain, and imaged using an infrared imaging system as explained.

For 30 min, 1.5 mL centrifuge tubes were continuously shaken at the setting level
of 2 at an ambient temperature. Following the CQDs treatments, 5 uL of 1 x NuPAGE
LDS sample buffer, 2 uL of 1 M DTT, and 3 pL deionized water were added to each tube.
After 10 min of incubation at 70 to 80 °C, all of the samples were placed onto 2 precast
1.0 mm x 10-well NuPAGE® 4-12% Bis-Tris gels (Life Technologies, Grand Island, NY,
USA). For each well, the loading volume was adjusted to be 10 L.

The gels were run for one hour at 200 V in 1 MOPS SDS running buffer. One gel was
used for Western blotting, and the other was used for staining. The gel for staining was
pretreated for 15 min with a solution of 50% methanol and 7% acetic acid, and then washed
three times for 5 min with deionized water. The GelCode Blue stain was applied to the
gel and shaken continuously for 1 h before being washed with deionized water for 1 h to
remove the stain. Infrared imaging equipment was then used to image the gel (Figure S5).

As presented at Figure S6, regarding Western blotting, the gel is treated with NuPAGE®
Transfer Buffer and 10% MeOH packaged within the nitrocellulose membrane using Hoefer
Semi-Dry Transfer Apparatus. The membrane is blocked with blocking buffer and PBS.

The gel was transferred to a nitrocellulose membrane for Western blotting (Figure S6),
which is blocked using blocking buffer and PBS at room temperature for one hour. Both
GlL.1/antibody mAb 3901 and GII.4/antibody mAb NS14 underwent primary antibody
treatment using PBST and blocking buffer. After incubating the antibody solution at 4 °C
with gentle shaking for the entire night, it was discarded. The membrane was treated
with 0.5 pg of goat anti-mouse IRDye® 800CW antibodies in PBST and blocking buffer
at ambient temperature for 1 h after being rinsed 5 times with PBS plus 0.05% Tween 20
(PBST) for 5 min each time. The membrane was first washed with PBST five times for
approximately five minutes each while being shaken, followed by a soak in deionized
water, and then an IR imaging system was applied (Figure S6).

3. Results and Discussion

The properties of ordinary CQDs as well as P-CQDs (EDA- and EPA-CQDs) and their
inhibitory rate on microbial defense are presented in Table 1 (for viruses) and Table 2 (for
bacteria and fungi).
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Table 1. Estimated mean values ! of the P-CQDs for inhibition of the NoVs.

Property of the 2HBGA’s  Concentration VLS P-CQDs
CQDS Type p.g.mLfl Strains EDA EPA
Inhibitory rate of 8 90 8
CQD NoVs. % 16 92 24
S OnINOVS, 7o 32 88 26
5 GIL1 93.6 53.3
11.2 8 1.2
A G 8 6
5 GIL.1 100 93
GIIL.2 100 100
’ GIL.1 74.5 36.4
Inhibition of HBGA B GIL.2 78.2 38.2
binding, % s GL1 99.1 755
GIL.2 100 81.8
” GI.1 79.1 54.4
o GIIL.2 59.5 38.9
5 GIL.1 100 77.2
GIIL.2 100 79.3

! Mathematically-estimated from Dong et al. [15]; 2 Histo-blood group antigens.

Table 2. Mean values of the P-CQDs for inhibition of bacteria.

1AT 2 Conc.

_ P-CQDs CQDs
P ty of the CQD! H .mL-1
roperty of the CQDs our ug.m Reference
EDA EPA SHT ¢4IR
Particle size, nm 4-5 4-5
Molecular weight 148 103
Surficial terminal group -NH, -CHj
Fluorescence quantum yield, % ~20 ~20 [200]
0 11 x 106 11 x 10°
Viable cell number of bacteria, CFU/mL 0.1 9 x 103 5 x 10°
0.2 04 x10% 15 x10°
10 95.86
1 20 100
30 100
Inhibitory effect OF ADE-CQDs 10 72.2 [13]
on a bacterial biofilm formation, % 2 20 96
30 100
10 34.25
3 20 41
30 50
Minimum inhibitor 5 Gram*-bacterium 250 350
. y 6 Gram~ -bacterium 100 300 [16]
concentration, ug /mL 7 R X
Unicellular fungi 350 400

! Addition time, 2 Concentration, 3 Hydrothermally-synthesized, 4 Infrared-assisted synthesized, > Staphylococcus
aureus, © Escherichia coli,” Candida albicans.

3.1. Viral Therapy of P-CQDs on NoV's
3.1.1. Absolute Efficacy

P-CQDs have an inhibitory effect on the binding of VLPs to HBGA receptors. Human
HBGAs are recognized by NoVs as attachment factors or receptors having a significant
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impact on the host’s susceptibility to NoV infection [200,201]. It has been discovered that
norovirus binding to HBGAs is extremely varied but strain-specific.

Based on the binding of different norovirus strains to HBGAs, several binding patterns
have been discovered and divided into two primary binding groups [206], and a model of
norovirus/HBGA binding has also been put forth [78]. Other studies revealed that Norwalk
VLPs lacked the binding to saliva samples obtained from nonsecretors, and that saliva
from type B individuals did not bind or only weakly bound to the Norwalk virus [199]. A
retrospective study revealed that type O individuals had a significantly higher infection
rate than those with other blood types [198].

The approximate mean values obtained from studying the impact of EDA- and EPA-
CQDs on the binding of GI.1 and GII.4 VLPs to salivary HBGAs from blood type A, B,
and O are reported in Table 1. The binding to type ‘A’ salivary HBGA receptors was
entirely blocked for GI.1 VLPs treated with EDA-CQDs at 5 g/mL (100% inhibition),
demonstrating a highly effective inhibition impact of EDA-CQDs on GL.1 VLP’s binding to
HBGA receptors.

When GII.4 VLP bound to type A HBGA receptors was treated with 5 g/mL EDA-
CQDs, the same quantitative inhibition (100%) was seen (Table 1). Even at lower CQD
concentrations, the inhibitory effect persisted, as seen by the more than 80% inhibition in
GL1 and GII.4 VLP bindings after treatment with 2 g/mL EDA-CQDs (Table 1).

The findings revealed that the diverse strains of VLPs had a similar inhibitory effect
to EDA-CQDs on HBGA receptor binding. Although slightly less potent on a rising
concentration basis, EPA-CQDs were still quite effective in the same inhibition.

As seen in Table 1, treatment with EPA-CQDs at concentrations of 5 g/mL and 2 g/mL
inhibited the binding of GI.1 VLPs to type A HBGA receptors by 91% and 51%, respectively.
A similar suppression of GII.4 VLPs was seen after treatment with EPA-CQDs (Table 1).
These results demonstrate that EDA- and EPA-CQDs had equally potent inhibitory effects
on the two strains of VLPs’ ability to bind to type B and type O HBGA receptors. Inves-
tigating the inhibition to type A HBGA receptors, shown in Table 1, also exhibited the
dot concentration dependence and difference between the two types of CQDs (EDA- and
EPA-CQDs). The findings for the two different strains of VLPs indicated that EDA-CQDs
were more efficient than those for EPA-CQDs in preventing VLP binding to all three types
of HBGA receptors.

The differing surface charge status and hydrophobicity characteristics between the
two types of CQDs may be to blame for the different effectiveness. While EPA-CQDs with
surface methyl (-CHj) terminal groups are not charged, EDA-CQDs with surface amino
(-NH;) terminal groups tend to be altered positively at physiological pH (-NHs*).

Even though the mechanistic details of the interactions of the CQDs with the VLPs and
the resulting inhibition effects are probably very complex [78,80], the negatively charged
VLPs should be more attractive to the positively charged EDA-CQDs, leading to a higher
“local concentration” of the dots around the VLP particles. One of the potential explanations
for the CQDs’ observed strong inhibitory effects is that they bind to the surface of the VLPs
and physically block the binding sites for the HBGA receptors.

According to the X-ray crystal structure of the NoVs prototype GI.1 [207], it has two
domains, namely the shell (S) domain and the protrusion (P) domain. The HBGA receptor
binding interfaces are found at the top of the ‘P’ domain and contain pockets for binding
carbohydrates. The binding of HBGAs to the viral capsid protein is stabilized by these
pockets, which include many dispersed amino acid residues that form large hydrogen
bond networks with individual saccharides [208,209]. However, some of the complexities
in the HBGA binding interactions have been reported [11], including capsid P domain
loop movements, alternative HBGA conformations, and HBGA rotations. This is because
the binding of norovirus to human HBGA is a typical protein—carbohydrate interaction
in which the protruding domain of the viral capsid protein serves as an interface for the
oligosaccharide side-chains of the HBGAs40.
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In fact, employing sera from immunized animals or sick humans aids the blockage
of NoV HBGA binding sites and has been employed as a proxy for a NoV neutralization
experiment [202,203]. It was discovered that protection against infection in NoV-vaccinated
chimpanzees and against sickness in infected human volunteers could be connected with
the serum’s capacity to prevent VLP-HBGA interactions [65,76]. These investigations
suggest that a promising method for avoiding HuNoV infection is to inhibit the HuNoV
capsid from recognizing its binding sites on host cells. As a result, the CQDs reported
efficient inhibition of the NoV VLPs, as shown in Table 1; it may be viewed as an application
of this tactic.

In addition, the antiviral activities of the P-CQDs are summarized in Figure 9. NoV
infects the host cell via surficial cell receptors leading to the formation of syncytium and
subsequent gradual degradation, which are responsible for spreading viral infection. With
the recent advances in nanotechnology, NoV infection can be detected and inactivated
specifically through different pathways such as targeted tagging or by blocking surficial
viral proteins.

Chemically Passivated-Carbon Quantum Dots (P-CQDs) Effects on Virus Activities

v :

| Nanobased-Viral Receptor Blocking | Nanobased-Viral Tagging
Hi t.C 11 :
OSLRE Host Cell
osEe » Inhibition of Viral attachment 4’. Viral Inactivation
4,{ Inhibition of Viral Entry and Infection )
P . — Viral

Multi-nucleotide host Cell

‘ Inhibition of Syncitium Formation

Y ®
\ Cell fragments / \
Cell Damage due to e 00 O e ® 00 PCQDs
Syncitium Formation P ® toseteils

Syncitium Inhibition by P—COD:%/

Figure 9. The potential role of the passivated-carbon quantum dots (P-CQDs) in detecting and
inactivating human infection by noroviruses through targeted tagging and by blocking viral
surface proteins.
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It is well known that HBGAs, as receptors, play an essential role for host susceptibility
to NoV infection [189,210]. Although the binding between NoVs and HBGAs is highly
diverse, it is strain-specific. Numerous patterns of such binding have been identified and
classified into two major groups, proposing a suitable model [73]. It was indicated by
Hutson et al. [198] that type O individuals had a significantly higher infection susceptibility
rate than those with other blood types. On the other hand, other studies showed that
Norwalk VLPs did not bind to saliva samples collected from nonsecretors, especially for
type B individuals [198].

Both EDA- and EPA-CQDs showed a strong inhibition effect in the binding between
the two strains of VLPs and the HBGA samples collected from type B- and type O-individual
receptors [15]. Furthermore, the EDA-CQDs were found to be more effective than EPA-
CQDs in inhibiting VLPs’ binding to HBGA receptors. This difference may be attributed to
the quality (positive, negative, or neutral) and amount of surficial charge for the P-CQDs as
well as the virus surface. EDA-CQDs with the surficial terminal amino (-NH;) groups are
positively charged at physiological pH (-NH?3*), whereas EPA-CQDs with surficial terminal
methyl (-CHj3) groups are not charged. As VLPs are negatively charged, they are perhaps
more attractive to the positively charged EDA-CQDs, leading to a higher accumulation
of the P-CQDs around the NoV particles. However, the mechanism of the interactions
between the P-CQDs and viruses is likely very complex [78,80].

The strong inhibitory effects of P-CQDs against the NoVs can be attributed to the
physical blocking that occurred as a result of the binding between the P-CQDs and the
surficial active sites on the virus. XRD investigations revealed that the NoV strain ‘GI.1
contains two domains: (1) the shell domain (SD), and (2) the protruding domain (PD) which
contains the HBGA-carbohydrate complex formed via a hydrogen bond network [198]. Ac-
cordingly, the binding between the human HBGA and P-domain is a carbohydrate—protein
complex [211]. Some of these complexes include movements of the binding interaction
as well as conformations and/or rotations of the HBGA. The blocking of NoVs’ binding
sites by using sera from immunized individuals could be classified under such a strat-
egy [80,201,202]. Moreover, Dong et al. [15] showed that the EDA-CQDs are more effective
in the inhibition of the NoVs (GIL.1), binding to the first antibody (mAb 3901) compared
to binding to the GIL.4-mAb NS14. This difference between EDA- and EPA-CQDs may be
attributed to their difference in surficial charge status.

In addition, for both EDA- and EPA-CQDs treatments using different concentrations,
the NoV-strain ‘GI.1” was inhibited in its binding to mAb3901 antibodies more effectively
than the strain ‘GIL4" in its binding to mAb NS14 [15]. This might be due to the capsid
structure difference in the two strains of NoVs (GI.1 and GIL.4), involving in NoVs-antibody
interactions. Furthermore, no significant difference was detected in the P-CQDs inhibitory
effect on the binding of both strains of NoVs to HBGA receptors [15].

After the P-CQDs treatments, the quantity of NoVs fragments found by Western
blotting was found to be unchanged. It is known that mAb 3901-antibody may bind to both
the full-lengths of 58 KDa and a 32 KDa of the protein fragments found in the P domain
of the NoVs strain (GLI) protein bands [203-205], identifying a continuous epitope on the
C-terminal of the capsid protein [205]. Furthermore, the lowest band in the Western blot
is probably a fragment that contains this sequence because the antibody mAb 3901 also
identifies a domain between amino acids 453 and 495. The mAb NS 14-antibody binds to
the capsid protein and additional protein fragments that contain the identified epitopes, just
like it does for the other NoVs strain (GIL.4). Obviously, the protein band patterns found in
Western blotting for both strains of the NoVs (GI.1 and GII.4) were nearly identical to those
found in SDS-PAGE found by GelCode Blue staining. Therefore, the findings portray that
the viral proteins were not degraded by the P-CQDs, since these proteins still retained their
virgin sequences of the amino acids and were able to react with their antibodies again [15].
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3.1.2. Comparative Efficacy for Other Carbon Nanomaterials (CNMs)

The most crucial characteristics governing the behavior of CQDs and subsequent ap-
plications are absorption, photoluminescence (PL), and electroluminescence [28]. Generally,
the optical absorption peaks of CQDs in the UV-visible region are usually estimated as
the 7-7* transition of sp? conjugated carbon and n-7t* transition of hybridization with a
heteroatom such as N, S, P, etc. Surface passivation or modification processes can be used
to modify the absorption property [35].

The PL is one of the most wonderful features of CQDs. Generally, the distinct depen-
dence of the emission wavelength and intensity is one of the uniform features of the PL for
CQDs. The reason for this unique phenomenon may be the optical selection of nanoparticles
with a different size, or CQDs with different emissive traps on the surface. The variation in
particle size and PL emission can be reflected from the broad and excitation-dependent PL
emission spectrum [73,74].

Zhang et al. [79] studied the emission behaviors of CQDs at 470 nm wavelength
with various concentrations. It was found that the PL strength of the CQDs solution first
increased and then decreased with the increase in their concentration [35].

Similar to semiconductor nanocrystals, CQDs can display electroluminescence (ECL),
which can be used in electrochemical fields [35]. It was reported by Zhang et al. [79] that a
CQDs-based light-emitting diodes (LED) device could be used, in which the emission color
ranging from blue to white can be controlled by the driving current.

In order to comprehend the luminescence process of CQDs based on the band gap
emission of the conjugated p domain and the edge effect generated by another surface
defect, two models of CQDs were put forth by SK et al. [19]. The quantum confinement
effect (QCE) of p-conjugated electrons in the sp? atomic framework is the source of the
photoluminescence (PL) features of the fluorescence emission of CQDs from the conjugated
p domain, which may be modified by altering their size, edge configuration, and shape.
The sp? and sp® hybridized carbon and other surface defects of CQDs cause fluorescence
emission, and even the fluorescence intensity and peak position are connected to this defect.

Atlow pHs, the interaction is dominated by adhesion forces resulting from electrostatic
interactions between the protonated amine groups of polylysine and carboxylic groups on
acid-oxidized multi-wall carbon nanotubes (Ox-MWCNTs), whereas at high pHs, adhesion
forces via hydrogen bonding between the neutral -NH; groups of polylysine and the
-COO™ groups of the Ox-MWCNTs are detected [193].

Furthermore, it was discovered that the adhesion force for oxidized multiwalled
carbon nanotubes (Ox-MWCNTs) increased with the oxidation time, while it was negligible
for oxidized single-wall carbon nanotubes (Ox-SWCNTs) because the latter had carboxylate
groups attached only to the nanotube tips as opposed to both the sidewall and the tips.
Additionally, it was shown that proteins with aromatic moieties, such as poly-tryptophan,
exhibited a stronger adhesion force with Ox-MWCNTs than polylysine because of the
additional pi-pi stacking interaction between the polytryptophan chains and CNTs. [193].

The binding ability between various CNMs and viral capsid proteins has been re-
ported [17,18,20,21,193]. The CNTs and P-CQDs can be non-specific binders to NoVs’
capsid proteins through complementary charges, -t stacking, and/or hydrophobic inter-
actions [17,18,194].

It was reported that van der Waals forces are responsible for the binding between
fullerene (Cgp) and lysozyme, whereas polar solvation and entropy were reported to be
detrimental to this binding [20]. Furthermore, Cgp was reported to inactivate HIV-proteases
by integrating with proteins to form hybrid functional assemblies [21]. Similarly, the
inhibition of NoVs’ capsid protein by the P-CQDs may occur due to the combination of
several driving forces for blocking the active sites on NoVs with the HBGA receptors [15].

The van der Waals force was found to be the primary driving factor responsible for
the binding between fullerene and lysozyme, whereas polar solvation and entropy are
detrimental to such bindings [20]. It was shown that C60 might suppress the activity of HIV
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proteases by integrating with proteins to form hybrid functional assemblies [21], which is
more pertinent to the blockage of receptor sites.

As a result, a conceptually similar explanation for the observed inhibition of NoVs-
VLPs could be that the CQDs interact with the capsid protein of VLPs by combining
several driving forces, which then prevents the active sites on NoVs-VLPs from binding to
HBGA receptors.

In addition, a similar surface charge effect has been reported on silver nanoparti-
cles” antimicrobial activity, where positively and negatively charged silver nanoparticles
exhibited the highest and lowest bactericidal activities, respectively [29]. As such, there
have been recent studies on inducing charges onto the surface of silver nanoparticles for
higher antimicrobial efficacy [32,33,200]. The results reported here suggest that the same
strategy may be exploited in the design and preparation of CQDs with higher antibacterial
efficacy [15].

3.2. Bacterial Therapy Efficacy of P-CQDs

Biofilm formation is a complex process in which microorganisms irreversibly attach to
and grow on a surface and produce extracellular polymeric substances (EPS) that facilitate
the attachment and formation of an extracellular matrix (ECM), resulting in the altered
phenotype of the organisms with respect to growth rate and gene transcription [61].

Important characteristics of EDA-CQDs and EPA-CQDs are listed in Table 2. A Gram-
positive laboratory model bacteria, Bacillus subtilis, was used to evaluate the antimicrobial
efficiencies of each of the CQDs with different surface passivation (EDA-CQDs and EPA-
CQDs) for probing the surface charge effect. As is clear in Table 2, EDA- and EPA are
small molecules, with molecular weights of 148 and 103 g/mol, respectively, and they are
structurally similar but their corresponding CQDs differ in terms of terminal groups on
the dot surface, -NH, in EDA-CQDs vs. -CHj in EPA-CQDs. The former can be positively
charged at physiological pH as -NH;3", but not the latter. The observed fluorescent quantum
yields of the EDA-CQDs and EPA-CQDs used in the study were both ~20% [196].

Additionally, it is evident from Table 2 that EPA-CQDs and EDA-CQDs at 0.1 and
0.2 mg/mL to Bacillus subtilis cells have antibacterial action in terms of a reduction in viable
cell counts after treatments with light illumination for one hour. At 0.1 mg/mL, EPA-CQD
treatment minimally reduced the number of viable Bacillus subtilis cells, but EDA-CQD
therapy was significantly more successful, causing a 3.26 log drop in viable cells.

EPA-CQD treatment reduced the number of viable Bacillus subtilis cells by about
0.84 log at a CQD concentration of 0.2 mg/mL, whereas EDA-CQD treatment reduced the
number of viable cells by around 5.8 log at the same concentration. EDA-CQDs consistently
outperformed EPA-CQDs in terms of their antibacterial action toward Bacillus subtilis cells
at both tested CQD doses, as was to be expected.

These findings demonstrated how crucial surface charge is for CQD interactions with
bacteria and the performance of their antibacterial activity. Stronger binding-like interac-
tions between EDA-CQDs and the bacterial cells will result in a higher “local concentration”
of EDA-CQDs on the bacterial surface, making them more effective in antibacterial actions
against the bacterial cells [196]. The negatively charged bacterial surface must favor the
positively charged end groups (-NH;3;") on EDA.

As is clear from Table 2, using 10 pg/mL of the EDA-CQDs is very effective in
inhibiting the biofilm formation for all the addition times used (1, 2 and 3 h) compared
to 20 and 30 pg/mL, as is also indicated by Dong et al. [13]. When the 10 ug/mL CQDs
were added at 1, 2, and 3 h after the initiation of biofilm growth, the inhibitory effect on
the final biofilm formation was decreased from 95.86% (at 1 h) to 72.2% (at 2 h) reaching to
about 34.25% (3 h), as indicated by different researchers [13,61,197]. Furthermore, the time
of CQDs’ addition during biofilm growth had a significant effect on the process of biofilm
formation up to the final product stage.

These results are logical when considering the interactions between EDA-CQDs and
bacterial cells during biofilm formation. At the early stage during biofilm formation, no
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thick extracellular polymeric substances (EPS) are produced around the bacteria, and most
of the bacterial cells are still planktonic so that the added EDA-CQDs can bind and interact
with bacteria efficiently to inactivate the cells before they can form a biofilm; thus, this
explains the observed high inhibitory effects on biofilm formation.

In addition, these findings demonstrated how crucial surface charge is for CQD
interactions with bacteria and the performance of their antibacterial activity. Stronger
binding-like interactions between EDA-CQDs and the bacterial cells will result in a higher
“local concentration” of EDA-CQDs on the bacterial surface, making them more effective
in antibacterial actions against the bacterial cells [196]. The negatively charged bacterial
surface must favor the positively charged end groups (-NH3;") on EDA.

Bacterial cells multiply and the extracellular matrix (ECM) gradually becomes stronger
with the development of biofilm if CQDs are added 4-5 h after the start of biofilm growth.
As the bacteria expand, the development of an ECM network may make it more difficult
for CQD:s to enter the biofilm and for EDA-CQDs to interact directly with the bacterial cells.
These contacts and interactions are especially important to the light-activated EDA-CQDs’
antibacterial function.

The production of electrons and holes, which are trapped at various stabilized surface
defect sites, requires quick charge transfers and separation for a better representation
of photoexcitation of the EDA-CQDs. Due to the short half-lives of these redox species,
these separated redox pairs are attributed with making significant contributions to the
observed antibacterial activities [13,197], largely in the near-neighbor manner due to the
short-lived nature of these redox species. Their radiative recombinations produce emissive
excited states that are responsible for the fluorescence’s noticeable brightness and color, as
well as the production of traditional reactive oxygen species (ROS), which also aid in the
antibacterial effect. Although the ROS are still transient, the poor diffusion circumstances
caused by the ECM network during the biofilm formation may also interfere with their
antibacterial properties.

Due to the restriction associated with the requirement for the CQDs to penetrate into
the biofilm, EDA-CQDs with light activation are therefore more effective in preventing
biofilm formation before the bacterial cells have the chance and time to form the network
structure toward the biofilm, and are less effective when the biofilm formation is already
well underway. This restriction was made clearer in an investigation of the removal of
mature biofilms using EDA-CQDs and the same visible light exposure [13].

Moreover, based on the investigation performed by Mogharbel et al. [16] who exam-
ined the microbicide potency for the embedded CQDs against three distinct bacterial strains,
including a Gram-positive bacterial strain (Staph. aureus), Gram-negative bacterial strain
(Escherichia coli), and fungal strain (C. albicans), as shown in Table 2, the superior microbicide
potency of CQDs against several bacterial strains has been confirmed [13,16,61,197]. This
effect was attributed to the decorative hydroxyl groups: (i) decorative oxygen-containing
groups are responsible for the mortal effects of the prepared CQDs against the tested micro-
bial cells through the generation of reactive oxygen species (ROS); (ii) the liberated ROS act
by killing the microbial cells, as ROS adhere to them and then penetrate the microbial cell
wall to motivate the oxidative stress by deteriorating DNA and RNA.

Additionally, ROS contribute to mitochondrial dysfunction, lipid peroxidation, in-
hibition of intracellular protein synthesis, progressive deterioration of the cell wall, and,
ultimately, apoptotic cell death. The efficiency of hydrothermal conditions in the formation
of small and size-controllable CQDs that are easily able to penetrate the microbial cell wall
for eventual cell demise is attributed to the fact that CQDs-HT demonstrated significantly
higher microbicide potentiality [16].

4. Conclusions and Future Perspectives

Biomass has a carbon chain which is why it is considered as an excellent option for the
production of carbon materials. Nanocrystalline cellulose could become a potential source
for fabricating carbon quantum dots which are affected by pyrolysis temperature.
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The large surface area, good electric conductivity, and fast electric charge transfer of
carbon quantum dots endow them with a great potential for a wide spectrum of applica-
tions. Luminescent carbon quantum dots are interesting newcomers in the category of
nanomaterials, emerging with more and more advanced applications in the fields of chem-
ical sensors, bioimaging, nanomedicine, drug delivery, and electrocatalysis. The unique
electronic and chemical structures of carbon quantum dots can be tuned by controlling
their size, shape, surficial functional groups, and heteroatom doping.

The 2,2’-ethylenedioxy-bis-ethylamine-carbon quantum dot and 3-ethoxypropylamine-
carbon quantum dot were found to be highly effective to inhibit noroviruses from binding
to histo-blood group antigens receptors on human cells with inhibition efficiencies of 100%
and 85-99%, respectively.

In the future, we hope to discover more precursors and invent more economic, simple,
and innovative synthetic methods and novel promising applications to increase the poten-
tial of these valuable carbon materials. In addition, more efforts must be made to simplify
the traditional machinery used for the synthesis process of carbon quantum dots, especially
in the collection of the nanometric dots by centrifugation, the neutralization of the dot’s
supernatant by dialysis, and the standardization of the dot size. Furthermore, the good
findings in regard to using chemically-passivated carbon quantum dots for the prevention
and therapy of norovirus must be extended to cover other epidemic pathogens, especially
coronaviruses (COVID-19).
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like particles (VLPs)-passivated-CQDs (GI.1-VLP/EDA-CQDs and GI.1-VLP/EPA-CQDs) used for
western blotting.
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Nomenclature

Symbol Definition
CNM Carbon nanomaterials
CNT Carbon nanotubes
COD Carbon quantum dots
Dpr Degree of polymerization
DSC Differential scanning calorimetry
DTA Differential thermal analysis
ECL Electroluminescence
ECM Extracellular matrix (ECM)
EDA 2,2'-ethylenedioxy-bis-ethylamine
ELISA Enzyme-linked immunosorbent assay
EPA 3-ethoxypropylamine
EPS Extracellular polymeric substances (EPS)
FGY Fluorescence quantum yield
FTIR Fourier transform infrared spectroscopy
GIL1,GIL4 Types of VLPs
GelCode Blue stain for protein
HBGA Histo-blood group antigens
HRP Horseradish peroxidase
KDa Kilodaltons, a molecular weight unit
LCD Liquid crystal displays
LED Light-emitting diodes
MCC Microcrystalline cellulose
MDR Multidrug resistant
MeOH Methanol
MIC Minimum inhibitory concentration
MOPS SDS Running buffel": 3—(N-morpholino)

propanesulfonic acid
MW Molecular weight of the surface molecule
References
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NCC
n~-CQD
NMR

NoVs
NuPAGE LDS
Ox-MWCNTs
Ox-SWCNTs
PBS

PBST

P-CQD
p+-CQDs

PL

PS

QCE

ROS

SCS

SDS-PAGE

SEM
TEM
TG
TGA
T™MB
uv
VCN
VLP

WB
XRD

Definition

Nanocrystalline cellulose

Negative carbon quantum dot

Nuclear magnetic resonance

Noroviruses

Gel electrophoresis contains lithium dodecyl sulfate
Oxidized multiwalled carbon nanotubes
Oxidized single walled—carbon nanotubes (Ox-SWCNTs)
Phosphate-buffered saline

Phosphate buffered saline with tween 20
Passivated-carbon quantum dot

Positive carbon quantum dot
Photoluminescence

Particle size

Quantum confinement effect

Reactive oxygen species (ROS

Surficial charge status

Gel electrophoresis containing sodium dodecyl
sulphate polyacrylamide

Scanning electron microscope

Transmission electron microscope

Terminal group of the surface molecule
Thermogravimetric analysis

3,3’ 5,5 -tetramethylbenzidine

Ultraviolet

Viable cell number
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Abstract: Bio-based polymer composites find increasing research and industrial interest in different
areas of our life. In this study, cellulose nanofibers (CNFs) isolated from sugar beet pulp and
nanoemulsion prepared from sugar beet pectin and pomegranate extract (PGE) were used for making
films and used as coating with antioxidant and antimicrobial activities for paper. For Pectin/PGE
nanoemulsion preparation, different ratios of PGE were mixed with pectin using ultrasonic treatment;
the antibacterial properties were evaluated to choose the formula with the adequate antibacterial
activity. The antioxidant activity of the nanoemulsion with the highest antimicrobial activity was
also evaluated. The nanoemulsion with the optimum antibacterial activity was mixed with different
ratios of CNFs. Mechanical, greaseproof, antioxidant activity, and antibacterial properties of the
CNFs/Pectin/PGE films were evaluated. Finally, the CNFs/Pectin/PGE formulation with the highest
antibacterial activity was tested as a coating material for paper. Mechanical, greaseproof, and air
porosity properties, as well as water vapor permeability and migration of the coated layer from
paper sheets in different media were evaluated. The results showed promising applicability of the
CNFs/Pectin/PGE as films and coating material with antibacterial and antioxidant activities, as well
as good stability for packaging aqueous, fatty, and acidic food products.

Keywords: sugar beet pulp; cellulose nanofibers; pectin; pomegranate; nanoemulsion; antibacterial;
antioxidant; papermaking; coating; migration

1. Introduction

Specialty paper products are important category of paper with wide commercial
production and uses. Among these specialty paper products are those with antibacterial
activity which find increasing use in packaging and hygienic products. Research in that
area is progressing in increasing rates in order to reach economic, eco-friendly, and safe
additives or chemical modification routes. Additives with antibacterial activity extracted
from bio-based materials or non-food non-feed residues are of special interest since they
have the benefits of being widely available, cheap, eco-friendly, and generally safe, e.g.,
having no health hazard. Among these residues is pomegranate peels, which are rich
in antibacterial and antioxidants extractives, Hundreds of tons of pomegranate peels are
available every year at food companies all over the world. Pomegranate peel extractives
(PGE) are widely studied and used in food, pharmaceutical, and medicinal applications due
to their powerful antibacterial, antifungal, virucidal, and antiviral activity [1-4]. PGE is rich
in many antioxidant, antibacterial, and antiproliferative compounds [5]. To improve the
solubility of PGE and its application in aqueous solutions, their use in forms of emulsions
is considered a good practice. Ethanol-extracted PGE can be formulated into nano-size
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emulsions using proper emulsifying agents [6-10]. The nano-size emulsions have the privi-
lege of a very high surface area, and thus could be used effectively in smaller amounts than
the micro-emulsions. Emulsifying agents can be of synthetic origin such as polyglycerol
polyricinoleate and Tween 80, which are used for the preparation of nanoemulsion from
pomegranate extract [8]. Nevertheless, the use of bio-based surfactants are preferred when
it comes to food, food packaging, or cosmetic products. For this reason, maltodextrin and
whey protein isolate [6,10], sodium carboxymethyl cellulose [7,11], and chitosan [9] have
been used for preparation of PGE emulsions. In this aspect, sugar beet pectin in particular
has high emulsifying activity when compared to pectin isolated from other food residues,
such as citrus and apple peels, due to its specific chemical composition, the presence of a
high degree of acetylation, and low molecular weight [11]. On the other hand, pectin from
other resources, such as citrus and apple peels, have poor emulsifying properties but have
other features such as thickening, gelling, and film forming properties thanks to their much
higher molecular weight and much lower degree of esterification than that of SBP [12,13].

It is worth mentioning here that sugar beet pulp (SBP) is a common agricultural
residue in different areas of the world, as 20% of the world production of sugar comes from
sugar beet [14]. After sugar extraction, SBP residue is rich cellulose, hemicellulloses, and
pectin, in addition to other minor components.

Although sugar beet pectin has been widely studied for making micro-emulsions [15-17],
a few studies have reported on the preparation of nano-emulsion [18,19]. To the best of our
knowledge, there have been no previous studies regarding use of SBP pectin for making
emulsions from PGE.

In addition to the specific properties of pectin isolated from SBP, CNFs with elementary
fibrils (width ~5 nm) could be easily isolated from SBP after pectin extraction due to
the unique cell wall structure of sugar beet where most of the tissue is parenchymal,
which is characterized by only a very thin primary wall and loosely organized cellulose
nano-size microfibrils embedded in a matrix of hemicelluloses and pectin [20]. Several
publications have studied the isolation of CNFs from SBP using different methods and
pretreatments [11].

The well-known unique properties of CNFs such as the high specific surface area, the
nanometer wide and micrometer length dimensions, the combination of unique intrinsic
mechanical strength with good flexibility properties, and the ability of strong hydrogen
bonding along the nanofibers or with other different matrices motivate their application
in different areas including papermaking. CNFs can improve mechanical, barrier (air,
moisture, oil, and thermal), and printability properties, and reduce paper weight prod-
ucts [21-28]. Nevertheless, due to the negative effect of CNFs on the drainage of water
during paper sheet formation as a result of their very small size, very high water holding
capacity, and ability to fill empty spaces between the pulp fibers and clog pores of the wet
web [27,29,30], applying CNFs as a surface coating after paper sheet formation instead of
applying them as a paper additive has resulted in increasing interest for improving paper
properties and the production of novel paper products [31-38]. Usually, paper coating
materials are used in very small quantities and applied as a very thin layer, yet they bring
about significant effects on paper properties. Specifically, CNFs isolated from SBP were
successfully used as a coating material for paper sheets to improve mechanical and oil-proof
properties, as well as air permeation resistance [31].

While there is no use of pectin from any resources in papermaking so far, its use with
CNFs has been reported in alginate scaffolds for biomedical use [39], to improve water
resistance of soybean protein [40], as a co-carrier to improve water redispersibility of spray-
dried CNFs in water [41], to prepare aerogel with improved mechanical properties [42],
and for the preparation of printing inks [43,44].

However, both pectin and CNFs have no antibacterial activity due to their polysaccha-
ride nature. Therefore, their use together in products with antibacterial properties requires
the addition of an antibacterial agent. For pectin, adding PGE to it has been used for the
preparation of antibacterial edible coatings of fruits [45,46] or in food products such as
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jam and juice [46,47]; pectin used in the aforementioned studies was isolated from pineap-
ple, orange, pomegranate, and banana. However, there is no previous work published
so far on using PGE with SBP pectin for making nanoemulsion or use of their mixture
in papermaking.

Based on the above-mentioned limitations of pectin and CNFs for use in antibacterial
paper products, the current manuscript studies the preparation of nanocomposite from
pectin/PGE nanoemulsion and CNFs for use as a bio-based and environmentally friendly
films and coating for different applications such as food packaging materials.

In fact, one of the most appealing solutions and modern approaches for preventing
microbial or virus contamination and their spreading is through designing appropriate
surface coating, i.e., fabrication of antimicrobial or antivirus surfaces [48]. This can be
achieved through adding a specific antibacterial or antivirus agent, such as pomegranate
extract, in a coating matrix; this is known as an active antimicrobial or antivirus coating
approach. Pomegranate extract contains different small molecules with antimicrobial
and antivirus activities which work with different mechanisms to de-activate viruses and
bacteria [2—-4,49-55].

In the current work, CNFs were used as the film forming material to impart strength,
pectin was the emulsifying agent to form nanoemulsions from pomegranate extract to
make it compatible with CNFs, and pomegranate extract was the antibacterial agent.

2. Materials and Methods
2.1. Raw Material and Reagents

Wet-pressed SBP (~20 wt.% solid content) was kindly supplied by the Alnubariah
Company for Sugar, Alexandria, Egypt. It was directly dried in an oven with hot air
circulation at 50 °C for 12 h. The chemical composition of the SBP was 38.02% «x-cellulose,
18.2% pentosans, 3.85% lignin, 2.77% ash, 19.40% galacturonic acid content, and 10.13%
protein content, as determined according to standard methods of chemical analysis [56-58].

Sodium chlorite (technical grade 80%), glacial acetic acid, sulfuric acid, sodium thiosul-
fate, potassium bromide, potassium bromate, hydrochloric acid, acetic acid, citric acid, and
sodium hydroxide were of analytical grade. They were purchased from Fisher Scientific
U.K. Ldt (Loughborough, UK) and used as received. Polyamideamine-epichlorohydrin
(PAE) crosslinking agent was commercial grade (solid content ~33 wt.%, Solines, Wilm-
ington, DE, USA). PAE solution was diluted to 1 wt.% with distilled water before use.
E. coli EMCCN 3060 and S. aureus EMMCN 3057 bacteria were kindly supplied from the
Egyptian Microbial Culture Collection Network (EMCCN) at the National Research Centre,
Giza, Egypt.

2.2. Extraction of Pectin

Extraction of pectin by acid hydrolysis was carried out as previously published by
Abou-Elseoud et al., as follows [59]: SBP was suspended in water at a liquor ratio of
1:15 and acidified to pH 1 with sulfuric acid. It was then heated for 2 h at 85 °C under
mechanical stirring. The residue was then separated from the soluble compounds by
vacuum filtration, washed with distilled water, and kept in the fridge at 4 °C until use for
isolation of the nanofibers.

To isolate pectin from the filtrate, it was centrifuged in 50-mL centrifuge tubes at
10,000 rpm for 10 min to remove fines, and pectin was precipitated by the addition of
ethanol at volume ratio of 3:1 ethanol to filtrate; the mixture was left for 2 h and the precipi-
tated pectin was centrifuged at 10,000 rpm for 20 min, washed with 70% ethanol/water
mixture, centrifuged again, and dried at 40 °C for 48 h. The chemical composition of the
extracted pectin was 72.6% galacturonic acid, 10.64% neutral sugars, 10.5% protein, and
0.5% ferulic acid [59].
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2.3. Isolation of Cellulose Nanofibers (CNFs)

Isolation of CNFs from the de-pectinated SBP was carried out according to the previ-
ously published protocol [31]. In brief, after bleaching with acetic acid /chlorite mixture, the
bleached de-pectinated SBP was suspended in water at 2 wt.% consistency and subjected
to high shear mixing using ESR-500x laboratory high shear homogenizer (ELE, Shang-
hai, China) at 10,000 rpm for 15 min. The suspension was then passed twice through
a two-chamber Homolab 2.2 high-pressure homogenizer (FBF, Parma, Italy). The CNF
suspension was then kept in fridge at 4 °C until use. The chemical composition of isolated
CNFs was 87.8% o-cellulose, 6.96% pentosans, 0.45% lignin, 1.10% ash, 2.44% galacturonic
acid content, and 0.31% protein content, as determined according to standard methods of
chemical analyses [56-58].

A JEM-2100 high-resolution transmission electron microscope (HRTEM) (JEOL, Tokyo,
Japan) was used for characterizing the microstructure of the isolated CNFs after being
stained with phosphotungstic acid solution.

2.4. Extraction and Characterization of Pomegranate Extract (PGE)

Pomegranate peels were washed with water, oven-dried in an oven with hot air
circulation at 40 °C for 24 h, and then ground to pass through a 20-pm sieve. The extraction
was carried out using 70/30 (v/v) ethanol/water mixture in a Soxhlet for 8 h at 85 °C. The
solvent containing the extract was then evaporated at 65 °C using a Rotavapor R-210 rotary
evaporator (BUCHI Labortechnik AG, Flawil, Switzerland) under vacuum. To complete
the drying, the highly viscous extract was poured in a glass Petri dish and dried in an oven
under vacuum for 18 h at 65 °C. Serial dilution was made from the extract and kept for
further analysis.

2.5. Determination of Individual and Total Phenolics

The Folin—Ciocalteu assay, adapted from Ramful et al. [60], was used for determi-
nation of total phenolics. In addition, the individual phenolic compounds were deter-
mined by high-performance liquid chromatography (HPLC) using an Agilent 1260 series
(Agilent, Santa Clara, CA, USA). The separation was carried out using a C18 column
(4.6 mm x 250 mm i.d., 5 um). The mobile phase consisted of water (A) and 0.02% tri-
fluoro-acetic acid in acetonitrile (B) at a flow rate 1 mL/min. The mobile phase was
programmed consecutively in a linear gradient as follow: 0-5 min (80% A); 0-5 min
(80% A); 5-8 min (40% A); 8-12 min (50% A); 12-14 min (80% A); and 14-16 min (80% A).
The multi-wavelength detector was monitored at 280 nm. The injection volume was 10 pL
for each of the sample solutions. The column temperature was maintained at 35 °C.

2.6. DPPH Radical Scavenging Activity

The effect of extracts on 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical was esti-
mated according to the procedure described by Aboelsoued et al. [61]. The absorbance was
measured at 517 nm using Jenway 7305 UV-visible spectrophotometer (Jenway, Stafford-
shire, England). The control was conducted with ethanol instead of the sample. DPPH
scavenging capacity was calculated by using the following equation:

Scavenging activity (%) = % x 100
where Ac and As are the absorbance at 517 nm of the control and sample, respectively.

L-ascorbic acid solutions as standards were also analyzed by DPPH and ABTS meth-
ods. The total antioxidant values of citrus samples were expressed as mg g™ dry weight
L-ascorbic acid equivalent antioxidant capacity (VCEAC).
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2.7. Determination of Ferric Reducing Power (FRAP) Assay

The FRAP assay is based on the ability of phenolics to reduce Fe3* to Fe?* [62]. To
prepare the FRAP reagent, 0.1 M acetate buffer (pH 3.6), 10 mM TPTZ, and 20 mM ferric
chloride (10:01:01, v/v/v) were mixed. Then, 20 uL of previously diluted extract were
added to 150 uL of reagent. The absorbance was measured at 593 nm using Jenway 7305 UV-
visible spectrophotometer (Jenway, Staffordshire, England).. The analysis was performed
in triplicate, using an aqueous Trolox solution as standard, and the results were expressed
as Imoles Trolox equivalents/100 g of fresh weight sample.

2.8. Preparation and Characterization of Pectin/Pomegranate Extract (Pectin/PGE) Emulsion

Pectin/PGE emulsions containing 2.5, 5, 10, 15, and 20 wt.% of PGE (based on the
oven dry weight of pectin) were prepared by ultrasonic treatment under cooling at 4 °C in
an ice bath for 2 min using a UP 400 Hielscher ultrasonic processor (Hielscher Ultrasonics
GmbH, Teltow, Germany); A 1-cm diameter probe was used at an amplitude of 75%. The
concentration of Pectin/PGE in water was 4.5%.

TEM of the emulsions was carried out using JEM-2100 HRTEM (JEOL, Tokyo, Japan)
for characterizing the microstructure of the emulsion after being stained with phospho-
tungstic acid solution.

The antimicrobial activity of the prepared Pectin/PGE emulsions was evaluated by
minimal inhibitory concentration test (MIC) as previously described [63]. Gram-positive
bacteria (Staphylococcus aureus) and Gram-negative bacteria (Escherichia coli) were used as
test organisms. A pre-culture of bacteria was grown in Tryptic Soy Broth medium overnight
at 37 °C and a serial dilution were made from each strain until obtained dilutions of 1 x 10°
and 1 x 10% CFU/mL for Staphylococcus aureus and Escherichia coli, respectively. Next,
100 puL of both tested bacteria were added to the test tubes containing 9.9 mL of sterile
Tryptic Soy Broth medium and exposed to 0.1 g of the different Pectin/PGE emulsions,
which were oven-dried at 65 °C under vacuum; a neat pectin sample was tested as a blank.
All samples were then incubated at 37 °C with shaking at 140 rpm for 24 h. Aftera24 h
incubation, a series of dilutions were prepared by the addition of 1 mL of each culture
to 9 mL of sterile 0.3 mM phosphate buffer (pH 6.8), followed by seeding 100 uL of each
culture onto an agar plate. The plates were incubated at 37 °C for 24 h and the surviving
cells counted. The antimicrobial activity was expressed as a reduction of the bacterial
colonies after contact with the test specimen and compared to the number of bacterial
colonies from the blank sample (neat pectin). The percentage reduction (inhibition) was
calculated using the following equation:

% Reduction = ((B — A)/B) x 100

where A is the surviving cells (CFU—colony forming units) for the plates containing the
treated substrate and B is the surviving cells from the control.

2.9. Preparation and Characterization of CNFs/Pectin/PGE Films

CNFs/Pectin/PGE films containing different ratios of Pectin/20%PGE emulsion were
prepared by casting suspension mixtures in a 9-cm diameter Teflon petri dish. Glycerol
was added at a fixed ratio of 25% of all samples to get good film formation without damage
due to shrinkage. The ratios of Pectin/20%PGE were 2.5, 5,7.5, 10, 15, and 20 wt.% of the
oven dry weight of CNFs plus glycerol. Then, 2% of PAE wet strength agent (based on total
weight of the films) was added to all samples. The suspensions were dried at 40 °C for 18 h
in an oven with hot-air circulating. The produced films were conditioned at 50% relative
humidity for 48 h at 25 °C before testing.

Tensile strength properties were measured using LR10 K Lloyd instrument (Lloyd
Instruments, Fareham, UK) with a 1 kN load cell at 25 °C using a crosshead speed of
2 mm/min. Strips with 10 x 90 mm width by length, respectively, were used and the
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distance between the grips was 20 mm. Five specimens from each sample were measured
and the results averaged.

Anti-bacterial activity of the films was tested using the disk diffusion method [63];
Gram-positive Staphylococcus aureus and Gram-negative Escherichia coli bacteria were used
as test organisms. A loopful from each stock strain was transferred into 10 mL of Tryptic
Soy Broth medium with 0.6% yeast extract and incubated at 37 °C overnight. Then, 100 uL
from each strain was seeded on the surface of Tryptic Soy agar plates, and ~1-cm? of the
films was placed onto the inoculated surfaces and then incubated at 37 °C for 24 h to detect
the bacterial inhibition zones. The experiment was performed in triplicate.

2.10. Coating of Paper Sheet

CNFs/20%Pectin/PGE suspension with 3% solid content containing 2% of PAE (based
on total dry weight of the suspension) was used for coating commercial wrapping paper
sheets, which have a basis weight of ~30 g/m?. The paper sheets were fixed over a glass
plate and coated with the suspension using ZUA 2000 coater (Zehntner GmbHTesting
Instruments, Sissach, Switzerland), coating was carried out using a gap of 500 pm.

Coated paper sheets were dried in air circulation oven at 80 °C for 15 min for crosslink-
ing of PAE. The coated paper samples were conditioned at 50% relative humidity for
48 h at 25 °C before testing. The amount of CNFs/Pectin/PGE coating was determined
gravimetrically as g/m? from the difference in basis weight of coated and uncoated paper
sheets, as follows:

Amount of coating (g/m?) =
Basis weight of coated paper sheet in g/m? — Basis weight of uncoated paper sheet in g/m?

2.11. Characterization of Paper Sheets

The surface and cross-section of the coated paper was examined by scanning electron
microscopy (SEM) using an FEI Quanta 200 scanning electron microscope (FEI Company
BV, Eindhoven, The Netherlands) with an acceleration voltage of 20 kV. Paper sheet samples
were coated with gold using a sputter coater system (Edwards Sputter Coater, Sussex, UK)
before testing.

Tensile strength testing of paper sheets was carried out using LR10K Lloyd universal
testing machine (Lloyd Instruments, Fareham, UK) with a 1 KN load cell at a constant
crosshead speed of 2 mm/min according to TAPPI T494 (TAPPI 2006). Porosity was
measured using a Gurley air permeability tester 4110 (W. & L.E. Gurley, Troy, NY, USA)
according to ASTM D726-58. A greaseproof test was carried out using turpentine oil
(TAPPI standard T454). A water vapor permeability test was carried out according to the
ASTM standard (ASTM E96); all the tests were performed in triplicate at an atmospheric
pressure (1 atm) and the results were averaged. WVP was calculated according to the
following equation:

WVP (g-m~'s™1Pa1) = (m-e)/(A-t-p)

where m is the mass increase (in g) of the CaCl,, A is the area of the film, and ¢ is the
exposure time in the chamber. The thickness of the film is e and p is the partial water
vapor pressure difference across both of the film specimens corresponding to 0-60% RH,
ie., 1875 Pa.

The overall migration test was carried out according to EU Regulation Nr. 10/2011.
Three stimulants were used in the test which represents water, fatty, and acidic conditions:
10% v /v ethanol in water, 50% v /v ethanol in water, and 3% acetic acid solution. All
samples were compared to a blank water sample (Millipore water with resistivity 18.5 M(2)
as a reference. As the single sided cell method was used, results were calculated considering
the area of only one surface of the test specimen. After 10 days at 40 °C, the samples were
picked up from contact, and the extraction aqueous solutions were collected in flasks,
heated in a rotary evaporator under vacuum to dryness, and weighed until constant weight
(EN 1186-5-single side contact in cell test) [64].
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2.12. Statistical Analysis

The results of tested samples were presented as the mean + SD using Microsoft Excel.
For the total phenolics and antioxidant activity testing, the data were statistically analyzed
by one-way ANOVA using SPSS software version 20. Significance was considered at a
level of 0.05.

3. Results and Discussion
3.1. Composition of PGE

The components of the ethanol/water PGE were characterized by HPLC. Table 1
shows the components separated by the HPLC column and their percentages; the HPLC
chromatogram is attached in the Supplementary Information Figure S1. The major compo-
nents in the PGE are in accordance with previous studies on PGE extracted using ethanol
solutions [65].

Table 1. Composition of pomegranate extract (PGE)obtained by high-performance liquid chromatog-
raphy (HPLC).

Constituent Concentration (ug/g)
Chlorogenic acid 21.95
Gallic acid 11.18
Ellagic acid 9.51
Catechin 5.55
Coffeic acid 3.06
Methyl gallate 0.50
Naringenin 0.36
Pyro catechol 0.081
Rutin 0.066
Cinnamic acid 0.042

3.2. Pectin/PGE Emulsions

Using PGE extracted with ethanol with hydrophilic polymers, such as cellulose, re-
quires emulsification with suitable emulsifier, which acts as a compatibilizer between
the relatively hydrophobic groups of PGE and the hydrophilic hydroxyl groups at the
cellulose surface.

3.2.1. Particle Size of Pectin/PGE Emulsions

SBP pectin is characterized by a high ability to form micro- and nano-emulsion thanks
to the presence of high content of acetyl groups at its polysaccharide chains [11]. In the
current work, pectin could form nanoemulsions from the PGE, as shown in the TEM images
in Figure 1. The size of the separate emulsion particles was in the range from ~25 to 50 nm
for the emulsions with different PGE loading, i.e., the size emulsion particles was not
dependent on the concentration of PGE used. It was also noticed that the nanoparticles
form several aggregates, but their size was still in the submicron range and less than
~200 nm. Results of particle size analysis by a laser in Figure 2 and Table 2 show a similar
trend of the results, e.g., emulsion particles size not dependent on their concentration in
pectin, with diameters in the range from 193 to 208 nm. This reflects the high ability of
pectin to form emulsions in the nano-diameter range, even at a high content of PGE (20%).
The higher mean diameter results in the case of particle size analysis than that in the case of
using TEM could be due to the different principals of measuring instruments used, and the
formation of aggregates from the nanoemulsion particles. Cumulative particle size analysis
in Table 2 also shows that 90% of the particles had diameters less than ~296, 330, 284, 292,
and 323 nm for pectin emulsions containing 2.5, 5, 10, 15, and 20% of PGE, respectively,
again indicating the ability of sugar beet pectin to emulsify high ratios of PGE.
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Figure 1. Transmission electron microscopy TEM images of the prepared emulsions from Pectin and
pomegranate extract (PGE) at different magnifications: (a,b) Pectin/2.5% PGE, (c,d) Pectin/5% PGE,
(d,e) Pectin 10% PGE, (f,g) Pectin/15% PGE, and (h,i) Pectin/20% PGE.
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Figure 2. Particle size analysis histograms of Pectin/PGE emulsions with different PGE loadings:
(a) 2.5% PGE, (b) 5% PGE, (c) 10% PGE, (d) 15% PGE, and (e) 20% PGE.

Table 2. Particle size analysis of Pectin/PGE emulsions with different PGE loadings.

Mean Diameter Vari Cumulative Analysis of
ariance (P.I) . .
(nm) Particle Size
25% of distribution < 144.7 nm
50% of distribution < 185.1 nm
75% of distribution < 236.8 nm
80% of distribution < 251.7 nm
90% of distribution < 295.6 nm
99% of distribution < 432.8 nm

25% of distribution < 142.1 nm
50% of distribution < 190.0 nm
75% of distribution < 254.2 nm
80% of distribution < 273.1 nm
90% of distribution < 330.2 nm
99% of distribution < 518.0 nm

25% of distribution < 151.2 nm
50% of distribution < 187.9 nm
75% of distribution < 233.7 nm
80% of distribution < 246.7 nm
90% of distribution < 284.3 nm
99% of distribution < 398.4 nm

Pectin/2.5% PGE 198.0 £72.3 0.13

Pectin/5% PGE 208.7 £ 89.9 0.186

Pectin/7.5% PGE 198.1 £ 64.0 0.104
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Table 2. Cont.

Mean Diameter Vari Cumulative Analysis of
ariance (P.I) . .
(nm) Particle Size
25% of distribution < 139.2 nm
50% of distribution < 179.7 nm
75% of distribution < 232.0 nm
80% of distribution < 247.2 nm
90% of distribution < 292.0 nm
99% of distribution < 433.9 nm

25% of distribution < 129.4 nm
50% of distribution < 177.4 nm
75% of distribution < 243.0 nm
80% of distribution < 262.8 nm
90% of distribution < 322.7 nm
99% of distribution < 525.6 nm

Pectin/10% PGE 193.2 +73.2 0.144

Pectin/20% PGE 1979 £ 924 0.218

3.2.2. Antibacterial Activity of Pectin/PGE Emulsion

Since pectin is a polysaccharide without antibacterial activity, one of the aims of the
current work was preparing pectin emulsion with antibacterial activity for different appli-
cations. PGE extract is known to have strong antibacterial properties against Gram-positive
and Gram-negative bacteria thanks to the presence of several polyphenolic constituents in
the PGE, including chlorogenic acid, catechins, and gallic and ellagic acid [66,67]. Several
mechanisms for the antibacterial activity of PGE were proposed, including the binding
of the polyphenols to the bacterial protein [49-51], destroying the synthesis of bacterial
RNA and DNA [52,53], and destabilization of the outer bacterial membrane [54,55]. In the
current study, the antibacterial activity of the PGE/pectin emulsions was studied to ensure
the potential use of the prepared nanoemulsion as an antimicrobial mixture and that the
emulsification did not affect the antimicrobial activity of PGE.

Table 3 shows the % inhibition of Pectin/PGE nanoemulsion with different PGE
loadings. As seen in the table, even at the lowest PGE concentration used, ~83 and 80%
inhibition against E. coli and S. aureus could be achieved, respectively. There was no increase
in the % inhibition at PGE loading >15%, where % inhibition was ~92% and 99.5% against
E. coli and S. aureus, respectively. The observed higher activity of PGE extract against the
S. aureus than that of E. coli is in agreement with the results of previous studies [5,58-68].

Table 3. Inhibition of E. coli and S. aureus bacteria by Pectin/PGE emulsion with different PGE loadings.

% Inhibition

Sample S. aureus E. coli
Pectin + 2.5% PGE 80.0 = 4.38 83.3 +7.07
Pectin + 5% PGE 84.6 +4.35 83.3 +7.07
Pectin + 10% PGE 95.4 £ 4.35 86.7 +£4.71
Pectin + 15% PGE 99.2 +0.22 91.7 £2.36
Pectin + 20% PGE 99.7 £ 0.22 91.7 £4.71

3.2.3. Antioxidant Activity of Pectin/PGE Emulsion

As mentioned above, PGE is rich in polyphenolic compounds which give it a strong
antioxidant and antibacterial activity. The total phenolics (such as gallic acid), antioxidant
assay by the DPPH (2,2-diphenyl-1-picryl-hydrazyl hydrate) free radical method, and
Trolox equivalent’s antioxidant capacity (TPTZ) of PGE, Pectin, and Pectin/PGE nanoemul-
sion were determined, and the results are shown in Table 4.
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Table 4. Total phenolics and antioxidant activity profile of PGE, Pectin, and Pectin/PEG emulsion.

DPPH Antioxidant Total Phenolic
. . . TPTZ (ug Trolox Compounds
Samples Activity (mg Vitamin 1 1 .
Clg Sample) eq/g Sample) (mg Gallic Acid
eq/g Sample)
PGE 785.23 £1.94°¢ 3387.6 + 35.55 ¢ 88.65 +4.91f
Pectin 3.49 +0.03P 93.19 £ 0.01 " 10.07 £ 0.12°¢
Pectin/PGE emulsion 434+001P 100.9 = 0.28 b 9.79 £ 2.13 ¢

Means in each column with different letters are significantly different (p < 0.05) &= SD. Analysis performed using
ANOVA and the Duncan test.

As shown in the table, PGE had a high content of total phenolics, which is in accordance
with the previous finding of Aboelsoued et al. [61]. On the other hand, pectin extracted
from sugar beet had a significant amount of phenolics, reaching 10.07 mg gallic acid/g of
pectin (p < 0.05). The Pectin/PGE nanoemulsion also showed antioxidant activity but the
value of total phenolics was low since PGE represents 20% of the dry weight of Pectin/PGE,
and also the emulsion had a concentration of 4.5% in water. The antioxidant activity was
measured using both DPPH as mg ascorbic acid per gram sample and TPTZ as ug Trolox
eq/g sample methods, in accordance to screening the activities of samples. PGE had the
highest DPPH radical scavenging activity (785.23 £1.94 mg ascorbic acid per gram sample,
p < 0.05). On the other hand, pectin and Pectin/PGE nanoemulsion had DPPH antioxidant
activities of 4.34 £ 0.01 and 3.49 + 0.03 mg ascorbic acid per gram, respectively. The
reducing power activity method TPTZ (FRAP) showed the same trend as the DPPH results.
Xiong et al. [69] suggested that the antioxidant activity of pectin could be due to the higher
content of electrophilic groups, which could accelerate the release of hydrogen from OH
groups of the different sugars in pectin and act as an electron donor.

HPLC analysis results of Pectin/PGE in Table 5 were in accordance with antioxidants
and total phenolics results mentioned above. Supplementary Information Figure S2 shows
the chromatogram of Pectin/PGE nanoemulsion. Some of the phenolics in PGE could not
be detected in the HPLC chromatogram of the Pectin/PGE nanoemulsion due to their
originally low concentration in PGE. In addition, some phenolics such as syringic acid,
ferulic acid, apigenin, and hesperetin phenolics appeared in the Pectin/PGE nanoemulsion
chromatogram, which could have originated from pectin.

Table 5. Phenolic compounds of PGE and Pectin/PGE emulsion determined by high-performance
liquid chromatography (HPLC).

Phenolic Compounds PGE mg/g Emll’l‘;:::)I;/I;%]/EmL
Gallic acid 11.18 0.06
Chlorogenic acid 21.95 0.012
Catechin 5.55 0
Methyl gallate 0.50 0.001
Coffeic acid 3.06 0.008
Syringic acid 0 0.003
Pyro catechol 0.081 0
Rutin 0.066 0.002
Ellagic acid 9.51 0
Ferulic acid 0.000 0.003
Naringenin 0.36 0
Querectin 0.000 0.002
Cinnamic acid 0.042 0
Apigenin 0 0.001
Hesperetin 0 0.002
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3.3. CNFs/Pectin/PGE films

CNFs isolated from the de-pectinated SBP were used for making films with Pectin/PGE
emulsion; CNFs had ~5 nm thickness and were several microns in length, as shown in
the TEM image in Figure 3 [31]. The Pectin/PGE emulsion chosen for mixing with CNFs
was that containing 20% of PGE since it gave the highest antibacterial activity toward the
studied Gram-positive and Gram-negative bacteria. CNF films containing different ratios
of the chosen Pectin/PGE emulsion were prepared. The ratios of the Pectin/PGE emulsion
ranged from 2.5% to 20% based on the dry weight of the CNFs and the fixed ratio of PAE
(2 wt.% based on the weight of the total film) was added. Films with good formation and
homogeneity were obtained. It should be pointed out that glycerol was added to the films
as a plasticizer in order to study the effect of Pectin/PGE emulsion, because without the
addition of glycerol, the films suffered from significant shrinkage and cracking.

Figure 3. TEM image of cellulose nanofibers (CNFs) isolated from de-pectinated sugar beet
pulp (SBP).

3.3.1. Tensile strength properties of CNFs/Pectin/PGE films

The effect of Pectin/PGE on the tensile strength properties of CNFs is shown in
Figure 4. Tensile strength of cellulose fiber films is controlled by fiber-to-fiber shear strength,
fiber tensile strength, and fiber pull-out work from the cellulose sheet [70]. Fiber-to-fiber
bonding has a more positive effect than the length of fibers [71]. As Figure 4 shows, the
presence of Pectin/PGE in the CNFs matrix did not affect its tensile strength up to the
addition of 10% of the former. This indicates that the presence of Pectin/PGE particles acted
as links between CNFs through hydrogen bonding and compensated the expected loss in
tensile strength due to decreasing the CNF content. Pectin contains carboxylic groups which
are highly polar and their presence in the films could induce stronger hydrogen bonding
that improves the shear strength of fiber—fiber bonds [72]. However, at Pectin/PGE loadings
of 15 and 20%, the tensile strength of the films decreased by about 19 to 32% compared
to blank CNF film. This means that, at high Pectin/PGE loadings (15-20%), the fiber-to-
fiber shear strength significantly decreased and exceeded the effect of hydrogen bonding
between pectin and CNFs, and finally lead to the decreasing tensile strength of the films.

Regarding Young’s modulus of the films, it was not affected by Pectin/PGE addition
until addition of 10% was reached, i.e., the films became stiffer with an addition >10%
of Pectin/PGE. The strain at the maximum load also showed a significant decrease at
Pectin/PGE loadings >10%.
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Figure 4. Tensile strength properties of CNFs/Pectin/PGE films with different loadings of PGE.

3.3.2. Greaseproof properties of CNFs/Pectin/PGE Films

An important requirement for films used in the packaging of oily or fatty products is
the greaseproof property. Polymers rich in hydrophilic groups, such as cellulose and pectin,
can form an extensive network of hydrogen bonding and have very low interaction with
oil and grease [36]. In addition, CNF films have a very dense structure which, along with
extensive hydrogen bonding, makes the penetration of oils and fats rather difficult [36].
In the current work, the grease resistance of CNF films containing different ratios of
Pectin/PGE nanoemulsion was studied to investigate the effect of the presence of the
nanoemulsion particles on that property. As shown in Table 6, all films showed good
greaseproof property, especially with the addition of > 5% of Pectin/PGE nanoemulsion.
According to the standard method used, time more than 30 min for the permeation of oil
across the films qualifies them as high greaseproof material. The remarkable increase in
greaseproof property as a result of increasing the Pectin/PGE content could be attributed
to the presence of more pectin, which contains carboxylic groups originating from the
galacturonic building units in its structure (~72 wt.% of pectin is galacturonic acid). The
carboxylic groups have higher water affinity than hydroxyl groups due to higher polarity of
the formers. When the nanoemulsion of Pectin/PGE formed, the polar groups of pectin are
directed outward, and thus the outer surface of the nanoemulsion particles is highly polar.
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Table 6. Greaseproof results of CNFs/Pectin/PGE films.

Time for Oil Penetration through

Sample Film Thickness (mm) Paper Cross Section (min)

CNFs 0.166 £ 0.004 14 +2.0

CNFs/2.5% Pectin/PGE 0.186 + 0.009 16 £1.8
CNFs /5% Pectin/PGE 0.164 £ 0.008 >45
CNFs/7.5% Pectin/PGE 0.189 + 0.009 >45
CNFs/10% Pectin/PGE 0.186 + 0.008 >45
CNFs/15% Pectin/PGE 0.174 + 0.007 >45
CNFs/20% Pectin/PGE 0.188 £ 0.007 >45

3.3.3. Antibacterial Activity of CNFs/Pectin/PGE Films

The antibacterial activity of CNFs/Pectin/PGE containing different ratios of Pectin/PGE
emulsions was studied in order to obtain films with appropriate antibacterial properties.
The disc diffusion technique, which is a widely used quantitative method for studying
antimicrobial properties of films, was used against S. aureus and E. coli bacteria, which are
the most popular bacteria contaminants in foodstuff. The images of the test are shown in
Figures 5 and 6. The method measures the diameter of the non-infected zone (so called the
inhibition zone) in mm around the sample due to the release of the antibacterial agent from
the sample to the agar media used in the test. As the images in the figures show, blank
film made from CNFs and crosslinking agent did not show any antibacterial activity, and
spreading of the E. coli and S. aureus bacteria took place on the film. In the case of testing
CNFs/Pectin/PGE films against S. aureus, films with Pectin/PGE content from 2.5 to 5%
showed the spread of the bacterium in the whole Petri dish and on the surface of the films,
while that containing >7.5% Pectin/PGE exhibited a clear surface and the bacterium could
not grow on the film. In the case of testing the films against E. coli, a bacterium-clear surface
of the films could be seen for the sample containing >10% of Pectin/PGE.

Figure 5. Cont.
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Figure 5. Images of the antibacterial test of CNFs/Pectin/PGE films against S. aureus: (a) blank
CNFs, (b) CNFs + 2.5% Pectin/PGE, (¢) CNFs + 5% Pectin/PGE, (d) CNFs + 7.5% Pectin/PGE,
(e) CNFs + 10% Pectin/PGE, (f) CNFs + 10% Pectin PGE, and (g) CNFs + 20% Pectin/PGE.

Figure 6. Images of the antibacterial test of CNFs/Pectin/PGE films against E. coli: (a) blank
CNFs, (b) CNFs + 2.5% Pectin/PGE, (¢) CNFs + 5% Pectin/PGE, (d) CNFs + 7.5% Pectin/PGE,
(e) CNFs + 10% Pectin/PGE, (f) CNFs + 15% Pectin PGE, and (g) CNFs + 20% Pectin/PGE.
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It should be pointed out here that the films did not show a clear inhibition zone around
them in the test. In our study, since the antibacterial agent (PGE) was emulsified with
pectin and both are embedded in the CNF matrix, PGE components could not release in
highly sufficient amounts from the film to the surroundings during the test, and therefore
no clear inhibition zone formed. However, there was no growth of the studied bacteria on
the surface of the films, i.e., an antibacterial surface could be obtained.

3.3.4. Total Phenolics and Antioxidant Activity of CNFs/Pectin/PGE Film

Table 7 shows total phenolics and antioxidant activity of CNFs/20% pectin/PGE
film; data of those of pectin and Pectin/PGE nanoemulsion are also added to the table.
It is interesting to see that CNF film had antioxidant activity and a small amount of total
phenolics. This could be due to the attachment of residual pectin to the isolated CNFs [33].
CNFs/20% Pectin/PGE film showed antioxidant activity but, as expected, it was lower
than that of Pectin/PEG nanoemulsion since the film contains 20% of Pectin/PEG.

Table 7. Total phenolics and antioxidant activity profile of CNFs film, Pectin/PEG emulsion, and
CNFs/Pectin/PGE film.

DPPH Antioxidant Total Phenolic

.. . TPTZ (ug Trolox Compounds

Samples Activity (mg Vitamin . .

eq/g Sample) (mg Gallic Acid
Cl/g Sample)

eq/g Sample)
CNFs/Pectin/PGE film 1.60 +0.022 1093 +0.2° 4754 053"
CNFs film 197 +0.04% 8.81 £0.08° 2.55+0.122
Pectin/PGE emulsion 4.3440.01° 100.9 +0.28° 9.79 £2.13°¢

Means in each column with different letters are significantly different (p < 0.05) & SD. Analysis performed using
ANOVA and the Duncan test.

3.4. Paper Sheets Coated with CNFs/Pectin/PGE Emulsion

Coating of paper is an important industrial application since it can impart new prop-
erties on paper products using only small amounts of coating materials, which are usually
more expensive than blank paper sheets. Using CNFs for paper coating is very interesting
from both a scientific and industrial point of view due to the unique properties of the thin
layer of CNFs formed at the paper surface. In fact, coating using CNFs is more preferred
than the addition of CNFs to pulp before the making of paper sheets due to the negative
effect of CNFs on paper sheet formation and drying because of the very high water affinity
of CNFs, possible loss through the sieve of the machine, and also the lack of homogenous
distribution in the final paper sheets [36].

In the current work, commercial paper sheets used for wrapping were coated with
CNFs/20% Pectin/PGE mixture since this formulation gave good antibacterial properties,
as seen in the previous section. The paper sheets used had a thickness of ~0.04 mm and a
basis weight of ~30 g/m?. The coating layer of the applied CNFs/20% Pectin/PGE had
a basis weight of ~5.8 g/m?; it was selected after a preliminary trial to obtain good and
homogenous coverage of paper sheets. SEM images of paper sheets before and after coating
are shown in Figure 7; the images showed good coverage of the paper sheets with the dense
plastic-like layer of the CNFs/Pectin/PGE; thickness of the coated layer was about 4 um,
as shown from the cross section image (Figure 7c).
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Figure 7. Scanning electron microscopy (SEM) of (a) the surface of a paper sheet before coating,
(b) the surface of a paper sheet after coating with CNFs/20% Pectin/PGE, and (c) the cross-section of
a paper sheet after coating with CNFs/20% Pectin/PGE.

3.4.1. Mechanical Properties of Coated Paper Sheets

The effect of coating paper sheets with CNFs/20% Pectin/PGE on tensile strength
properties was studied, and the results are shown in Table 8. As the results show, coating of
paper sheets with the small thickness layer of CNFs/20% Pectin/PGE resulted in a slight
decrease (~7.5%) in tensile strength in the machine direction (MD) of paper sheets, but no
significant change occurred in the cross direction (CD). The Young’s modulus of coated
paper sheets decreased in both CD and MD; the decrease was about 28% and 33% in the
MD and CD of paper sheets, respectively, which means that the paper sheets became more
stretchable. This was clear from the increase in strain at the maximum load of paper sheets
in both the MD and CD directions. The decrease in tensile strength properties in spite of
applying the CNFs/20% Pectin/PGE layer could be attributed to the effect of wetting and
drying paper sheets during coating [73].

Table 8. Tensile strength properties of blank and paper sheets coated with CNFs/20% Pectin/
PGE mixture.

Sample Tensile Strength (MPa) Young’s Modulus (GPa) Strain at Max. Load (%)
MD * CD* MD * CD * MD * CD*
Blank paper sheets 28.14 4+ 1.58 15.99 £1.98 591 +0.61 3.99 +£0.24 1.53 £0.25 1.30 £0.17

CNFs/Pectin/PGE coated
paper sheets

26.02 £1.22 15.35 £1.48 421 +£0.19 2.69 £0.26 1.65 +0.23 1.70 £ 0.19

* CD and MD are the cross and machine direction of paper sheets, respectively.

49



Polymers 2022, 14, 4605

In addition to testing tensile strength properties of the coated paper sheet in the
dry conditions, the wet tensile strength of paper sheets with and without coating was
studied using the ASTM method where folded strips were subjected to tensile force when
immersed in water. The results showed that the wet tensile strength of a blank paper sheet
was 3.26 = 0.14 and 1.70 £ 0.11 N in the MD and CD directions of paper sheets, respectively
while that of coated paper sheets was 3.53 £ 0.53 and 2.13 & 0.24 N in the MD and CD
directions of paper sheets, respectively. These results mean an increase in the wet tensile
strength of paper sheet of about 8.3 and 25% in the MD and CD directions, respectively, by
the very thin layer of CNFs/20% Pectin/PGE.

The improved wet tensile strength of coated paper sheets could be attributed to the
formation of a tight network of crosslinked CNFs at the surface of paper sheets which can
reduce the penetration of water. Previous results showed the significantly lower water
absorption of sheets made from CNFs than that from the pulp fibers [25,74]. In addition to
the aforementioned reason, the addition of a crosslinking agent to the CNFs/Pectin/PGE
mixture could also result in the crosslinking of the fibers of the paper sheet, which thus
became more resistant to water.

3.4.2. Physical Properties of Coated Paper Sheets

In spite of the small thickness of applied coating with CNFs, all previous work showed
its effectiveness in changing properties of paper sheets and also imparting them with new
properties [31]. In the current work, the effect of the CNFs/20% Pectin/PGE coating on
air porosity, water vapor permeability, and grease resistance of paper sheets was studied;
the results are shown in Table 9. Regarding air porosity, due to the very tight structure of
the CNFs/20% Pectin/PGE film formed on the surface of paper sheets, the porosity was
significantly decreased, and the time required to pass 100 mL of air increased by about
7 times. Such a decrease in air porosity is also responsible for the high barrier properties
of CNFs films for gases including oxygen [75-77]. It is interesting to see that air porosity
of the paper sheets coated with CNFs/20% Pectin/PGE is higher than that obtained in a
previous work using only a neat CNF coating with about the same thickness [31]. In that
study, the time required for passing 100 mL of air across a paper sheet with a 4-pm CNF
coating (~4.5 g/m?) was about 160 s. This, in fact, means that the presence of pectin/PGE
emulsion between the CNFs network exerted more of a barrier for the passing of air.

Table 9. Effect of CNFs/20% Pectin/PGE coating on the physical properties of paper sheets.

. Water Vapor Permeability Grease Resistance (Time for Oil Sorption

Sample Porosity (s/100 mL) (gm~1s~1Pa-1) x 1011 through Paper Cross Section in Minutes)

Blank paper sheets 36 £2 2.15 4+ 0.091 Immediate sorption across paper thickness
CNEs/Pectin/ PCE 280 + 8 210 £ 0.19 2.8+ 031

coated paper sheets

Regarding the moisture barrier property (water vapor permeability) of paper coated
with CNFs/20% Pectin/PGE, the situation is different because of the high hydrophilic
nature of CNFs which work in an opposite direction to the effect of a very tight structure
of CNF coating. In humid conditions, CNF swelling increases the tendency for the per-
meability of moisture [78]. The presence of Pectin/PGE emulsion, where the hydrophilic
functional groups of the emulsified nanoparticles are to the outside and encapsulating the
hydrophobic PGE, could also increase the tendency for water vapor permeability. As a
result of the aforementioned two opposite effects, the net result found in the current work
is that there was no significant effect of the CNFs/20% Pectin/PGE coating on water vapor
permeability of paper sheets. A similar effect was found before in the case of coating paper
sheets with neat CNFs [31].
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Regarding the grease resistance of CNFs/20% Pectin/PGE coated paper, it was found
that the coating significantly improved the grease resistance of paper sheets but not to
the level that meets the required standards. In fact, the greaseproof property of CNFs
originates from the extensive hydrogen bonding network, which result in high cohesive
energy density and low interaction between CNFs and grease [36,79].

3.4.3. Migration Testing

Coated paper used as packaging materials should have stability of the coated layer,
especially if they are in contact with aqueous, fat, or acidic products. In the case of adding
functional additives to the coating layer, their release upon contact with different stimulants
could be beneficial. In the current work, testing the stability of the CNFs/20% Pectin/PGE
layer coated on paper sheets was carried out in 10% alcohol/water, 50% alcohol/water,
and 3% acetic acid/water solutions, which represent aqueous, fat, and acidic stimulants;
the test was carried out at 40 °C for 10 days, which represent the conditions for long-
term storage at or below room temperature, including 15 min of heating up to 100 °C or
70 °C for up to 2 h [64]. Paper sheets coated with CNFs only were also tested as controls.
As the results in Table 10 show, blank paper sheets showed constant weight loss upon
their contact with the different stimulants (~1.8-2 mg/dm?). According to the standard
method used, this loss is lower than the maximum limit allowed for the migration of
coated material (<10 mg/dm?). On the other hand, paper sheets coated with CNFs/20%
Pectin/PGE showed more weight loss as a result of immersion in the different stimulants.
The highest weight loss was in aqueous stimulant (3.46 mg/dm?), while the lowest loss was
in the fat stimulant (2.3 mg/dm?); acidic stimulant resulted in a loss of 2.95 mg/dm?. Loss
of Pectin/PGE with their antimicrobial and antioxidant activities as a result of contact with
the different stimulants could be beneficial in packaging applications. The small values of
the weight loss indicate the slow release and these very little amounts of Pectin/PGE could
migrate into the food in contact with the coated paper. These very small amounts will not
affect the color, taste, and properties of the food. In addition, the antibacterial properties,
along with the antioxidant ones, could lead to increasing the shelf life of the food product.
Testing of the prepared coated paper in packaging of different food products is planned to
be studied in future work.

Table 10. Overall migration test results of CNFs/20% Pectin/PGE coated paper sheets.

Sample Weight Loss (mg/dm?) upon Contact with Stimulant
10% Alcohol 50% Alcohol 3% Acetic acid
Blank paper sheets 1.960 + 0.02 1.87 +0.05 1.83 + 0.07
CNFs/Pectin/ PGE 3.46 4 0.03 2.31 4 0.05 2.95 4 0.06

coated paper sheets

4. Conclusions

With the aim to prepare films and coating materials with antioxidant and antibac-
terial activities from renewable bio-based resources, CNFs/Pectin/PGE nanocomposites
were successfully prepared. Pectin and CNFs were isolated from sugar beet pulp, and
pomegranate extract (PGE) was extracted from pomegranate peels. The isolated sugar
beet pectin could be used as an emulsifier to PGE to prepare nanoemulsions with antimi-
crobial and antioxidant activities, as well as good compatibility with CNFs. The size of
the Pectin/PGE nanoemulsion particles was not dependent on the concentration of PGE,
while the antimicrobial activity at the different PGE loadings (from 2.5 to 20%) ranged from
83 to 92% and from 80 to 99.7% against E. coli and S. aureus, respectively. Homogenous
films with antimicrobial and antioxidant activity, as well as flexibility, good mechanical
properties, and high greaseproof properties could be prepared. Presence of Pectin/PGE
nanoemulsion particles in CNF films improved their greaseproof property thanks to the
hydrophilic outer surface of the nanoemulsion. The surface of the CNFs/Pectin/PGE
films acquired antibacterial properties against Gram-positive and Gram-negative bacteria.
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However, because PGE was emulsified in pectin and the Pectin/PGE was embedded within
the crosslinked CNFs network, the release of the pectin/PGE was in very small amounts.
This could be beneficial for the packaging of food products since the very slow release
means an insignificant effect on the packaged food regarding its quality properties such as
color or taste, and at the same time, could extend the shelf life by the antimicrobial effect.

In addition to the films prepared, the CNFs/Pectin/PGE mixture could be successfully
used as a coating mixture for the commercial wrapping of paper sheets. The micrometer-
scale coating (~4 pm) applied to paper sheets could impart them with a high barrier to
air and improved greaseproof property, without affecting the water vapor permeability of
paper sheets. The applied CNFs/Pectin/PGE layer can increase the wet tensile strength of
paper sheets, i.e., higher stability in wet conditions, but did not improve these properties in
dry conditions. The coated CNFs/Pectin/PGE film showed good adhesion to the paper
sheet surface in different solutions representing aqueous, alcoholic, and acidic media at
40 °C for 10 days. Based on the obtained results, it could be concluded that antimicrobial
and antioxidant films and coating for wrapping paper could be prepared and used safely
in contact with different food products, extending the shelf life as well as keeping good
quality attributes.
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Abstract: Bamboo is one of the most promising biomass materials in the world. However, the poor
anti-mildew property and poor dimensional stability limits its outdoor applications. Current scholars
focus on the modification of bamboo through heat treatment. Arc-shaped bamboo sheets are new
bamboo products for special decoration in daily life. In this paper, we reported pressure-steam
heat treatment and explored the effect of pressure-steam on the micro-structure, crystallinity index,
anti-mildew, chemical composition, physical properties, and mechanical properties of bamboo via
X-ray diffractometer (XRD), scanning electron microscopy (SEM), Fourier-transform infrared (FTIR),
wet chemistry method and nanoindentation (NI). Herein, saturated-steam heat treatment was applied
for modified moso bamboo for enhancing the anti-mildew properties and mechanical properties
of moso bamboo. Results showed that with the introduction of saturated steam, the content of
hemicellulose and cellulose decreased, while the lignin-relative content increased significantly. The
anti-mildew property of moso bamboo was enhanced due to the decomposition of polysaccharide.
Last, the modulus of elasticity and hardness of treated moso bamboo cell walls were enhanced
after saturated-steam heat treatment. For example, the MOE of the treated moso bamboo cell wall
increased from 12.7 GPa to 15.7 GPa. This heat treatment strategy can enhance the anti-mildew
property of moso bamboo and can gain more attention from entrepreneurs and scholars.

Keywords: bamboo; pressure-steam heat treatment; bamboo cell wall; anti-mildew property

1. Introduction

Bamboo is an indispensable and ideal material for alleviating the shortage of wood
resources in modern society [1]. Bamboos are widely used in the fields of construction,
decoration, building and daily necessities [2]. Currently, bamboo dominates the wood-
processing industry due to its excellent mechanical property, short growth cycle, and easy
harvest [3]. For outdoor application, bamboo-based products such as bamboo scriber,
flattened bamboo boards, bamboo flooring boards, and so on, are easily affected by fungi,
UV, and water due to the abundance of polysaccharide and poor dimensional stability [4].
Thus, the poor anti-mildew property and poor dimensional stability limits their outdoor ap-
plications. Shortage of woody materials, enhancing utilization of bamboo materials, and the
move towards an enhancement of dimensional stability and mechanical properties of moso
bamboo have prompted the development of bamboo modification [5]. Thus, heat treatment
has attracted more attention from scholars and scientists due to its eco-friendliness and
cost-effectiveness in comparison to chemical modification and other modification meth-
ods. In addition, the research on the biodegradability of bamboo or woody materials is a
research gap in current research [6].
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As we known, bamboo culms consist of hemicellulose, cellulose, lignin, ash, and so
on [7-9]. The main chemical composition mentioned above contains amorphous phases.
When exposed to high-temperature and high-pressure conditions, these chemical compo-
nents exhibit viscoelastic and plastic behaviors. Until now, chemical agent impregnation,
chemical modification, and thermal modification can effectively enhance the mechanical
properties and anti-ant and anti-mildew properties of bamboo samples. Unfortunately,
the utilization of chemical agents is not environment-friendly and can be harmful to the
human body when these bamboo-based products are applied in our daily life. Over the
years, dry steam, inert gas (nitrogen), and water were usually used as a heat treatment
medium with a treatment temperature between 150 °C and 230 °C and a treatment time of
1-6 h. The heat treatment reduces the hygroscopic property of the bamboo, consequently
reducing the hygroscopic property of the bamboo, thus reducing its shrinkage and swelling
properties and improving the dimensional stability when the treatment is above 150 °C.
At 180 °C or higher, heat treatment can significantly improve the anti-fungi property of
bamboo. However, high temperature also leads to a decrease in its mechanical properties
and also to the decrement of moisture content in bamboo [10]. Fortunately, pressure-steam
is an effective and environment-friendly heat treatment medium in bamboo processing
factories. Pressure-steam is the steam that is in equilibrium with heated liquid water at the
same pressure, which has not been heated more than the boiling point for that pressure.
In addition, pressure-steam can provide pressure, high temperature, and high moisture
content in sealed equipment that can modified bamboo quickly. Bamboo is an anisotropic
biomass material, which consists of many cells that are oriented in the axial and radial
directions. Therefore, knowledge about the specific molecular mechanical phenomena at
the cellular and subcellular levels is of great importance for understanding the effects of
thermal modification. Additionally, the visco-elasticity of bamboo restricts its application in
large structures that require long-term loading. Thus, it is of great interest to investigate the
hardness and modulus of the elasticity of bamboo cell walls as a function of the parameters
of thermal treatment. Traditional work focused on the effects of heat treatment medium
on the macro-mechanical properties such as shrinkage ratio, bending strength, density,
equilibrium moisture content (emc), and so on. Although they performed excellent work
on the bamboo thermal modification, they did not explore the micro-mechanical properties
of bamboo cell walls. Nanoindentation (NI) is a useful technology that can analyze the
nano-mechanics of bamboo from the cell-wall level. For analyzing the effects of pressure-
steam heat treatment on the nano-mechanics of bamboo samples, NI was used. In addition,
for outdoor application, the anti-mildew properties of treated bamboo samples are also
important [11-13]. Thus, the anti-mildew properties of the untreated bamboo and treated
bamboo samples were also investigated in this paper. Thus, the effect of pressure-steam on
the micro-mechanical and anti-mildew properties of moso bamboo is still not clear.

In this paper, 6-year-old bamboo was thermally modified with pressure-steam under
different temperatures for the same duration. Additionally, we reported pressure-steam
heat treatment and explored the effect of pressure-steam on the micro-structure, crystallinity
index, anti-mildew, chemical composition, physical properties, and mechanical properties
of bamboo via X-ray diffractometer (XRD), scanning electron microscopy (SEM), Fourier-
transform infrared (FTIR), wet chemistry method and nanoindentation (NI). In addition,
we tested the anti-mildew property of the control and pressure-steam-treated bamboo
samples in this manuscript.

2. Materials and Methods
2.1. Materials and Pressure-Steam Heat Treatment

Six-year-old moso bamboo (Phyllostachys heterocycla) was collected from Gaoan city,
Jiangxi, China. The bamboo specimens were collected from the upper layer. The initial
moisture content of the specimens was 90%.

Bamboo specimens with dimensions of 1050 x 850 x 10 mm? (length x width x
thickness) were prepared for pressure-steam treatment. Then, the arc-shaped bamboo
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sheets were transferred into the pressure-steam equipment (12R3426-1, Hangzhou Rongda
Boiler Container Co., Ltd., Hangzhou, China) for saturated-steam heat treatment at different
temperatures for the same duration. Sample A presented the untreated bamboo sample
in this manuscript. Sample B and sample C presented the treated bamboo at 160 °C and
180 °C and same duration (12 min), respectively. The heat treatment process of bamboo are
shown in Figure 1A-D.

o

Figure 1. Heat treatment process of bamboo: (A) Natural Bamboo in factory; (B) Bamboo culms;
(C) Pressure-steam equipment and arc-shaped bamboo sheets; (D) the bamboo sample after saturated-
steam heat treatment.

2.2. Chemical Components

The change in chemical components (hemicellulose, cellulose, and lignin) were deter-
mined by the wet chemistry method. The bamboo specimens were ground into powder
with an average dimension of 30-60 mesh. NREL'LAPS were applied for determining the
change in chemical components [14].

2.3. Scanning Electron Microscopy

Natural bamboo and pressure-steam-treated bamboo specimens with average dimen-
sions of 5 x 5 x 1 mm?3 (length x width x thickness) were polished for the SEM (FEI
Quanta 200, Eindhoven, Holland) observation. The micro-structure of the control and
pressure-steam-treated bamboo was placed in a vacuum environment and then observed
by scanning electron microscopy.
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2.4. Measurement of Cellulose Crystallinity Degree

The crystallinity index of the control and pressure-steam-treated bamboo samples
was determined by X-ray diffractometer (Ultima IV, Tokyo, Japan) with a rate of 2° /min
ranging from 5° to 40°. The crystallinity degree can be calculated as below [15-17]:

Crl = (Ioo2 — Tam)/Too2 % 100% 1)

where Crl represents the crystallinity index, I,m represents the minimum intensity of the
amorphous, and Iy, represents the maximum intensity of the diffraction.

2.5. FTIR

The natural bamboo and softened treated bamboo were powdered into 100-200 mesh
size and dried under vacuum at 80 °C for 12 h. The powder from different samples was
used for Fourier-transform infrared (FTIR) spectroscopy analysis by Nicolet iS50 FT-IR
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Data in the wave number
range of 4000 cm~!-500 cm ! were collected in ATR mode with 64 scans and a resolution

of 4 ecm™ 1.

2.6. EMC, Density, and Bending Strength of Bamboo Samples after Pressure-Steam
Heat Treatment

The equilibrium moisture content, bending strength, and oven-density were tested ac-
cording to GB/T 15780-1995 “Experimental method for physical and mechanical properties
of bamboo”. In detail, the bamboo strips with average dimensions of 160 x 10 x 8 mm?
(longitudinal x tangential x radial) were prepared by splitting, cross-cutting, and outer-
inner layer removing for mechanical testing. Twelve repeated samples of each experimental
set were tested in the 3-point bending test. In the density test, the bamboo samples with
average sizes of 10 (length) x 10 (width) x t mm (bamboo wall thickness) were prepared
from bamboo culms for testing the density by oven-drying method.

2.7. Nano-Indentation Method

The instrument used for the experiments in this paper is the G200 Nano-indenter from
Agilent, Santa Clara, CA, USA. The instrument combines the nanoindentation head and
in-situ scanning imaging functions to achieve precise positioning of indentations at the
nanoscale, improving the reliability and accuracy of experiments and thus enabling fine
characterization of the mechanical properties of bamboo cell walls.

The experiments were carried out using the XP system quasi-static continuous stiffness
testing (CSM) technique with a Berkovich trigonal diamond indenter (Micro Star Inc.,
League City, TX, USA). The experimental parameters were set to 100 N/m for contact
stiffness, 0.5 nm/s for thermal drift, 0.05 s~! for constant strain rate loading, and 45 Hz for
simple harmonic force. The test location of bamboo cell walls and typical Nano-indentation
load-depth curves are shown in Figure 2A,B.

During the nanoindentation test, the indenter is first pressed into the material and
then held when the set maximum load is reached. During the holding period, the material
at the bottom of the indenter begins to creep and deform, which is reflected in the fact that
the depth of indentation continues to increase over time during the holding period.

Pmax
H= 2
7 @

where P4y is the peak load, and A is that the projected contact space of the indents at peak
load. The hardness of different treated bamboo specimens can be calculated as following:

Er—ﬁ 5

-G )
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where Er is the combined elastic modulus of both the sample and indenter; S is initial
unloading stiffness; and f§ is a correction factor correlated to indenter geometry (5 = 1.034).

(A)

(B) [} 0ad holding

Loading

Unloading

0 50 100 150
Depth(nm)
Figure 2. (A) Test location of bamboo cell walls; (B) typical Nano-indentation (NI) load-depth curves.

2.8. Analytical Procedures

The differences between the control and treated bamboo samples were determined by
statistical software SPSS (25.0, IBM, Washington, USA) through Tukey’s tests. Additionally,
8 replicates were used to calculate the means for chemical compositions, crystallinity index,
modulus of rupture, modulus of elasticity, and hardness in bamboo specimens.

3. Results and Discussion
3.1. Micro-Morphology of the Control and Pressure-Steam Treated Bamboo Samples

The SEM images of all bamboo samples are shown in Figure 3. The surface morphology
of the control was smooth. With the increase of pressure-steam treatment temperature, the
lumen volumes of bamboo are gradually distorted and deformed during the treatment.
It can be attributable to the high temperature and high pressure [18]. In other words, the
high-pressure condition led to the decomposition of chemical composition in bamboo cell
walls [19-21].

3.2. XRD, FTIR, Chemical Composition Analysis

As shown in Figure 4A. To verify the degradation effect of high-temperature saturated
steam on the cellular material of the bamboo material, the chemical composition of the
bamboo process fibers before and after the treatment was determined by the wet chemical
method. As can be seen from Figure 4, the main chemical composition of the untreated
bamboo material was 41.3% (cellulose), 21.6% (hemicellulose), and 21.2% (lignin). The
cellulose and hemicellulose content decreased by 2.5% and 42.5%, respectively, while the
lignin content increased by 4.9%. Hemicellulose is a polysaccharide substance with a low
degree of polymerization, relatively poor thermal and chemical stability, and is prone to
decomposition reactions such as deacetylation of polysaccharide substances under the
action of high temperature and high humidity [15]. In the chemical composition analysis,
it was found that at high-temperature saturated-steam vapor, the molecular chains in the
non-crystalline region of cellulose are prone to breakage, exposing more. The chemical
composition of the cellulose is analyzed and found to be. The hydroxyl groups on the short
molecular chains undergo a “bridging reaction” to form ether bonds, which rearrange and
crystallize. The relative crystallinity of the treated bamboo process fibers is increased [18].
The results from FTIR confirmed the decomposition of hemicellulose.
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Figure 3. SEM images of different bamboo samples: (A1-A3) Untreated bamboo sample; (B1-B3) Soft-
ened treated bamboo samples (160 °C/12 min); (C1-C3) Softened treated bamboo board at 180 °C/12 min.

In order to further investigate the effect of hydrothermal modification on the func-
tional groups of bamboo fiber, FTIR was applied for this purpose. As shown in Figure 4B,
1238 cm ! is the C-O strength vibrations peak, while the 1731 cm ™! is attributed to the
C-O and C=0 stretching vibrations of hemicelluloses. The intensity of peaks at 1238 cm !
and 1731 cm~! decreased. They are the absorption peak of hemicellulose; the decrement
of intensity of peaks at 1238 cm~! and 1731 cm~! represented the decomposition of hemi-
cellulose. During the hydrothermal modification, the cleavage of acetyl groups to acetic
acid occurs, which promotes the degradation of hemicellulose further during the thermal
treatment. The peak at 1590 cm~! and 1328 cm ™! assigned to the aromatic skeletal vibra-
tions and C=0 stretching of lignin and the C=0 groups linked to the aromatic skeleton
barely changed in this study and decreased in the spectra of thermal-treated bamboo with
the increasing temperature, which may result from the possible condensation reactions
of lignin during the thermal treatment. The intensity of the absorption peak at 898 cm ™!
decreased significantly. This may be attributed to a small degradation of the “amorphous
region” in cellulose due to the high temperature and high pressure [22].

As is visible in Figure 4C,D, the crystallinity was calculated by Segal’s formula. Obvi-
ously, treatment parameters contribute positively to the crystallinity index. The higher the
treatment temperature, the higher the cellulose crystallinity degree. The mean crystallinity
index (Crl) values of the control were 42.7%. Hydrothermal treatment at 160 °C for 12 min
has a higher CrI than the control. For example, the crystallinity index increased from 42.7%
to 52.3%. The increment of Crl can be attributed to the cellulose becoming more crys-
talline [23-25]. Hemicelluloses have a character of amorphous nature, so the hemicellulose
can be more easily hydrolyzed than lignin and cellulose. Additionally, the decomposition
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of the amorphous parts in cellulose maybe also contribute to this phenomenon. Statistical
analysis demonstrated that there is a significant difference between the crystallinity indexes
of bamboo samples treated over 160 °C and untreated bamboo samples [26-29].
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Figure 4. The change in chemical composition, cellulose crystallinity, chemical groups of different
bamboo samples: (A) hemicellulose, cellulose, and lignin; (B): XRD curves; (C) Relatively crystallinity
degree; (D) FTIR curves of different bamboo samples. Different small letters represent the significant
difference between heat treatment groups (p < 0.05). The error bar in the picture represents the
standard deviation.

3.3. Macro-Physical Property of Untreated and Pressure-Steam Treated Bamboo Samples

Figure 5A-D shows the EMC, density, and bending strength of bamboo after pressure-
steam heat treatment. As shown in Figure 5A, the EMC of treated bamboo decreased with
the increment of treatment temperature. This is because the hygroscopicity of bamboo
samples decreased [30]. In addition, the decomposition of the hemicellulose in bamboo cell
walls can also contribute to this conclusion. Normally, many free hydroxyl groups exist in
hemicellulose. Due to the high-pressure and high-temperature treatment, free hydroxyl
groups are greatly decreased. Thus, the EMC of treated bamboo samples decreased. The
density of treated bamboo samples decreased with increasing treatment temperature. This
can be attributable to the degradation of chemical components in bamboo samples.
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Figure 5. Physical properties of untreated, pressure-steam treated bamboo samples: (A) EMC;
(B) Density; (C) modulus of rupture; (D) Elastic modulus. Significant difference between heat
treatment groups (p < 0.05) were presented by different small letters. The error bar in the picture
represents the standard deviation.

The macro-/micro-mechanical properties of untreated and pressure-steam-treated
bamboo specimens were presented in Figure 5C,D. As shown in Figure 5C, the initial
modulus of rupture (MOR) of the control and pressure-steam-treated bamboo specimens
were 8700, 8550, and 7200 MPa, respectively. After treatment by pressure-steam, the MOR
decreased by 5.8%. With the increment of treatment temperature, the MOR reduced by
16.7%. According to previous literature, firstly, bamboo is softened under the high-pressure
and high-temperature condition and then pyrolyzed during the thermal modification
process. When the temperature reaches 180 °C, the hemicellulose decreased significantly
due to the pressure-steam heat treatment [31]. Pressure-steam heat treatment significantly
decreased the modulus of rupture of the bamboo samples.

3.4. Nano-Mechanics of Untreated and Pressure-Steam Treated Bamboo Sample Cell Walls

Nanoindentation (NI) is a useful technology that can analyze the nano-mechanics of
bamboo from the cell-wall level. For analyzing the effects of pressure-steam heat treatment
on the nano-mechanics of bamboo samples, NI was used to this objective. In Figure 6,
we can find that the hardness and modulus of elasticity of the control were 0.52 GPa and
12.7 GPa, respectively. Through ANOVA statistical analysis, we can find that the MOE
and hardness of pressure-steam-treated bamboo increased significantly. This is due to
the enhanced content of relative crystallinity index and lignin. In addition, according to
previous studies, the bending strength and modulus of rupture of bamboo specimens were
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obtained from the traditional stress—strain relationship. The macro-mechanical properties
of bamboo samples showed a decreasing tendency after saturated-steam heat treatment,
while the MOE and hardness of bamboo cell walls increased. Normally, the decrement
of bending strength is due to the degradation of chemical composition in bamboo cell
walls. The micro-mechanical properties of bamboo cell walls are affected for many rea-
sons, such as cellulose crystallinity, lignin content, moisture content, and so on [32-34].
Thus, the mechanical properties of the bamboo cell wall play a subordinate role to macro-
mechanical properties. For detail, the Young’s modulus values of bamboo obtained from
the macroscopic stress—strain relationship increased under elevated compression markedly.
In contrast, the mechanical properties of the bamboo cell walls, as expressed by modulus
of elasticity and hardness, have shown increasing tendency. The decrement of bamboo
density and bamboo’s macro-mechanical properties are due to the decomposition of chem-
ical composition, and the micro-mechanical properties of the bamboo cell walls play a
subordinate role in this regard [35-38].
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Figure 6. Micro-mechanics of control and treated bamboo samples: (A) hardness; (B) modulus of
elasticity; significant differences between heat treatment groups (p < 0.05) were presented by different
small letters. The error bar in the picture represents the standard deviation.

3.5. Anti-Mildew Property of Untreated and Pressure-Steam Treated Bamboo Samples

The anti-mildew property of untreated and pressure-steam-treated bamboo samples
were shown in Figure 7. As presented in Figure 7, the initial infection ratios of sample A, B,
and C were all 0%. The infection ratio of untreated bamboo samples increased from 0%
to 100% in the first 10 days, illustrating that the untreated bamboo has poor anti-mildew
properties. However, sample B exhibited a better anti-mildew property than that of the
control. Unfortunately, after 16 days, the infection ratio of the sample also reached 100%.
It is obvious that the infection ratio of sample C increased slowly and kept a 0% infection
ratio in the first 8 days. Sample C exhibited the best anti-mildew property in comparison to
those of sample A and sample B. It can be attributed to the degradation of hemicellulose
and cellulose in bamboo cell walls. The decrement of polysaccharide and starch in bamboo
made a positive contribution to the anti-mildew property of bamboo samples [31,39-41].
In addition, the enhanced lignin content in the bamboo surface can inhibit the adhesion
between Aspergilus niger and bamboo samples. Thus, pressure-steam treatment can
positively enhance the anti-mildew property of bamboo samples. In addition, the summary
of the anti-mildew property of treated bamboo in different references are shown in Table 1.
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Table 1. Summary of the anti-mildew property of treated bamboo in different references.

Anti-Mildew

Sample Treatment Medium Properties in 30 Days Reference
Arc-shaped Bamboo sheet Pressure-steam 20% This work
Bamboo Linseed oil 25% [23]
Bamboo TiO, 50% [24]
Bamboo scriber Fe30y4 78.6% [22]

4. Conclusions and Future Perspectives

Pressure-steam heat treatment, as a newer bamboo thermal modification method, can
effectively improve the anti-mildew property of bamboo materials. In this work, we assess
the effect of pressure-steam heat treatment on arc-shaped bamboo sheets through analyzing
the change in micro-structure, functional groups, chemical components, and so on. Results
showed that with the introduction of saturated steam, the content of hemicellulose and
cellulose decreased, while the lignin relative content increased significantly. The anti-
mildew property of moso bamboo enhanced due to the decomposition of polysaccharide.
Last, the modulus of elasticity and hardness of treated moso bamboo cell walls were
enhanced after saturated-steam heat treatment. For example, the MOE of treated moso
bamboo cell walls increased from 12.7 GPa to 15.7 GPa. This heat-treatment strategy
can enhance the anti-mildew property of moso bamboo and can gain more attention
from entrepreneurs and scholars. This work introduces pressure-steam heat treatment to
entrepreneurs and scholars and analyzes the thermal mechanism for the thermally modified
bamboo samples, which can gain more attention from bamboo factories and researchers in
the bamboo industry.
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Abstract: To overcome the biological barriers formed by the lignin-carbohydrate complex for releas-
ing fermentable sugars from cellulose by enzymolysis is both imperative and challenging. In this
study, a strategy of intergranular swelling of cellulose combined with hydrolysis and oxidation
was demonstrated. Pretreatment of the bagasse was evaluated by one bath treatment with phos-
phoric acid and hydrogen peroxide. The chemical composition, specific surface area (SSA), and
pore size of bagasse before and after pretreatment were investigated, while the experiments on the
adsorption equilibrium of cellulose to cellulase and reagent reuse were also performed. Scanning
electron microscopy (SEM) and high-performance liquid chromatography (HPLC) were employed
for microscopic morphology observations and glucose analysis, respectively. The results showed
that pretreated bagasse was deconstructed into cellulose with a nanofibril network, most of the
hemicellulose (~100%) and lignin (~98%) were removed, and the SSA and void were enlarged 11-
and 5-fold, respectively. This simple, mild preprocessing method enhanced cellulose accessibility and
reduced the biological barrier of the noncellulose component to improve the subsequent enzymolysis
with a high glucose recovery (98.60%).

Keywords: cellulose; swelling; bagasse; enzymolysis; cellulase

1. Introduction

Lignocellulose biomass is an energy form that plants utilize to store energy gained
via photosynthesis [1]. It is known as a carbon-neutral, green resource, with a total annual
output of 146 billion tons [2]. Fuel, materials, and chemicals in solid, liquid, and gaseous
states are obtained from biomass using various technical means [3-5]. However, biological
barriers make it extremely difficult to release fermentable sugars from cellulosic biomass.
As a result, large dosages of enzymes are required for hydrolysis, which diminish their
cost-efficient features for commercial application [6]. Since the energy crisis in the 1970s,
biofuel and biochemical production technologies based on enzymolysis from biomass have
been driven in both industry and academia [7]. Although enzymolysis offers potentially
higher yields [8], higher selectivity [9], lower energy costs [10], and milder operating
conditions [11] compared to chemical processes, the technology still faces significant chal-
lenges. Eliminating the biological barriers of lignocellulose biomass to enzymes under mild
conditions is vital [12].

Cellulose, as a linear polymer consisting of 300-15,000 D-glucose units, aggregates
into 3 to 4 nm-wide elementary fibrils due to intermolecular forces [13-15]. The elementary
fibrils are embedded in the hemicellulose matrix and are further aggregated into 10 to
25 nm-wide primary microfibrils [16]. These primary microfibrils are likewise embedded
in a lignin—carbohydrate complex (LCC) matrix and are then bonded together, weaving
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throughout the plant cells in a unique way [17,18]. Limiting the accessibility of polysaccha-
rides and unproductive binding to enzymes are the main mechanisms by which the unique
icing that is formed by LCC limits the enzymolysis of lignocellulose biomass [19,20].

To reduce the cellulase required, the accessibility of cellulose through pretreatment by
mechanical, chemical, biological, or a combination of these methods has been extensively
studied [21,22]. Some early studies show that the dosage of catalyst needed was lower
than 20 FPU/g. These pretreatment techniques can be divided into two types according to
their mechanism: (1) Based on hydrolysis (dilute acid, hydrothermal, alkali, enzyme) and
oxidation (basic hydrogen peroxide) mechanisms to cut off the molecular chain to remove
noncellulose components by improving the mass transfer channels [23]. These methods
are limited by the resistance of the plant cell wall; it is difficult to completely remove
hemicellulose and lignin. (2) Based on mechanical forces (ball milling), molecular forces
(ionic liquids, deep eutectic solvents (DESs), inorganic salt hydrates) destroy cellulose
aggregation and increase cellulose exposure [24]. The main problem with this kind of
method is that cellulose overdisperses or overdissolves and mixes with residual noncel-
lulose components, which may show some deterioration over time [25]. Thus, assuming
limited swelling of cellulose combined with hydrolysis and oxidation in one-pot treatment
is expected to simultaneously achieve: the removing of the hemicellulose and lignin, and
the increasing of cellulose accessibility, although this has not been reported.

H;3PO, is an effective cellulose dissolution and swelling agent that can be easily cus-
tomized for cellulose intercrystalline swelling or dissolution, depending on the properties of
cellulose and operating conditions. Walseth [26] first developed a high-reactivity cellulose
for cellulase activity analysis by dissolving cellulose using H3PO,, which has become one of
the most common cellulose substrates for cellulase activity analysis. Previous studies have
shown that H3PO, (with the help of HyO,) can extract nanofibrils and high-reactivity cellu-
lose suitable for enzymolysis from biomass [27,28]. However, few studies have revealed
the influence of intercrystalline swelling of cellulose on bagasse enzymolysis.

In this work, bagasse was pretreated by using an H3PO4 and H,O, aqueous solution
system under mild conditions, which has three functions, namely, swelling, hydrolysis, and
oxidation. Cellulose swelling, hemicellulose hydrolysis, and lignin oxidation degradation
occur simultaneously during the pretreatment, and they cooperate and promote each other.
Pretreated bagasse was deconstructed into cellulose with a nanofibril network, most of the
hemicellulose (~100%) and lignin (~98%) were removed, their pore volume suitable for
enzyme entry was magnified 11-fold, and their surface area available for cellulase loading
was increased 5-fold. This preprocessing approach enhanced cellulose accessibility and
reduced the barrier of noncellulose components to improve the subsequent enzymolysis
with a high glucose recovery (98.60%). In addition, the used H3PO4 mixture can be reused
for subsequent pretreatment or neutralized to produce a fertilizer rich in phosphorus [29].
This study demonstrates a strategy with simple, mild features, which has the potential
pretreatment methods for bioethanol processing and a new possible pathway for biomass-
refining technology development.

2. Experimental
2.1. Cellulose and Cellulase

The bagasse used in this study was purchased from Guangxi Guitang Group Co.,
Ltd. (Guitang, China). The bagasse was ground to a 40-60 mesh powder. Analytically
pure reagents, phosphoric acid (H3POy4, 85% w/v), anhydrous ethanol (98% w/v), and
hydrogen peroxide (H,O,, 30% w/v) were purchased from Nanning Blue Sky Experimental
Equipment Co., Ltd. (Nanning, China).

A total of 30 g bagasse powder, 60 mL HyO,, and 240 mL H3;PO,4 were placed in a
round-bottomed flask and pretreated at 30 °C with stirring at 300 rpm for 42 h. After the
reaction, the solids were recycled by filtration from the suspension and then soaked in
100 mL anhydrous ethanol for 24 h. The pretreated bagasse was recovered by centrifugation
at 4000 rpm for 15 min from ethanol suspension.
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The chemical composition of raw materials and pretreated bagasse was determined
according to the standard method of the US National Renewable Energy Laboratory
(NREL) [30]. This involved a two-stage extraction of samples followed by a two-stage
acid hydrolysis. Residual solids were quantified as acid-insoluble lignin content. The
acid-soluble lignin content was quantified by a UV spectrophotometer (Agilent Cary 3500,
Agilent, Santa Clara, CA, USA) in the analytical hydrolysate. The lignin content was the
sum of acid-soluble lignin and acid-insoluble lignin content. Structure of cellulose and
hemicellulose were quantified as their monomeric forms in the analytical hydrolyzate using
high-performance liquid chromatography (HPLC, Agilent 1260 Infinity II, Agilent, Santa
Clara, CA, USA) with an HPX-87H column (Agilent, Santa Clara, CA, USA). Cellulase
(Novozyme CTec2) was purchased from Sigma-Aldrich (Shanghai, China). The cellulase
activity was determined by the filter paper method according to US NREL [31] and protein
content was determined using the Bradford method [32].

2.2. Physicochemical Properties of Cellulose
2.2.1. X-ray Diffraction

The X-ray diffraction (XRD) pattern was obtained using a MiniFlex 600 advance X-ray
diffractometer (Rigaku, Tokyo, Japan) with a Cu K« radiation source operated at 40 kV
and 40 mA. The measurement of 26 ranged from 10° to 50° at a scanning speed of 5° /min
and step size of 0.02°. The crystallinity index (CrI) of pretreated cellulose was calculated
by subtracting the amorphous contribution from diffraction spectra using an amorphous
standard according to a previous study [33]. XRD was calculated by the following formula:

Crl (%) = (Iz00 — Iam)/I200 1)

where I represents the maximum intensity of the lattice diffraction peak at 20 between
22.5°, and I, represents the intensity scattered by the amorphous component in the sample,
which was evaluated as the lowest intensity at 26 at 18°.

2.2.2. Degree of Polymerization

The intrinsic viscosity degree of polymerization (DP) test [34] was used to calculate
the DP of cellulose. The DP was calculated according to the following equation (with an
average of three measurements per sample):

[7lc =1sp/C x (14 0.35 17sp) @)

DP =380 [1]c ®)

where [77]g is the intrinsic viscosity (mL/g), 7sp is the specific viscosity, C represents the
concentration (g/100 mL), and DP is the degree of polymerization.

2.2.3. Specific Surface Area

Nitrogen adsorption (Micromeritics ASAP2460, Norcross, Georgia) was used to mea-
sure the specific surface area (SSA) of untreated and pretreated bagasse. The samples were
degassed at 90 °C for 12 h prior to analysis to remove moisture and air from the substrate
pores. The test was carried out at liquid nitrogen temperature, and the SSA of the sample
was calculated using the BET model [35].

2.2.4. Zeta Potential

The surface charge of the pretreated cellulose was evaluated by determining the zeta
potential using the zeta potential mode of the Malvern Zetasizer (ZS90X, Melvin, UK) [36].
The pretreated cellulose was uniformly dispersed in a sodium citrate buffer of pH 4.8
to form a 0.5% (w/v) suspension, and the suspension was measured and scanned with a
cuvette 100 times.
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2.2.5. Additional Measurements and Characterization

An X-ray photoelectron spectrometer (XPS) (ULVAC-PHI, Chigasaki-shi, Japan) was
used to determine the surface chemical analysis of pretreated cellulose [37]. A Fourier-
transform infrared (FTIR) spectrometer (TENSOR II, Brook Technology, Ettlingen, Germany)
was used to obtain the FTIR spectra of the untreated bagasse, pretreated bagasse, and enzy-
molysis residual in the frequency range of 4000-400 cm ! with a resolution of 4 cm ™! using
the KBr tablet method [38]. Scanning electron microscopy (SEM) SU8220 (Hitachi, Tokyo,
Japan) was used to analyze the surface structure of the untreated bagasse and pretreated
bagasse. Image] software (Version 2.0, National Institutes of Health, Bethesda, MD, USA)
was used to determine the diameter of the nanofibers after at least 100 measurements based
on SEM images. The bagasse samples were freeze-dried using the Advantage Plus EL-85
freeze-drying system (SP Scientific, Warminster, PA, USA) and the samples were sprayed
with gold to improve the conductivity of the samples before observing the samples.

2.3. Adsorption Equilibrium Experiment

Two hundred milligrams of substrate were weighed into a centrifuge tube and a
series of concentrations of enzyme solutions were added (0.05 M citrate buffer, refrigerated
at 4 °C before use) to form a solid loading of 2% (w/v). The mixture was shaken at
130 rpm at 4 °C for 2 h. In parallel, a blank control sample was run. After adsorption,
the mixture was centrifuged at 10,000 rpm for 5 min, and the supernatant was taken.
The protein concentration was determined by the Bradford method and each sample was
measured in duplicate. The adsorption capacity was expressed as the difference between
the concentration of added enzyme protein and that of supernatant. The adsorption data
were fitted using the Langmuir equation [39]:

Ep = (Epm X Ka X Ef)/(1 + Ky X Ef) 4)

where E}, is the amount of bound cellulase (mg/g substrate), Epy,, represents the theoretical
maximum adsorption capacity of the substrate (mg/g substrate), K, is the affinity constant
(L/mg), and E is the free enzyme in the supernatant (mg/mL).

2.4. Enzymatic Hydrolysis

Enzymolysis of pretreated bagasse was carried out in a 50 mM citrate buffer (pH 4.8)
with a substrate load of 2% (w/v; dry matter, DM). Cellulase was introduced at 5, 10, and
20 filter paper unit (FPU)/g cellulose, and 0.1 g/L ampicillin trihydrate was added to avoid
microbial interference during hydrolysis. After enzymolysis for 0.5, 2, 4, 8, 16, 48, and 72 h,
~5 mL of solid-liquid mixture was taken out and inactivated at 100 °C for 30 min, passed
through a 0.22 um filter membrane, and stored at 4 °C for further measurement of glucose
yield. Enzymolysis of each sample (untreated and pretreated bagasse) was run in parallel.
The glucose concentration was measured at 60 °C using an HPLC system equipped with
an HPX-87H column (Agilent, Santa Clara, CA, USA). The mobile phase flow rate was at
0.6 mL/min and the detection time was 30 min. The hydrolysis efficiency of the enzyme
bound to the cellulose surface was calculated by the hydrolysis rate of the unit bound
enzyme in the initial stage of enzymolysis (0.5 h).

3. Results and Discussion
3.1. Physical and Chemical Property Characterization

To assess the efficacy of the pretreatment in the removal of noncellulose components,
the chemical composition of untreated and pretreated bagasse is compared in Table 1.
Table 1 showed that ~100% of initial hemicellulose in the bagasse was removed during
the pretreatment. As shown in the FTIR results (Figure 1), the characteristic peaks at
1737 cm~! (C=0 stretching of the acetyl and urate groups of hemicellulose or the ester
bond of carboxyl groups in lignin to fragrant acid and ferulic acid) and 1247 cm~! (the
alkyl ester of the acetyl group in hemicellulose) of the hemicellulose of pretreated bagasse
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from untreated bagasse are decreased or completely disappeared [40]. These indicate
that hemicellulose removal is complete [41], which is attributed to the fact that cellulose
intercrystalline swelling fully exposes the hemicellulose and promotes the hydrolysis of
the hemicellulose. Similarly, 98% of the initial lignin was removed during the pretreatment
(Table 1). As seen from the FTIR results (Figure 1), the characteristic peaks at 1515 cm ™!
(C=C stretching of the aromatic skeleton), 1607 cm~! (the aromatic skeletal stretching),
and 1458 cm ! (C-H deformation of CH; and CHy) of lignin of pretreated bagasse from
untreated bagasse almost disappeared [42]. This demonstrates that lignin was efficiently
removed, attributing to the oxidative degradation of lignin by peroxyphosphoric acid
(H3POs) formed by H3PO,4 and H,O; [43]. The cellulose yield possibly reached 96.03%
(Table 1), which is due to both the mild reaction conditions and high selectivity of the
delignification and hemicellulose removal [43].

Table 1. Composition of bagasse and pretreated bagasse.

Yield (%) @ Cellulose (%)  Hemicellulose (%) Lingin (%)
Untreated bagasse 100/100 43.26 +2.13 22.86 +0.97 25.53 +1.18
Pretreated bagasse 42.58/96.03 97.56 + 4.38 0 1.35 £ 0.11

? Yield based on the initial amount of biomass/yield based on the initial amount of cellulose in biomass.
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Figure 1. Fourier-transform infrared spectrometer (FTIR) spectrum of the untreated and pretreated
bagasse.

As shown in the XPS results (Figure 2a,b), the oxygen-to-carbon (O/C) ratio of un-
treated bagasse was 0.39. The known theoretical O/C ratios of cellulose, hemicellulose, and
lignin are 0.83, 0.81, and 0.33, respectively. The low O/C ratio of natural bagasse can explain
the lignin on the surface of the fibrils. The O/C ratio of pretreated bagasse increased to
0.62. The concentrations of C1 (C=C/C-C/C-H), C2 (C-O-C/C-O-H), and C3 (C=0/0-C-0O)
in untreated bagasse were 41.35%, 47.19%, and 11.46%, respectively. Contributions of
cellulose, hemicellulose, and lignin to these peaks have been reported [44,45], with 85% of
cellulose signaling to C2 and part of it to C3, 80% of hemicellulose signaling to C2 and the
rest to C3, and 50% of lignin signaling to C1 and the rest to C2. The C1 content of pretreated
bagasse decreased, while C2 and C3 contents increased. These phenomena suggest that
the lignin is removed and the polysaccharides are exposed on the surface of the fibers [46].
This was consistent with the results of the chemical composition and FTIR analysis.
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Figure 2. X-ray photoelectron spectrometer (XPS) spectrum of (a) untreated bagasse and (b) pretreated
bagasse.

The structure of untreated bagasse is complete and compact, and the fiber bundles
are arranged compactly (Figure 3a). This intact structure greatly impedes the accessibility
of the cellulase to the cellulose. Bagasse was pretreated in an aqueous solution of H3POy,
and the surface morphology of the pretreated bagasse changed significantly, transforming
the dense bagasse into cellulose with a nanofibrils skeleton network structure (Figure 3b,c).
The widths of most nanofibers are in the range of 10-60 nm (Figure 3d). This is attributed
to the fact that the H3PO,4 molecules intrude between the fibrils, breaking the hydrogen
bonds between adjacent fibrils [47]. The removal of hemicellulose and lignin also increases
the number of channels for H3PO4 molecules to squeeze into the cell wall, causing the
distance between adjacent fibrils to widen.

)

Percentage (%)
=)

10 20 30 40 50 60 70 80
Diameter (nm)

Figure 3. Scanning electron microscopy (SEM) images of (a) untreated bagasse and (b,c) pretreated
bagasse; (d) diameter distribution of the nanofibers measured based on SEM images.
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To evaluate the effect of pretreatment on cellulose aggregation, the XRD patterns
of untreated and pretreated bagasse were compared (Figure 4). The peaks [48] at 16°
(101), 22° (200), and 34° (004) for cellulose I were significantly strengthened in the XRD
patterns of untreated and pretreated bagasse. Similarly, the Crl value of the pretreated
bagasse increased from 58.84% to 74.92% (Figure 4). There were no obvious clear peaks at
20 = 12.1° (110 for cellulose II), and 20.2° (110 for cellulose II) in the XRD patterns of
pretreated bagasse as reported in the literature [49]. These indicate that the cellulose
crystal structure was unchanged, and the supramolecular structure of cellulose was not
visibly broken. This implies that the swelling of H3PO, in cellulose mainly occurs in the
intercrystalline spaces rather than the intracrystalline spaces.

[200]

[110) [004]

Pretreated Crl:74.92%

Intensity (a.u.)

Untreated Crl:58.84%

10 15 20 25 30 35 40 45 50
26 (°)
Figure 4. X-ray diffraction (XRD) patterns of the untreated bagasse and pretreated bagasse.

3.2. Adaptability of Pretreated Bagasse to Cellulase

To evaluate the effect of cellulose intercrystalline swelling on bagasse enzymolysis, the
adaptability of pretreated bagasse to cellulase was analyzed (Figure 5a). As seen from the
enzymolysis of pretreated bagasse, the glucose yield (78.19%) achieved at a lower enzyme
dosage of 5 FPU/g was 14-fold higher than that achieved with untreated bagasse (5.25%).
Further increase in the cellulase dosage to 10 FPU/g resulted in a glucose yield of 95.91%
that was five-times higher than that achieved with untreated bagasse (18.07%). However,
with 20 FPU/g of cellulase, a glucose yield of 98.60% was obtained: this was two-fold
higher than that achieved with untreated bagasse (47.27%). This indicates that pretreated
bagasse is highly amenable to cellulase.

Highly selective removal of lignin (~98%) and hemicellulose (~100%) helps to reduce
the unproductive adsorption and the physical barrier of bagasse to cellulase (Table 1). These,
in addition to the lower noncellulose content of the pretreated bagasse, are also associated
with changes in other physicochemical properties including [50,51] pore volume (PV), SSA,
degree of polymerization (DP), and Crl, directly and indirectly providing information
about enhanced enzymolysis of pretreated bagasse. As seen from the PV results (Figure 5b),
a new mesopore (8-23 nm) appeared in the pretreated bagasse and the PV increased to
1.60 x 1072 cm3/ g from 1.43 x 1073 ecm3/ g (Figure 5b). Pores larger than 5.1 nm allow the
enzyme to enter the substrate without being restricted by size [52]. The PV of pretreated
bagasse increased 11-fold, meaning that the physical channels through which the enzyme
can pass are increased. The SSA of pretreated bagasse significantly increased to 1.9068 m? /g
from 0.3633 m? /g (Table 2). The increase in the SSA of cellulose means that a larger area
is available for enzyme loading [53]. The SSA of pretreated bagasse increased five-fold,
meaning that the available surface area of the cellulose for enzyme loading was enhanced.
The DP of cellulose dropped to 300 from an initial value of 2877 during the pretreatment
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(Table 2). This is attributed to the cleavage of the 3-1,4 glycosidic bonds in cellulose by the
acid-catalyzed hydrolysis during the pretreatment [54]. It can therefore be inferred that the
cellulose was destroyed and depolymerized, meaning that the number of nodes requiring
cellulase hydrolysis was reduced.
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Figure 5. (a) Enzymolysis conversion of untreated and pretreated bagasse at 5, 10, and 20 FPU/g;
(b) cumulative pore volume of untreated and pretreated bagasse; (c) X-ray diffraction (XRD) patterns
of the pretreated bagasse enzymolysis for 0, 2, 16, and 48 h.

Table 2. Physicochemical properties of bagasse and pretreated bagasse.

SSA (m?/g) DPn Zeta Potential (mV)
Untreated bagasse 0.3633 £ 0.016 2876.95 4 26.83 —9.01 £ 0.59
Pretreated bagasse 1.9068 £ 0.207 300.6 = 7.48 —45.61 £1.13

As shown in the XRD results (Figure 5c), the Crl value decreased sharply to 35.03%
from 74.92% [55], while the corresponding cellulose conversion to glucose was 55.32%
during the 2 h enzymolysis. When the enzymolysis time was extended to 16 h, the per-
centage of cellulose to glucose increased to 80.02% and the Crl value decreased to 19.34%.
The remaining crystalline cellulose was greatly enzymolyzed, the glucose yield reached to
98.6%, and the Crl value of the residue dropped to 8.51%. The cellulase therefore showed
a strong preference for the digestion of crystalline cellulose over amorphous cellulose.
This may be because amorphous cellulose is mixed with noncellulose components, which
hinders the approach of cellulase.

As shown in the XPS results (Table S1), the O/C ratio of the residual from the pre-
treated bagasse enzymolysis at 20 FPU/g for 48 h decreased from 0.62 to 0.31. In addition,
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the content of C1 increased (from 31.75% to 58.79%), and the content of C2 decreased (from
53.49% to 27.17%) (Figure S1). As seen from the FTIR results (Figure 1), the characteristic
absorption peaks [56,57] at 895 cm ! (the glycosidic bond of cellulose), 2892 cm~ ! (C-H
tensile vibration of methyl and methylene), 1160 cm ! (C-O-C asymmetric stretching of
cellulose), and 1066 cm~! (C-O, C-C stretching vibration) of cellulose were weakened.
The characteristic absorption peaks [58,59] at 823 cm ™! (C-H bending vibration of guaia-
cyl), 1273 em ! (C-O stretching vibration of guaiacyl), and 1637 cm~! (C=O conjugated
stretching) of lignin were significantly enhanced in the FTIR of the residue (Figure 1). This
is attributed to the cellulose being converted to glucose (98.6%) by cellulase and being
removed, while the lignin was retained in the enzymolysis residue.

3.3. Enzymolysis Kinetic Behavior of Pretreated Bagasse

The linear correlation coefficient (R?) was greater than 0.963, indicating that the Lang-
muir [39,60] equation fits the adsorption isotherm data well (Figure 6a). The affinity
constant of pretreated bagasse was 19 L/g, which was three times that of untreated bagasse
(6 L/g). This suggests that pretreated bagasse adsorption enzymes require a higher enzyme
concentration at saturation than untreated bagasse. The adsorption capacity of cellulase
onto the pretreated bagasse decreased to ~29 mg/g from ~40 mg/g (Figure 6a). The ad-
sorption behavior of cellulase onto lignin is well-understood [61] and the hydrophobic
lignin enhances the hydrophobic interaction, increasing the adsorption of enzymes onto
lignin [62]. The hydrophobic interaction was weakened in pretreated bagasse due to the
lower lignin content (Table 1). Cellulase was negatively charged in the buffer at pH 4.8 and
demonstrated an electrostatic repulsion of cellulose, which had a negatively charged surface
(—45.61 mV). Due to the weakening of the hydrophobic interaction and the enhancement
of the electrostatic interaction of pretreated cellulose and cellulase, the adsorption capacity
of cellulase onto cellulose decreased, although the SSA of the pretreated bagasse increased
(Table 2).
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Figure 6. (a) Langmuir adsorption isotherms and parameters of cellulase onto pretreated bagasse at

4 °C, (b) initial hydrolysis efficiency, and (c) bound enzyme in pretreated bagasse with loading of 5,
10, and 20 FPU/g cellulase for 0.5 h.
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The unit-bound enzyme efficiency was calculated based on the enzymolysis rate at
0.5 h (Figure 6b). The unit-bound enzyme efficiency of pretreated bagasse was significantly
improved (Figure 4b), although the amount of bound enzyme onto bagasse remained
unchanged (Figure 6c). This means that productive adsorption increases due to increased
cellulose exposure to cellulase after the removal of noncellulose components (Table 1).
This implies that the adequate removal of the noncellulose components is necessary for
the enzyme to diffuse into or access the cellulose. The unit-bound enzyme efficiency
(0.76 g/L/h/mg bound enzyme) of bagasse at low enzyme doses was significantly higher
than that of the high enzyme doses of 10 and 20 FPU /g (0.68 and 0.43 g/L/h/mg bound
enzyme). This suggests that pretreated bagasse is more conducive to enzyme efficiency at
lower enzyme doses.

3.4. Evaluation of H3POy Recyclability

‘Green’ and sustainable production is widely recognized by human society [63]. If the
final production quality is not disturbed, the reuse of reagents for pretreatment can sig-
nificantly reduce the cost. The H3PO4 mixture was reused five times for subsequent
pretreatment of bagasse with the appropriate addition of H3POy, and the resulting glu-
cose yield of pretreated bagasse via enzymolysis was similar to that of the fresh reagent
(Figure 7a). Approximately 85% of the H3POy is recycled directly by filtration, ~10% H3 PO,
is recovered from ethanol washing solution via rotary evaporation, and only ~5% Hz POy,
needs to be replenished for reuse (Figure 7b). Residual H3PO4 (~5%) in pretreated bagasse
almost obviated the need for acid to adjust the pH to 4.8 to meet the requirements of the
enzymatic hydrolysis process. Further research will be conducted to recover acid-soluble
lignin from the H3PO,4 mixture to further improve the reuse potential of H3POj.
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Figure 7. (a) Enzymatic hydrolysis conversion at 10 FPU/g for 48 h of bagasse pretreated with five
cycles of H3POy; (b) source of recycled H3POj.

In addition, phosphorus, in the form of phosphate, is an important nutrient for liv-
ing things [64]. The treated filtrate rich in H3PO4 has the potential to be converted to
phosphorus-rich fertilizer by reacting it with calcium hydroxide or ammonia water [65].
These examples indicate biomass pretreatment can be affected with milder environmental
consequences.

4. Conclusions

Obtaining green energy and materials from renewable biomass is an indispensable
pathway for human society to deal with the energy crisis and environmental issues. To over-
come the biological barriers to biomass, a strategy of intergranular swelling of cellulose
combined with hydrolysis and oxidation was proposed and demonstrated, which was
used for enhancing the release of fermentable sugars by enzymolysis. Due to the fact
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that cellulose swelling, hemicellulose hydrolysis, and lignin oxidation degradation occur
simultaneously during the pretreatment, they cooperate and promote each other. Bagasse
was converted into cellulose with a nanoscale size, low DP, high void fraction, and high
SSA. The cellulose in pretreated bagasse was sufficiently exposed to cellulase, affording
a high glucose yield (98.60%), posing a competitive pretreatment method for enzymatic
hydrolysis of biomass. This nanofiber network structure of cellulose provides the possi-
bility for the combined production of fermentable sugars and nanocellulose, which will
greatly improve the efficiency of biomass refining and inspire the development of novel
cellulose-based materials. In addition, this study found that cellulase preferred crystalline
cellulose to amorphous cellulose, which provided new evidence for further understanding
the enzymatic hydrolysis mechanism of cellulose.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym14173587 /s1, Figure S1: X-ray photoelectron spectrometer
(XPS) spectrum of residue from enzymolyzed pretreated bagasse for 48 h, Table S1: oxygen/carbon
(O/C) ratio of the X-ray photoelectron spectrometer (XPS) spectrum.
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Abstract: The hydroxyl groups on the cellulose macromolecular chain cause the cellulose surface to
have strong reactivity. In this study, 1H, 1H, 2H, 2H-perfluorodecyltriethoxysilane (PDOTES) was
used to modify cellulose to improve its triboelectric properties, and a triboelectric nanogenerator
(TENG) was assembled. The introduction of fluorine groups reduced the surface potential of cellulose
and turned it into a negative phase, which enhanced the ability to capture electrons. The electrical
properties increased by 30% compared with unmodified cellulose. According to the principles of
TENG:S, a self-powered human-wearable device was designed using PDOTES-paper, which could
detect movements of the human body, such as walking and running, and facilitated a practical
method for the preparation of efficient wearable sensors.

Keywords: cellulose; triboelectric nanogenerator; paper; contact electrification; wearable devices

1. Introduction

With the rapid growth of global energy demand, the overexploitation of non-renewable
fossil energy resources such as oil, coal, and natural gas has led to a serious energy crisis
and environmental and ecological problems [1]. Therefore, how to obtain sustainable
and environmentally friendly energy from the surrounding environment has attracted
much attention. In 2012, Wang et al. proposed the concept of a triboelectric nanogenerator
(TENG) [2,3], which is a technology based on the coupling effect of friction-generated
electricity and electrostatic induction, with the advantages of low cost, small size, portability,
and applicability to a variety of scenarios [4,5]. However, the relatively low output power
density is still a limitation of the friction nanogenerator and is one of the main obstacles to
the wide application of TENGs. Therefore, researchers have also made many attempts to
enhance the electrical properties, such as the selection of suitable frictional electric materials,
the introduction of functional groups [6,7], the doping of high dielectric materials [8], and
the design of micropatterns [9,10]. The selection of suitable frictional materials is the most
effective way to fundamentally improve the performance of TENGs.

Cellulose is the most abundant natural polymer compound on Earth, offering the
advantages of low cost, good processability, good mechanical flexibility, and the ability to ex-
hibit a unique combination of chemical, structural, dielectric, and optical properties [11-13].
These advantages and properties can make cellulose-based functional materials attractive
as TENG substrates or components, a highly promising green material in the field of con-
stituent materials for electronic devices. The polarity of frictional electrical materials is
determined by the chemical properties of the material itself and is closely related to the
functional groups present on the surface of the material [14]. The surface of cellulose is rich
in hydroxyl groups, and by using hydroxyl groups in chemical reactions, some functional
groups, chain segments, or molecules can be introduced to the cellulose molecules to
synthesize cellulose derivatives. In recent years, many researchers have used chemical
methods to modify various groups that promote electron transfer to cellulose to improve
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the frictional electrical properties. Yao et al. [15] reported a method to modify the frictional
polarity of strong CNFs by chemically introducing nitro and methyl groups on the cellulose
surface to enhance the frictional electrical output of TENGs, and after methylation and
nitroxylation, the charge density of CNFs, respectively. Roy et al. [16] found that allicin
from garlic juice enhanced the frictional electrical properties of cellulose nanofibers (CNFs)
with strong efficacy, and the grafting of “thiol-ene” onto CNFs increased the TENG of
pristine cellulose by about 6.5 times. Nie et al. [17] found that aminosilane modification of
CNF films resulted in a significant enhancement of the positive charge on the CNF surface,
allowing for excellent frictional charge density and hydrophobicity on CNFs. More studies
have been conducted to modify cellulose in the positive direction, and fewer studies have
been conducted to enhance the frictional negative polarity of cellulose. Fluorine is the
most electronegative element with a small radius and a high ionization energy, and the
introduction of the fluorine group is a reasonable choice to enhance the friction-negative
polarity of cellulose.

In this study, 1H, 1H, 2H, 2H-perfluorodecyltriethoxysilane (PDOTES) was used to
introduce fluorine groups with high electronegativity into cellulose, which improved the
negative friction polarity of cellulose. FTIR, XRD, and XPS were used to characterize
the modification of the cellulose, while SEM and AFM were used to examine the surface
morphology and surface potential distribution of the modified cellulose. A TENG was
assembled with modified cellulose as anode material and nylon (PA) film, and the tribo-
electric properties of this TENG were investigated. In addition, a TENG-based human
wearable device is designed on this basis. At the same time, the prepared TENG can charge
and power external devices, showing great potential in self-powered sensing systems and
providing a factual basis for further expanding the application of friction materials.

2. Materials and Methods
2.1. Raw Materials and Reagents

Fast growing Eucalyptus cellulose fibers (Nanning, China). 1H, 1H, 2H, 2H-
perfluorodecyltriethoxysilane (PDOTES) was purchased from Aladdin Biochemical Technol-
ogy Co., Ltd. (Shanghai, China). A polymethyl methacrylate (PMMA) plate was purchased
from Deyao Building Materials Co., Ltd. (Guangzhou, China), a conductive tape (copper)
was purchased from Sitejie Office Store (Shenzhen, China), and a nylon (PA) film was
purchased from Aofa Plastics Co., Ltd. (Suzhou, China).

2.2. Fluoro Modification of Cellulose

One gram of PDOTES was added to a 250 mL conical flask, 100 mL of ethanol/water
solution at a volume ratio of 8:2 was added, and the mixture was stirred at room tem-
perature for 2 h to obtain the hydrolysate of PDOTES. One gram of cellulose was added
to the solution, and the mixture was stirred vigorously at room temperature for 5 min
followed by sonication at 800 W for 10 min. After that, the solution was transferred to a
250 mL hydrothermal reactor and stirred in a constant temperature water bath at 80 °C for
6 h. After the reaction, the mixture was filtered and washed repeatedly with acetone and
distilled water. The obtained product was PDOTES-cellulose.

2.3. Preparation of Paper and Fluorinated Paper (PDOTES-Paper)

The vacuum filtration method was employed to fabricate paper and PDOTES-paper
films with a thickness of 50 pm. The paper-making process is shown in Figure 1. First, 0.6 g
of cellulose or PDOTES-cellulose was placed in a 500 mL conical flask; then, 300 mL of dis-
tilled water was added. Next, the cellulose suspension was sonicated at room temperature
for 10 min and then stirred for 2 h to disperse the cellulose evenly. A microporous filter
membrane was placed at the bottom of a G5 sand core funnel, and the cellulose suspension
was poured into it, forming a sheet of cellulose paper by vacuum suction filtration. After
the sheet was formed, it was removed and placed in an automatic dryer. The tempera-
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ture was set to 75 °C, and the drying time was set to 15 min. In this way, the paper and
PDOTES-paper required for the experiments were obtained.
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Figure 1. Preparation of PDOTES-paper.
2.4. Structure of TENG and Wearable Device

The structures of the TENG and the wearable device are shown in Figure 2. An
acrylic plate was cut into a 7 x 7 cm square as the TENG support material, and conductive
double-sided tape, paper, PDOTES-paper, and PA film were cut into 4 x 4 cm squares.
The conductive double-sided adhesive was attached to the middle of the acrylic plate, and
then the paper, PDOTES-paper, and PA film were adhered to the conductive double-sided
adhesive. The structure of the human-wearable device was similar to that of the TENG. It
used xerographic paper as a soft support material, PDOTES-paper as a negative friction
electrode material, and PA film as a positive electrode friction material, which were cut into
4 x 4 cm squares and fixed onto electrostatic copy paper with conductive double-sided
tape. The two electrodes were connected with a sponge, and a layer of polyethylene film
was coated on the outer layer of the wearable equipment to prevent erosion.

-

@ PMMA @ conductive adhesive @ PA w PDOTES-paper @ electrostatic copy paper (@ sponge

Figure 2. (a) Structural diagram of TENG; (b) TENG physical drawing; (c) SEM image of PDOTES-
paper; (d) schematic diagram of TENG electrode; (e) diagram of wearable device structure; (f) physical
drawing of wearable device.

2.5. Characterization

After spraying gold on cellulose, scanning electron microscopy (SEM, Hitachi su8020,
Tokyo, Japan) was used to observe the surface morphology and the elemental content,
and atomic force microscopy (AFM, Dimension Edge, Bruker Co., Ltd., Berlin, Germany)
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was used to observe the surface roughness. KPFM images were taken by atomic force
microscopy (AFM) at room temperature under dark conditions using an AFM system
(XE-100, Park Systems, Bruker Co., Ltd., Berlin, Germany). The bias applied to the KPFM
tip was 2.0 V for all samples. Changes in the functional groups of cellulose before and
after fluoro modification were determined by Fourier transform infrared spectroscopy
(FTIR, Vertes 70, Berlin, Germany) in the range 4000-400 cm~!. Changes in the surface
elemental content of cellulose before and after fluorine modification were analyzed by
X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD, London, UK), and the
change in crystallinity was analyzed by X-ray diffraction (XRD, Smartlab 3 kW, Tokyo,
Japan). The crystallinity index (CrI) was calculated according to the Segal Formula (1):

(Ioo2 — Lam)
002

Crl(%) = x 100% (1)
where I, is the intensity of the diffraction peak at 26 = 18°, and Iy, is the intensity of the
diffraction peak at 26 = 22°.

When testing the TENG, the periodic movement of the electrode was controlled by a
tubular linear motor (Linmot H10-70 x 240/210, CA, USA) and a vibration exciter (JZK-10,
Shenzhen, China), in which the tubular linear electrode controlled the motion frequency
and the vibration exciter controlled the working pressure. The electrical signal generated
by the TENG was collected using an electrometer (Keithley 6514, CA, USA) and output
was sent to a Ni USB-6259, CA, USA, acquisition card.

3. Results
3.1. Characterization of Cellulose
3.1.1. FTIR Analysis

FTIR can quantitatively and semi-quantitatively analyze samples. The increase in and
loss of functional groups of cellulose before and after amino modification can be determined
by FTIR reaction, and changes in peak strength can also indicate changes in functional
group content [18]. As shown in Figure 3a, PDOTES-cellulose retains its absorption peak for
cellulose. After the cellulose was treated with PDOTES, a new functional group absorption
peak appeared in the infrared spectrum. As shown in Figure 3b, the absorption peak at
1245 cm ! originates from the stretching vibration of -CF; [19]. The absorption peaks
at 1100-1000 cm~! are attributed to Si-O-Si and Si-O-C [20]. These results preliminarily
confirm that cellulose was successfully modified by PDOTES.
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Figure 3. FTIR spectra of cellulose before and after modification: (a) 4000-500 em L (b) 1500-800 cm L.

3.1.2. XRD Analysis

XRD can be used to determine the structure and crystal morphology of cellulose and to
measure changes in cellulose crystallinity [18]. As shown in Figure 4, the peaks at 26 = 16°
and 22° are diffraction absorption peaks of cellulose I [21], and indicate that fluorine-based
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modification did not destroy the crystalline region of cellulose, i.e., the cellulose was still a
typical cellulose I after modification. It can be seen from Figure 4 that the diffraction peak
intensity at Iy is significantly weakened after cellulose modification. After modification,
the calculated crystallinity of cellulose decreased from 84.36% to 70.14%, owing to the
introduction of amorphous PDOTES on the cellulose surface.

]UUZ Sample CrI(%)
|

Cellulose 80.36

PDOTES-cellulose 70.14

Intenisity

Cellulose

PDOTES-cellulose

10 20 30 40 50
20 (degree)
Figure 4. XRD spectrum of cellulose before and after modification.

3.1.3. XPS Analysis

XPS can be used for quantitative and semi-quantitative analysis of the surface elements
of samples [22]. As shown in Figure 5a,b, peaks for both cellulose and PDOTES-cellulose ap-
pear at 532.4 and 286.5 eV [23], corresponding to O1s and C1s, respectively, and additional
peaks for PDOTES-cellulose appear at 688.2, 153.4, and 102.2 eV, corresponding to Fls, Si2s,
and Si2p, respectively. The proportions of elements on the surface of the sample analyzed
by XPS are listed in Table 1. Compared with cellulose, Fls is present on the surface of
PDOTES-cellulose, proving that the fluoro modification of cellulose was successful. From
the XPS data, the F element is 37.64%, and the substitution degree of cellulose is calculated
to be 0.77 [24]. At the same time, the C1s content of PDOTES-cellulose increased, while the
O1s content and O/C decreased. This is because PDOTES was introduced into cellulose,
and the amount of Cls on the cellulose surface increased significantly.

Table 1. Cellulose surface element ratios.

Samples C1s (%) O1s (%) F1s (%) O/C (%)
Cellulose 55.72 4428 - 79.47
PDOTES-cellulose 43.77 18.59 37.64 42.47
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Figure 5. (a,b) Full XPS spectrum before and after cellulose modification; (c) Cls peaks on the surface
of cellulose; (d) Cls peak deconvolution on PDOTES-cellulose surface.

3.2. Surface Morphology and Elemental Distribution

Figure 6a—d show SEM images of cellulose at different magnifications. Before modi-
fication, the surface of cellulose is smooth, the structure is dense, and there are no small
particles on the surface. After modification, the surface of cellulose becomes rougher, holes
and small particles appear, and fracturing of the cellulose can be observed. This shows
that after modification, the crystalline area of cellulose was destroyed and glucoside bonds
began to break, which is consistent with outcomes from XRD. Figure 6e—g depicts the
surface element distribution of PDOTES-cellulose, where Si and F elements are present.

T00pm

Figure 6. SEM images at different magnifications: (a,b) Cellulose; (c,d) PDOTES-cellulose;
(e—g) surface elemental distribution of PDOTES-cellulose.
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3.3. Surface Roughness and Surface Potential Distribution

Figure 7 shows that the surface roughness Ra of pure cellulose paper is 127 nm and
that of PDOTES-paper is 195 nm. The surface roughness increases after modification, which
corresponds to the situation of voids on the fiber surface after modification as observed
by SEM. In order to determine the impact of chemical alteration on the material’s surface
potential from a microscopic perspective and to investigate its triboelectric properties, the
surface potential of cellulose was measured in the KPFM mode of atomic force microscopy
(AFM). Figure 7c,f correspond to the surface potential of cellulose paper before and after
modification. The surface potential of cellulose paper is 78.5 mV, and the surface potential
of PDOTES-paper is —44.37 mV. The surface potential after fluorosilane modification not
only decreased but also appeared in the opposite direction, which is due to the strong
electronegativity of F, which made it have a strong electron-withdrawing ability and
improved the negative frictional polarity of cellulose.

(@

578.5 nm

(b) ()

578.5 nm o 106.6 mV

-589.9 nm 54.4mV

Height Sensor Tum Potential

(d)

-224mV

Potential n_um

Rq=254nm, Ra=195nm -%83nm

Height Sensor %0 um

Figure 7. AFM images before and after modification: (a) 2D surface topography of paper; (b) 3D
surface topography of paper; (c) surface potential of paper; (d) 2D surface topography of PDOTES-
paper; (e) 3D surface topography of PDOTES-paper; (f) surface potential of PDOTES-paper.

3.4. Working Principle of Triboelectric Nanogenerator

Figure 8a—d show the working principle of a vertical contact separated TENG. In the
initial state, as shown in Figure 8a, friction layers are separated from each other, and no
charge is generated. As shown in Figure 8b, when the friction layers are pressed together,
due to the different electron gain and loss abilities of the two friction layers, electrons from
PA film are transferred to the surface of PDOTES-paper, so that the surface of PA film is
positively charged, and the surface of PDOTES-paper is negatively charged. As shown in
Figure 8c, when the pressure decreases and the electrodes are separated again, electrons
flow from PDOTES-paper to PA film owing to the potential difference between the two
friction layers. As shown in Figure 8d, when the friction layers stop separating, the circuit
tends to balance, and no electrons move. As shown in Figure 8e, when the electrodes start
to approach each other again, the potential of PDOTES-paper is higher than that of PA film,
and the electrons move from PDOTES-paper to PA film. When the TENG electrodes carry
out the above movements continuously, a stable alternating current is generated in the
circuit [25].
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Figure 8. Structure and working principle of TENG. (a) PDOTES-paper-based TENG original struc-
ture; (b)TENG friction layers are in contact with each other by external force; (c) Remove the external
force to separate the TENG friction layer; (d) The TENG friction layer is separated to the maximum
distance; (e) Cyclic pair reapplying external forces.

3.5. Output Performance of Triboelectric Nanogenerator

Figure 9 shows the effect of fluoro modification on contact electrification of the cel-
lulose. Using paper-based and PDOTES-paper-based TENGs as the experimental objects,
a linear motor was used to move the two TENG friction layers through periodic contact
separation movements. The maximum distance between the electrodes was 7 mm, and
the acceleration was 0.5 m/s?. As shown in Figure 9, after fluorine-based modification of
cellulose, the open circuit voltage of TENG increased from 9.3 to 12.6 V (a 35.48% increase),
the short circuit current increased from 79.3 to 108.6 nA (a 36.71% increase), and the charge
density increased from 109.5 to 141.1 pC-Cm_2 (a 28.86% increase). This is because the
fluorine group has a strong electronic function, which improves the negative polarity
of cellulose and the output performance of the TENG, showing that the introduction of
fluorine groups improves the contact electrification performance of cellulose.
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Figure 9. Output performance of paper-based TENG before and after cellulose modification: (a) Open
circuit voltage; (b) short circuit current; (c) charge density.

A change in working conditions greatly affects the output performance of the TENG.
In the next experiment, a PDOTES-paper-based TENG was used as the experimental object
to study the effect of working conditions on the output performance of the TENG. As
shown in Figure 10a—c, when the contact pressure of the TENG was increased from 10 to
50 N using a vibration exciter, the open-circuit voltage, short-circuit current, and charge
density were increased by 73.75%, 24.27%, and 57.20%, respectively. According to the
analysis of the paper surface shown in Figure 7, the surface of the PDOTES-paper was
rougher. With an increase in working pressure, PDOTES-paper gradually deforms and fills
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the gap with the PA film, so that the contact area between electrodes gradually increases,
resulting in an improvement in the TENG output performance [26]. A linear motor was
used to control the working acceleration of the TENG. As shown in Figure 10d—f, when the
acceleration of indirect contact movement of the electrode controlled by the linear motor
was increased from 0.5 m/s? to 0.9 m/s?, the open-circuit voltage, short-circuit current, and
charge density were increased by 26.42%, 60.51%, and 31.21%, respectively. Compared with
the open-circuit voltage and charge density, the short-circuit current increased significantly
more because the higher the acceleration of contact separation between electrodes, the
shorter the time for electrons in the circuit to reach flow equilibrium, and the shorter the
duration of the corresponding current peak, thus increasing the current peak.

(a) (b) (c)
200 200
s TTUN 2N —a0n —— 10N 2N ——30N o N 2N BN
40N —— 50N 13.9 40N 50N g ik i
2
, [*)
< 0 2. 200
2 10 = =
2 E £
2] 5 Z
] P
I =0 3
54 = = 1001
- =) )
50
B
" -100 4 =
T (ST E
0 5 10 20 25 0 5 10 15 20 2 0 5 10 15 20 25
( d) Time/s Time/s Time/s
20 (e) 300 (D 300
——05mis  ——0.6m/s} 0.7m/s* ——05m/s  ——06misT ——0.7m/s o — 05 mis® 0.6 m/s 0.7 m/s*
——08mis  ——0.9m/s ——08m/s' ——0.9m/s* E — 0.8 mis* 0.9 m/s*
154 ; 200 )
12.7 i3 134 143.5 A 20,5
E 11.6 y E feu = 200
3] b i 3™ £
; .I|.m|n..|HH HH E :
100
- = 1 -
5 &5 ] gﬁ
=
=
04 -100 5 04
0 5w 0 25 0 5 w15 20 25 0 5 10 15 20 25
(g) Time/s (h) Time/s (i) Time/s
120
I paper I paper o o I paper
12+ I PDOTES-paper I PDOTES-paper | g I PDOTES-paper
=
-« ] o
E = 80 _5_
< = j:-
=) = =
o ¥l wh
= b= =
s 5 =
404
o m
=11}
Ty
=
=
! © Ll
60 70 90 60 70 80 90 60 70 80 90
Relative Humidity/% Relative humidity/% Relative humidity/%

Figure 10. Effect of working conditions on PDOTES-paper TENG output performance. (a) Voltage,
(b) current, and (c) charge density at various working pressures; (d) voltage, (e) current, and (f) charge
density at various accelerations. The output performance of cellulose-based TENG before and after
modification under different ambient humidity: Voltage (g), current (h), and charge density (i).

In addition to the working pressure and working acceleration, the relative humidity
of the environment is also an important factor affecting TENG output performance [27,28].
As shown in Figure 10g—i, the motion acceleration between the TENG electrodes was

91



Polymers 2022, 14, 3536

0.5m/s?, and as the air humidity in the control environment increased from 60% to 90%,
the output performance of the paper-based and PDOTES-paper-based TENGs was reduced
to varying degrees. The open-circuit voltage, short-circuit current, and charge density of the
paper-based TENG decreased by 66.67%, 85.37%, and 77.05%, respectively, while the output
performance loss of the PDOTES-paper-based TENG was less, with decreases of 57.14%,
71.72%, and 65.40%, respectively. This is because the introduction of a fluorine group into
cellulose reduces the surface energy of PDOTES-paper and improves its negative friction
polarity. On the other hand, taken in combination with the results in Figure 7, because the
surface of PDOTES-paper is rougher than that of the paper, PDOTES-paper is less likely to
be penetrated by water droplets in the air, so the PDOTES-paper-based TENG has stronger
moisture resistance.

TENGS can be used to supply power for small pieces of electronic equipment, so
to study their output power we created a TENG-powered circuit [29,30]. As shown in
Figure 11a,b, when the resistance of the variable resistance box in the TENG circuit increased
from 10% Q) to 10® ), the output voltage of the TENG gradually increased, the output
current gradually decreased, and the output power first increased and then decreased.
When the resistance was 4 x 107 Q, the instantaneous power reached its maximum value
of 9.9 nW-cm 2. When the PDOTES-paper-based TENG was connected to the LED circuit
board, as shown in Figure 11c, more than 23 LED bulbs could be lit. The output stability
of the TENG is an important index for evaluating its practical application [31]. As shown
in Figure 12d,e, two stability tests were conducted on the PDOTES-paper-based TENG.
First, the voltage was measured for 2000 continuous cycle operations, and was stable at
approximately 12 V from the beginning to the end of the test. The other test was to measure
the voltage of the TENG three times in one month. After 15 days, the voltage remained
stable, and the voltage decreased slightly after one month.

3.6. Applications of FG-TENGs in Self-Powered Sensing

As a wearable device, a paper-based TENG is lightweight, thin, and flexible. It has
potential for a wide number of applications as self-powered sensors [32,33]. As shown
in Figure 12, a wearable device was manufactured with PDOTES-paper as a negative
friction electrode adhered to socks. By simulating human movement, electrical signals were
generated during the process of heel-ground contact separation. We performed two typical
movements: walking and running. As shown in Figure 12, different electrical signals were
detected. It can be seen from the electrical signal that the frequency of the electrical signal
reflects the frequency of human movement. Moreover, when the movement state changes
from walking to running, the peak value of the electrical signal also increases, because not
only the working frequency of the wearable device increases, but the pressure exerted by
the foot on the wearable device also increases. This shows that a paper-based TENG, as a
self-powered sensor, can effectively monitor human motion.
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Figure 11. PDOTES-paper-based TENG: (a) Output voltage and current changes under external
resistance; (b) power output curve under external resistance; (c¢) demonstrating supply of current to
an LED lamp; (d) output performance vs. time; (e) output performance after 2000 cycles.
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4. Conclusions

The cellulose is chemically modified by 1H, 1H, 2H, 2H-perfluorodecyltriethoxysilane.
The access of the fluorine group increases the surface roughness of cellulose, and the surface
potential changes from a positive to a negative phase, so that the modified cellulose has
negative triboelectricity. A TENG was prepared with PDOTES-paper as a friction-negative
material. The output electrical performance was approximately 30% higher than that of a
paper-based TENG. When the resistance in the working circuit was 4 x 107 Q, the output
power reached 9.9 nW-cm~2. When connected to an LED circuit board, more than 20 LED
bulbs could be lit at the same time. Using a PDOTES-paper-based TENG, a self-powered
human-wearable device was designed to detect human movement. This shows that the
contact electrification of cellulose has the potential for broad applications.
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Nomenclature

PDOTES 1H, 1H, 2H, 2H-perfluorodecyltriethoxysilane
TENG Triboelectric nanogenerator

CNFs Cellulose nanofibers

PMMA Polymethyl methacrylate

PA Nylon
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Abstract: At present, the synthesis methods of crystalline porous materials often involve powder
products, which not only affects the practical application but also has complex synthesis operations
and limited scale. Based on the mechanochemical method, we choose COF-TpPa-1, preparing TpPa-
1-DANC composites. Covalent organic frameworks (COFs) are a kind of crystalline material formed
by covalent bonds of light elements. COFs possess well pore structure and high thermal stability.
However, the state of synthesized powders limits their application. Cellulose nanocrystals (CNCs)
are promising renewable micron materials with abundant hydroxyl groups on their surface. It is
possible to prepare high-strength materials such as film, water, and aerogel. Firstly, the nanocellulose
was oxidized by the sodium periodate method to obtain aldehyde cellulose nanocrystals (DANC).
TpPa-1-DANC not only had the crystal characteristic peak of COFs at 20 ~ 5° but also had a BET
surface area of 247 m?/g. The chemical bonds between COFs and DANC formed by Schiff base
reaction appeared in FTIR and XPS. The pyrolysis behavior of the composite was characterized
by TG-IR, which showed that the composite had good thermal stability. With the advantages of
nanocellulose as a material in every dimension, we believe that this method can be conducive to the
large-scale synthesis of COFs composites, and has the possibility of multi-form synthesis of COFs.

Keywords: covalent organic frameworks; aldehyde cellulose nanocrystals; mechanochemistry;
TGA/FTIR

1. Introduction

Porous organic materials have received much attention due to their excellent perfor-
mance in absorption, catalysis, biomedicine, energy storage, and other valuable applica-
tions [1-3]. Covalent Organic Frameworks (COFs) are crystalline polymers fabricated by
covalent bonds of light elements (C, N, B, H, etc.) [4]. COFs were first synthesized in the
form of boron oxygen bonds by Yaghi [5] using a hydrothermal method in 2005, opening a
new door to porous materials. COFs materials possess advantages including robust and
ordered porous structure, modifiability, low density, and high thermal stability [6]. It has
become a research hotspot in the fields of gas adsorption and separation [7], catalysis [8],
and energy storage [9]. Nevertheless, due to the crystallization characteristics and rigid
structure of COFs, most of the as-synthesized COFs are insoluble powders. Firstly, COFs
materials are difficult to process and shape [10]. Secondly, powder makes it difficult for
COFs to be recycled after use, which limits the application of COFs materials. Thirdly, it is
not conducive to the development of COFs composites. In this current situation, it would
be highly desirable to form a new method.

Cellulose is an ample natural polymeric material on the earth and is derived from
plants, marine creatures, and bacteria [11-13], etc. Cellulose nanofibers (CNFs) possess
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advantages including tensile strength and easy membrane-forming [14] that can be used
as composite skeleton or substrate. With outstanding biocompatibility [15,16], nanocel-
lulose currently has achieved a variety of nano-adopting forms, including carbon nan-
otubes [17] and metal organic frameworks (MOFs) [18], etc. Qian et al. [19] found that
adding CNF can significantly improve the mechanical properties of MOFs/ cellulose com-
posites. Wan et al. [20] synthesized PdA@COF/NFC composite membranes in situ on modi-
fied nanocellulose membranes based on a hydrothermal method. However, considering the
compatibility of the two-dimensional (2D) layered structure of COFs with substrates, it re-
mains a challenge to fabricate defect-free COFs layers on substrates by in situ hydrothermal
methods [21]. Therefore, Abdul et al. [22] developed a strategy of in-situ solid phase doping
of carbon nanofibers (CNFs) to prepare COF-CNF hybrid films by mechanochemical meth-
ods. The common preparation methods of COFs include the hydrothermal method [23,24]
and the microwave-assisted method [25,26], which usually have complicated operation,
harsh conditions, and long reaction times and accumulate the organic solvent waste. It is
necessary to explore suitable solvent systems and catalysts and conditions such as the ratio
of monomers [27]. From the perspective of ecology and energy consumption, it is exigent to
explore an approachable and workable strategy of COFs with simpler and faster operation.

Comparatively, the mechanochemical synthesis of COFs is an energy-efficient and
low-cost synthesis method [28]. The mechanochemical method can be run under a shorter
cycle and milder condition of no or less solvent, which has the feasibility of environmental
friendliness and the possibility of expanding the scale of material production [29]. In
mechanochemical reactions, such as ball milling, the size of solid particles decreases, and
the accumulated potential energy leads to the chemical reaction of substances [30]. The
mechanochemical method is currently used in the synthesis of nanomaterials or com-
pounds, such as nanoparticles, zeolites, porous carbons, metal complexes, metal organic
frameworks (MOFs), etc. [31,32]. Khayumc et al. [33] used synthetic flexible COF flakes
as electrode materials, and the use of mechanochemistry could allow one to avoid the
use of binders or additives. Due to the outstanding capacity of COFs, considering the
plasticity and scalability of mechanochemical methods and the multidimensional nature
of nanocellulose, a simple solvent-free method is explored to synthesize covalent organic
framework-nanocellulose composites.

To explore efficient, environmentally friendly, and easy-operate synthetic methods,
mechanochemical methods were selected to prepare covalent organic framework (COF-
TpPa-1) and covalent organic framework-nanocellulose composite (COF-DANC). Aldehyde
group modified nanocellulose crystals were selected to synthesize composites with a certain
degree of crystallinity and specific surface area, and the preparation and characterization
of covalent organic framework-nanocellulose composites were explored. At the same time,
the thermogravimetric analysis combined with infrared spectroscopy was used to analyze
the pyrolysis products and yield analysis, and to explore the feasibility of mechanochemical
synthesis of composite materials.

2. Materials and Methods
2.1. Materials

P-phenylenediamine (Pa-1) was purchased from Sigma, 98%; Trialdehyde phloroglu-
cinol (Tp) was purchased from McLean, Shanghai, China, 97%; Acetone was purchased
from Chengdu Kelong Chemical Co., Ltd., Chengdu, China, AR. Microcrystalline cellulose
(MCC) was purchased from Sinopharm Chemical Reagent Co., Ltd. Shanghai, China,
column chromatography.

P-toluenesulfonic acid (PTSA) was purchased from Tianjin Damao Chemical Reagent
Factory, Tianjin, China, AR; N,N-dimethylformamide (DMF) was purchased from Tian-
jin Zhiyuan Chemical Reagent Co., Ltd., Tianjin, China, AR; Sulfuric acid (H,SO,) was
purchased from Ningbo Xinzhi Biotechnology, Ningbo, China, analytically pure; sodium
periodate (NalO4) was purchased from Aladdin reagent, Shanghai, China, AR; Ethylene

98



Polymers 2022, 14, 3158

glycol was purchased from Thermo Fisher Scientific, Waltham, MA, USA, AR. All reagents
and solvents are commercially available and used without further purification.

Dialysis bag MD77 was purchased from United Carbon, MWCO 3500. The portable
grinder was purchased from Shanghai Wanbo Bio, Shanghai, China, Mini-2-5.

2.2. Preparation of Dialdehyde Cellulose Nanocrystals (DANC) by Periodic Acid Oxidation

Cellulose nanocrystals (CNCs) were prepared from microcrystalline cellulose (MCC)
by sulfuric acid hydrolysis [34]. Oxidation of CNCs suspension was conducted using
sodium periodate to obtain 2,3-dialdehyde nanocrystalline cellulose (DANC) [35]. 30 g
CNCs suspension (0.5 g absolute dry) and a certain amount of NalO4 (molar ratio 1:4) were
added to a 100 mL flask. The flask was covered with aluminum foil to avoid light to avoid
the decomposition of NalO; in light. The oxidation reaction was carried out by stirring
at 70 °C for 180 min. Then, 10 mL of ethylene glycol was added and allowed to react
for another 30 min to remove unreacted NalOj, to terminate the oxidation reaction. The
suspension was dialyzed (MWCO 3500) for one week in deionized water, and was stopped
when the conductivity of the filtrate was less than 2 ps/cm on a conductivity meter. The
yield was calculated, and the suspension was stored at 4 °C for standby.

2.3. Preparation of TpPa-1-DANC

Covalent organic framework nanocellulose composite (COF-DANC) was prepared
in a portable grinder. Then, 475 mg of P-toluenesulfonic acid (PTSA), 47.5 mg of
p-phenylenediamine (Pa-1), and 100 mg of 2,3-dialdehyde nanocrystalline cellulose (DANC)
were added into the centrifuge tube, and two 3 cm diameter zirconia balls were ground in
a portable grinder for 5 min. To this 0.3 mmol (63 mg) of trialdehyde phloroglucinol (Tp)
was added and ground for 10 min, then grinding was continued with 5.5 mmol (100 puL)
deionized water for 5 min. The mixture was removed from the centrifuge tube, then heated
in the oven at 170 °C for 60 s. After cooling to room temperature, it was filled with water to
wash away PTSA, and then ultrasonic washed with DMF and acetone 2-3 times to remove
unreacted monomer and oligomer impurities. After methanol soxhlet extraction for 12 h
and vacuum drying at 60 °C for one night, the powder was COF-DANC. When the addition
amount of DANC was 50 mg, the material was named COF-DANC-A.

2.4. Characterization

Fourier transform infrared (FI-IR) spectra were recorded with Nicolet iS50 (Thermo Fisher
Scientific) with a Diamond ATR (Golden Gate, MA, USA) accessory in the 600-4000 cm™!
region, the sample was vacuum dried at 60 °C overnight before testing. X-ray photoelectron
spectrometer (XPS) was tested with ESCALAB 250XI+ (Thermo Fisher Scientific). Solid
state NMR (SSNMR) was taken in Agilent 600M (Agilent, Santa Clara, CA, USA), chemical
shifts were expressed in parts per million (5 scale). The X-ray Diffraction (XRD) was
performed with a SmartLab 3KW (Rigaku, Tokyo, Japan) for Cu Ka radiation (A = 1.5406 A).
The operating voltage and current were 40 kV and 40 mA in the range of 3°-40° with the
scanning speed of 2° /min and the step of 0.01°. The samples were dried and gently ground
into suitable powder for the XRD test. The crystallinity index (C,1) of nanocellulose samples
can be calculated by Equation (1). [36,37]. In the Segal method, the C;; of nanocellulose can
be interpreted by main crystalline peak Inpy (26 ~ 22°) and amorphous peak I, (260 ~ 18°).
Measurements were repeated at least twice.

Ipgp—1
Cn = = M
002

Scanning electron microscopy (SEM) images were recorded using a Hitachi SU8220
(HITACHI, Tokyo, Japan) with tungsten filament as an electron source operated at 10 kV.
Then, 1 mg of sample was dispersed in 10 mL of isopropanol and sonicated for 60 min,
then the dispersion was dropped casting multiple times on the silicon bottom specimen
stage, and Au sputtering was conducted before analysis. Transmission scanning electron
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microscopy (TEM) analysis was performed using HITACHI HT7700 at an accelerating
voltage of 200 kV. For TEM sample preparation, the sample was dispersed in isopropanol,
and the supernatant was dropped on the copper grid (200 mesh). After air-drying at room
temperature for several minutes, the sample was negatively colored with phosphotungstic
acid dye under dark conditions. After 30 min, the excess dye was absorbed with filter paper.

The specific surface area of the samples was measured by nitrogen adsorption—
desorption experiments at 77 K performed on the ASAP 2460 (Micromeritics, Atlanta,
GR, USA). The samples were outgassed under vacuum (150 °C, —0.1 MPa) overnight prior
to the N; adsorption studies. The surface areas were evaluated using the Brunauer-Emmett—
Teller (BET) model. Thermogravimetric infrared spectroscopy (TGA-FTIR) experiments
were performed using a TGA55 thermogravimetric analyzer (TA, Everett, MA, USA) com-
bined with a Nicolet iS50 Fourier transform infrared spectrometer (Thermo Fisher). The
heating rate of the experiment was 15 °C/min, the flow rate of the nitrogen atmosphere
was 40 mL/min, and about 10 mg of the sample was taken. The thermogravimetric over-
flow gas was detected synchronously in the infrared equipment through the connected
insulation pipe.

3. Results and Discussion

Here, according to the previous report by Karak [38], COF-TpPa-1 can be prepared
more easily and on a larger scale by the mechanochemical method (Figure 1a). Microcrys-
talline cellulose (MCC) introduced aldehyde groups on the surface by the sodium periodate
method to obtain 2,3-dialdehyde nanocrystalline cellulose (Figure 1b). Aldehyde-based
nanocellulose and organic monomer were added step by step to prepare the TpPa-1-DANC
composite. Figure 1c provides a schematic of the synthesis procedures of COF-TpPa-1 and
composite with the mechanochemical method.

Ground P-toluenesulfonic acid (PTSA), with DANC and Pa-1, was gradually added to
Tp-1 and a small amount of water, and grinding was continued until evenly mixed and
then the mixture was heated. The aldehyde group on DANC reacted with the amine group
on Pa-1 to form Schiff base C=N, which helps DANC connect to the COF nanosheet. PTSA
can promote Schiff base reaction and contribute to the formation of imino groups in COF.

3.1. Morphology Analysis of CNCs and DANC

As shown in Figure 2, the SEM pictures showed that microcrystalline cellulose (MCC)
(g) was acidolysis to obtain cellulose nanocrystals (CNCs) (h), and then the 2,3-dialdehyde
nanocrystalline cellulose (DANC) was modified by sodium periodate method. As can be
seen in the following (i), a wide needle DANC with a width of 20 & 7 nm (average & one
standard deviation) and a length of about 200 & 50 nm (average & one standard deviation),
and the dispersion degree was better than NCC. According to previous studies, the surface
modification of nanocellulose [39] can reduce the agglomeration phenomenon, so as to
improve the dispersion of CNCs and the interface interaction of the substrate [40]. By
introducing aldehyde groups to the surface of CNCs, a well-dispersed DANC can be
obtained. In Figure 3d the nanocellulose in XRD presented the main peaks at around 14, 16,
and 22°, belonging to the typical characteristics of cellulose I-type structure, corresponding
to 101, 161, and 002 crystal planes, respectively. The absorption peak near 34° came
from the 004 crystal plane of cellulose I-type structure. It proved that the crystalline
structure of DANC does not rearrange after modification. According to Equation (1), the
crystallinity indexes (C;1) of CNCs and DANC were 0.73 and 0.056. This was because,
with the oxidation of sodium periodate, glucopyranose opened the ring, resulting in the
change from the crystal surface to the internal structure, so the crystallinity index decreased.
Referring to the literature [41], based on the oxidation reaction between the aldehyde
group and hydroxylamine hydrochloride, aldehyde content of 7.1 mmol/g was obtained
by calculation, which is conducive to the synthesis of nanocellulose matrix composites.
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Figure 1. (a) Preparation of covalent organic framework COF-TpPa-1 by grinding method; (b) Prepa-
ration of 2,3-dialdehyde nanocrystalline cellulose (DANC) by sodium periodate method; (c) Prepara-
tion process of TpPa-1-DANC composite.
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Figure 2. Transmission electron microscope (TEM) of (a) MCC, (b) NCC and (c) DANC; scales of
(a) is 1 um, (b,c) are 200 nm.
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Figure 3. SEM (10 pm) (a,b) and TEM images (200 nm) (c) of TpPa-1-DANC; (d) XRD and (e) FTIR of
TpPa-1, DANC, CNC and TpPa-1-DANC; (f) XPS full spectrum of TpPa-1 and TpPa-1-DANC; (g) C
1s image of COF-TpPa-1; (h) N 1s maps of TpPa-1 and (i) COF-DANC.

3.2. Characterization of COF-TpPa-1 by Mechanochemical Method

From Figure 4a,b, in COFs synthesized by the mechanochemical method, it can be seen
that the transverse dimension of COF-TpPa-1 was 10-15 pm. Its lamellar shape corresponds

to the layer stacking seen in the TEM of Figure 4c, which is consistent with the results in
the literature [38].
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Figure 4. Scanning electron microscope (a,b) and TEM image (c) of TpPa-1; FTIR image (d) of TpPa-1
and its monomer; 'H NMR (e) of COEF-TpPa-1; 13C NMR (f) of COEF-TpPa-1 and TpPa-1-DANC.

The structure of the covalent organic framework is an organic framework with a
repeated unit structure, so it has certain predictability and regularity. The crystal structure
of COFs and their composites were analyzed by X-ray diffraction (XRD), and the structural
information such as the regularity of the framework or the stacking degree of layers of
the samples could be known. The XRD spectrum of the TpPa-1 sample prepared by the
mechanochemical method was shown in Figure 3d. It can be seen that there was an
obvious characteristic peak at 4.9°, corresponding to the (100) plane of covalent organic
framework~8.7° and 11.9° are attributed to (200) and (210) reflection planes, respectively.
The 26 = 27° angle belonged to the amorphous peak, which is attributed to the (001) plane
-t Stacking, and layered stacking distance was 3.3 A. These results were consistent with
previous reports on pure covalent organic frameworks [42].

Figure 4d showed the infrared (FTIR) diagram of Tp, Pa-1, and COF-TpPa-1. It
can be seen that the C-H characteristic peak 2894 cm~! of Tp and the C=O characteris-
tic peak 1640 cm ™! of carbonyl stretching band disappear. The peak of COF-TpPa-1 at
3400-3500 cm~! was the stretching vibration peak of ~OH, and there was no N-H charac-
teristic peak (3296 and 3367 cm 1), indicating that Pa-1 was consumed after the reaction.
The C-N stretching vibration peak appeared at 1256 cm !, and the secondary amine (N-H)
bending vibration peak appeared at 1517 cm~!. The absorption peak of the benzene ring
skeleton appeared at 1454 cm~!. A new peak of C=C appeared at 1585 cm~!. The C-H
characteristic peak of aldehyde ~CHO disappeared at 2820 cm !, indicating that the alde-
hyde group in the molecular structure reacted, and the characteristic peak of ketone C=0
appeared at 1604 cm !, which is in good agreement with previous reports [38]. In conclu-
sion, the synthesized COF-TpPa-1 had the structure of aldehyde C=0 structure conjugated
with C=C, and the structure of the para-substituted benzene ring and imine bond (C-N).
This indicates that the condensation reaction and imine bond formation have occurred, that
is, B-ketene amine skeleton formation.

Solid nuclear magnetism (NMR) reflects the chemical environment within the nucleus
by combining the internal and surrounding structures of the nucleus. The structural
network of COF-TpPa-1 was analyzed by 'H NMR and '3C NMR, which provided a
basis for thermogravimetric infrared analysis and a reference for further optimizing the
synthesis process. In the 'H NMR diagram of Figure 4e, it can be seen that a strong peak of
~5 ppm was assigned to water molecules from COF-TpPa-1. An obvious signal centered at
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~8.0 ppm was assigned to the protons of amino groups, indicating that amino groups and
adjacent carbonyls may form strong intramolecular hydrogen bonds and mutual shielding
generated by aromatic rings [43]. As shown in Figure 4f, it was the solid-state 3C NMR
spectrum of COF-TpPa-1. The chemical shift at 146 ppm can be considered as carbon
(=CNH-) on enamine, and the signal at 181 ppm came from carbonyl carbon (-C=0). And
the 157 ppm of TpPa-1-DANC came from the C=N bond produced by the aldehyde amine
condensation reaction [44]. The small peak at 191 ppm was attributed to the carbon atom
of the aldehyde group at the end of COF-TpPa-1 in the composite, which is consistent with
the FTIR results. It was confirmed that in the covalent organic framework, 3-ketene amine
bond formation occurred.

3.3. Characterization of TpPa-1-DANC Composites by Mechanochemical Method
3.3.1. Physical Properties

TpPa-1 and DANC were compounded by the mechanochemical method. The mor-
phology of TpPa-1-DANC was analyzed by SEM and TEM. In Figure 3d,e of TpPa-1-DANC,
the average particle size scale increased to 15 um. It can be seen by transmission electron
microscope that the contact between flake stacked COF and rod-needle-shaped DANC was
a transitional blur, rather than a clear interface, which indicates that the two are not going
through simple physical blending, but covalent grafting [22].

Compared with TpPa-1, the XRD of TpPa-1-DANC not only showed the characteristic
peak of COF but also showed the characteristic peak of (110) crystal plane of cellulose at
about 22°, indicating that DANC is successfully incorporated into the TpPa-1 network. The
peak at 20 = 27.22° decreased, which may be due to the fact that the COF grown on the
(001) crystal plane was parallel to the direction of cellulose [20].

3.3.2. Chemical Properties

TpPa-1-DANC had an obvious characteristic peak at about 1400 cm~ !, and about
2900 cm~! came from the C-H bond of 2,3-dialdehyde nanocrystalline cellulose (DANC).
The stretching vibration of the C=N bond at 1629 cm ! [45] shows the formation of the
imine bond, the weakening of the C-N bond of COFs, the disappearance of C=0O of
DANC, and the weakening of C-N, which proves that they are successfully grafted through
reaction [46].

X-ray photoelectron spectroscopy (XPS) characterization technology irradiates the
sample surface with X-ray photons. According to the analysis of the electronic energy
distribution of the elements on the sample surface, judge whether the relevant chain
chemistry is formed, and investigate the content and grafting of COFs composite. XPS
analysis of TpPa-1 and its composites are shown in Figure 3. It can be seen from the full
spectrum f) that there is an obvious N peak in TpPa-1. With the addition of DANC, the
proportion of the N peak decreases slightly. Measuring the content ratio of the C 1s atom to
the N 1s atom of TpPa-1 (C/N = 8.66), it was lower than that of COF-DANC-A (C/N =9.54).
And this was consistent with the experimental data of materials by EDS in Table 1. This
proved the existence of 2,3-dialdehyde nanocrystalline cellulose in the obtained material.
Under the conditions of the pure grinding method, the N content was low, which may be
due to the agglomeration of COF-TpPa-1 powder and DANC powder without catalyst, and
the N peak was not characterized when the material surface is scanned by XPS.

Table 1. Summary of XPS atomic mass ratio of different materials.

Atomic %
Element
COF COF-DANC
Cls 73.15 72.18
O1s 18.40 20.25
N 1s 8.45 7.57
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Further high-resolution C spectrum analysis of the sample showed that 284.50, 286.08,
and 288.74 eV belong to (spy) C=C, C-O/C-H, and C=0, respectively in the C 1s high
resolution of TpPa-1[47]. N 1s appeared at 399.47 eV and 400.06 eV, and the peaks belonging
to Ar-NH; and Ar-NH-C were divided. After loading, TpPa-1-DANC had a new peak of
400.09 eV C=N [48]. It was proved that the reaction of TpPa-1 and DANC produces a C=N
bond through covalent grafting.

3.3.3. Thermal Analysis

The thermogravimetric-infrared combined technology connects the thermogravimetric
analyzer and infrared analysis through the insulation pipe and analyzes the combined spec-
trum, including a thermogravimetric diagram, infrared diagram of each time (temperature),
thermogravimetric infrared three-dimensional spectrum, and intensity change diagram
with time. Thermogravimetric infrared technology obtains the thermal stability and purity
of the material by synchronously analyzing the infrared spectrum of the polymer at the
weight loss temperature, which is an effective analysis method for the current situation
of low synthesis of COFs. In the experiment, the infrared three-dimensional spectrum of
pyrolysis products obtained by TGA-FTIR technology at the heating rate of 15° /min shows
the corresponding characteristic absorption peaks in the fixed wave number range under
the pyrolysis temperature range.

The thermogravimetric curve and thermogravimetric infrared three-dimensional dia-
grams were shown in Figure 5. The TpPa-1 in Figure 5a had a pyrolysis temperature of
330 and 444 °C with a pyrolysis residue of about 40%. The temperature of the maximum
decomposition rate decreased with the increase of DANC, similar to the literature [49]. In
Figure 5¢, the first pyrolysis peak of TpPa-1-DANC was larger than the area of COF be-
cause the addition of DANC increased the total carbon content of the material. The results
showed that the composites with high COFs content had advantages in thermal stability.
As the proportion of COFs increased, the ash component of composites increased, which is
due to the gradual aromatization of COFs residues during carbonization. Therefore, the
smaller the proportion of COF in the complex, the residue will decrease with the redduction
of aromatics. It has been reported in the literature [18] that the ash content of pure MOF
powder TGA is 40.79%, increasing by 20-50% with the loading of MOF in CNC-CMC
aerogel powder, thus increasing the thermal stability of composites with the loading of
MOF in aerogel. Compared to the thermogravimetric curves of TpPa-1-DANC and DANC,
the maximum weightlessness rate of composites was higher than that of DANC, suggesting
that the stability of DANC was influenced by the combination of COFs and the residual rate
of the composites at high temperature was higher than 20% of DANC. This was because the
COFs have a stable aromatic ring, which is more stable than the ring structure of hemiacetal
at high temperatures.

The thermogravimetric curves of the composite TpPa-1-DANC still showed two
major pyrolysis peaks similar to those of COFs. With the addition of DANC, the initial
decomposition temperature of the composites was lower than that of COFs, close to that of
nanocellulose, and the maximum decomposition rate remained at about 300 °C, but the
decomposition range became increased, thus effectively increasing the thermal stability of
the nanocellulose composites. DANC had a significant mass loss at 100 °C due to its strong
absorptivity and a significant breakdown of the substance at 200 °C. At 11.6 min, it was
about 150 °C, at which point the product has partial water and organic solvents, such as
DMEF, with characteristic peaks around 2900-3000, 1700, and 1000 cm ™! corresponding to
C-H stretching vibrations, carbonyl C=O double bond telescopic vibrations, and C-O and
C—C skeletal vibrations within the C-H in-plane bending vibration of DANC [49].

As shown in Figure 5¢, this meant that TpPa-1-DANC has higher thermal stability than
DANC. In the temperature range of 300-450 °C, glycosidic bonds, partial C-O, and C-C
bonds are broken. The maximum weight loss rate and 600 °C residue rate of TpPa-1-DANC
were higher than those of DANC. This was because COFs have stable aromaticity at high
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temperatures, which is more stable than the ring structure of semi acetals and plays a
positive role in the wide application of COFs materials.
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Figure 5. (a) the thermogravimetric curve of different materials; (b—d) the thermogravimetric in-

frared three-dimensional diagrams of (b) COF-TpPa-1, (¢) TpPa-DANC-50 composites and (d) COF
monomer mixing.

According to Beer’s law, the intensity of characteristic absorption peak larger, that
is, the higher the absorbance, and the higher relative content of gas components in the
total gas. Figure 6 showed the thermogravimetric curve of COF-TpPa-1 at a heating rate of

15 °C/min and the FTIR spectrum of pyrolysis products at different temperatures. It can
be seen from the infrared image that pyrolysis is divided into three steps:

1.  Atabout 100 °C, it can be seen in Figure 6 that at 100 (5 min) and 137 °C (7 min), the
characteristic peak of water increased at 3400-3700 and 1500-1700 cm ™!, which may

come from the water on the material surface. In addition, there was a certain time
error in the delay of gas transmission.

2. Atabout 19 min (and 300 °C), the absorbance of CO increased slightly. The appearance
at 1380 cm ! indicated the vibration of the C-C skeleton. By 30.6 min, a large amount
of CO, was produced.

3.

The third stage was about 400 °C, which shows the large-scale cracking of the frame
With the increase in temperature, the peak value of 2300 cm ™! increased. The maxi-
mum weight loss peak was about 40.2 min. The absorption peak at 3500-3700 cm !

showed that the gas still contains water. This means that when the temperature
reached 400 °C, the composite began to decompose.

The absorbance of the corresponding CO, reached the maximum, indicating that the
material has good thermal stability at about 300 °C.

Generally speaking, pyrolysis at low temperatures comes from untreated solvents or
oligomers in COFs. This is consistent with the excellent thermal stability of COFs, so there
is no detection of branch chain fracture or frame cracking of COFs at low temperatures.
Therefore, the thermogravimetric infrared images of COFs after methanol extraction are
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compared to judge whether the COFs material is clean and whether the pores are clean.
In contrast, the extraction of COF-TpPa-1 in advance showed similar thermogravimetric
performance in three cracking stages.
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Figure 6. (a) Thermogravimetric diagram and (b) the thermogravimetric infrared three-dimensional

diagram of COF-TpPa-1; Infrared images in the temperature ranges (c) 0-300 °C and (d) 300-800 °C
of COF-TpPa-1.

The difference was that the characteristic peak of CHy appears in the decomposition
process. As shown in Figure 7, alkanes begin to be produced at 4.86 min, and the CHy char-
acteristic peak appears at 2970-2900 cm~!. With the increase in temperature, the absorption
peak of methane increased, reaches the absorption peak at 7.3 min, and disappeared at
about 19 min. The change in the CH4 peak was similar to that of 1390 and 1032 cm ™!
characteristic peaks. The gas produced in this temperature range was considered to be
coming from DMF (boiling point is 157 °C), and characteristic peaks appeared around
2900-3000, 1390, 1700, and 1000 cm ™!, corresponding to C-H stretching vibration, carbonyl
C=0 double bond stretching vibration, C-H plane bending vibration and C-O and C-C
skeleton vibration of DMF [49].

XRD and BET analysis showed that the TpPa-1-DANC composite maintained good
crystallinity and specific surface area of TpPa-1. Considering various harsh environmental
requirements in practical application, a thermal stability test is very important. The thermal

stability of COFs was obtained by thermogravimetric analysis, which basically had good
thermal stability at 300-400 °C.

3.3.4. Structure Analysis of Composites

The structural stability and permanent porosity of the materials were studied by a
nitrogen adsorption-desorption experiment at 77 K. As shown in Figure 8a, COF-TpPa-1
showed a steep absorption curve under the low-temperature line (P/Pj < 0.5), showing
the characteristics of microporous materials. The specific surface area decreases with the
increase of the amount of DANC. The BET specific surface area of TpPa-1 prepared by the
mechanical grinding method is 359 m? /g, which is bigger than 247 m? /g when DANC
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was added. However, they were less than the specific surface area of COFs prepared by the
hydrothermal method [50]. It was speculated that the long-range order may be limited due
to certain stripping of COFs in the mechanical method. Also the residue of oligomers in the
formation process may be caused by insufficient pores for nitrogen adsorption [51]. Pore
size distribution analysis of COF-TpPa-1 from the adsorption isotherms indicated that the
samples contain micropores with diameters of 1.1 nm (Figure 8b).
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Figure 7. Thermogravimetric infrared three-dimensional diagram of COF-TpPa-1 without Soxhlet
extraction in the temperature range of 0-350 °C.
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Figure 8. (a) Nitrogen desorption curves of TpPa-1 and TpPa-1-DANC; (b) Pore size distributions of
the pure COF-TpPa-1.

4. Conclusions

COF-TpPa-1 and TpPa-1-DANC were prepared by the mechanochemical method
from bottom to top. The successful synthesis of the material was proved by various
characterizations. The obtained TpPa-1-DANC composite had a certain specific surface
area (BET, 247 m?/g). The pyrolysis behavior of the material was analyzed combined with
thermogravimetric infrared technology. The results showed that TpPa-1-DANC not only
improves the specific surface area but also improves the thermal stability. Combined with
the film-forming and gel properties of nanocellulose, our experiment provides a basis for
the preparation of morphological covalent organic framework composites based on nano
cellulose and improves the application feasibility of COFs materials.
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Abstract: The separation of cellulose, hemicellulose, and lignin components using deep eutectic sol-
vent, which is a green solvent, to obtain corresponding chemicals can realize the effective separation
and high-value utilization of these components at low cost. In this study, we used waste biomass
sugarcane bagasse as the raw material, choline chloride as the hydrogen bond acceptor, and lactic
acid as the hydrogen bond donor to synthesize a deep eutectic solvent of choline chloride/lactic acid
(L-DES) and treated sugarcane bagasse pretreated by alkali or hydrothermal methods to separate
cellulose, hemicellulose, and lignin. In addition, we comparatively studied the effect of different
pretreatment methods on lignin removal by DES and found that the lignin removal rate by L-DES
after alkaline pretreatment was significantly higher than that after hydrothermal pretreatment, and
the mechanism of action causing this difference is discussed.

Keywords: bagasse; DESs; separation; lignin

1. Introduction

Finding an economical and efficient development pathway is important to achieve the
high-value utilization of biomass resources. Data crop residues account for up to 54% of
waste biomass resources [1]. Among the residues, sugarcane bagasse, which is produced
abundantly, yields approximately 540 million tons worldwide every year [2].

Sugarcane bagasse is rich in cellulose, which can be used as a raw material for pulp
and paper making, and its rich hemicellulose content is also conducive to the realization
of various industries, such as xylose and xylitol; more than 200 value-added chemicals
can be produced by refining lignocellulosic biomass [3], such as ethanol, levulinic acid,
furan, sorbitol, xylitol, glycerol, and their derivatives [4]. Therefore, the prospects for the
utilization of sugarcane bagasse as a waste biomass resource are very promising.

Deep eutectic solvent (DES) is an environmentally friendly green solvent that can
solubilize lignin and increase the hydrophilicity of lignocellulose, thus increasing the
glycation rate of lignocellulose. Hou et al. [5] found that the ester bond of the linkage
between lignin and hemicellulose was broken from the infrared of lignocellulose treated
with DESs, the hydrogen bond of the linkage between hemicellulose and cellulose was
broken, and hemicellulose was hydrolyzed into oligosaccharides dissolved in DESs. Many
studies have shown that DESs can be used as an effective solvent for the lignin separation
of bagasse lignin, cellulose, and hemicellulose fractions, with a lignin removal of up to
81% [6-10].

As shown in Figure 1, hemicellulose acts as a binder to closely interpenetrate lignin
and cellulose. Hemicellulose and lignin have chemical connections, and hydrogen bond-
ing connections and Van der Waals forces exist between them and cellulose. Therefore,

Polymers 2022, 14, 2756. https:/ /doi.org/10.3390/ polym14142756

https://www.mdpi.com/journal /polymers
113



Polymers 2022, 14, 2756

separating the three kinds of material while removing the hemicellulose is difficult and
complicated. In addition, the glycosides bond of hemicellulose breaks under acidic condi-
tions, leading to the degradation of hemicellulose into oligosaccharides [11]. Given that
DES is acidic, the separation efficiency and purity of lignin can be further improved if the
hemicellulose is pre-separated to improve the implementability of the DES separation of
lignin and avoid the difficulty of separating hemicellulose and lignin by turning them into
small molecules after acid hydrolysis.

Lignin
Lignin-hemicellulose
complex

Hemicellulose

Figure 1. Three-dimensional structure of cellulose, hemicellulose, and lignin in bagasse.

Hemicellulose glycans can be dissolved in alkaline solution or hydrolyzed by dilute
acid. The commonly used methods for hemicellulose separation include dilute acid hydrol-
ysis, alkali extraction, hydrothermal extraction, and organic solvent extraction. Considering
the concept of green process flow, the alkaline and hydrothermal hemicellulose extraction
methods were selected and achieved highly satisfactory results [12,13].

However, the current study used DESs to remove lignin from sugarcane bagasse, and
the products still retained hemicellulose, which did not report the effect of the pretreat-
ment by alkali and hydrothermal methods on the subsequent lignin separation, regarding
whether it would favor the lignin solubilization, or on the lignin structure.

In order to further improve the lignin removal rate and achieve effective separation
of the components, therefore, a two-step treatment method was used in this study. Cellu-
lase lignin (CEL), which has few structural alterations of lignin [14], was extracted from
sugarcane bagasse feedstock as a representative of the total lignin in lignocellulosic feed-
stock, and choline chloride was used as the hydrogen bond acceptor and lactic acid as the
hydrogen bond donor to synthesize the deep eutectic solvent of choline chloride/lactic
acid (L-DES), which had good lignin removal and was essentially insoluble in cellulose in
the previous experiments. The sugarcane bagasse pretreated by hydrothermal process and
then treated by L-DES was hydrothermal lignin (HL), and after alkali pretreatment and
L-DES treatment, the crude lignocellulosic was alkali lignin (AL). The structural changes of
crude lignin HL and AL were compared and analyzed, and the differences in the mech-
anisms of lignin separation between the alkaline and hydrothermal pretreatments were
also compared.

2. Materials and Method
2.1. Materials

Choline chloride, sodium acetate and hydrochloric acid were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Lactic acid was obtained from Shanghai
Rinn Technology Development Co., Ltd. (Shanghai, China). Cellulase and dioxane were
purchased from Shanghai Rinn Reagent Co., Ltd. (Shanghai, China). All the above reagents
are analytically pure.
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2.2. Experimental Methods
(1) Synthesis of L-DES

The sugarcane bagasse feedstock was dried and de-watered for 24 h before the experi-
ment, and a molar ratio of choline chloride:lactic acid (1:9) was placed in a flask, heated,
and stirred with N5 at 80 °C. The reaction was carried out for 1-2 h. When a uniform and
transparent solution was obtained, the reaction was allowed to go on for another 20 min,
further stabilizing the formed solution, and then the reaction was stopped. Finally, L-DES
was obtained.

(2) Separation method of hemicellulose, cellulose, and lignin

1. Alkali separation of sugarcane bagasse hemicellulose

After benzene-alcohol extraction, bagasse was weighed, reacted in the alkali solution
at a high temperature for a period of time, and then kept warm. After holding, the extract
was poured into a beaker, the flask was washed three times with deionized water, and the
washing solution was poured into the beaker.

The filtrate and the residue were separated by suction filtration. The residue was
washed with deionized water until neutral, and the cake residue (bagasse after alkaline
extraction, residue AB for short) was dried to a constant weight and used for the subsequent
separation experiments. The filtrate (filtrate and the washing solution for cleaning the
residue) was adjusted to a pH of approximately 5.5 using glacial acetic acid, left to stand,
and then centrifuged. The precipitate was dried to obtain hemicellulose A. After the
supernatant was concentrated by rotary evaporation, thrice the volume of 95% ethanol was
added and allowed to stand for 2 h. The precipitate was washed with 70% ethanol after
suction filtration and dried to obtain hemicellulose B (crude xylan sample). The supernatant
was concentrated and dried to obtain alcohol-soluble lignin.

2. Hydrothermal separation of sugarcane bagasse hemicellulose

The bagasse, after benzene-alcohol extraction, was weighed and insulated for a period
of time in a hydrothermal autoclave. After the insulation reaction, the hydrothermal auto-
clave was left to stand overnight under natural conditions and cooled to room temperature.
The extract was poured into a beaker, the hydrothermal autoclave was washed three times
with deionized water, and the washing solution was poured into the beaker.

The filtrate and residue were separated by suction filtration. After washing the residue
several times with deionized water, the filter cake residue (bagasse after hydrothermal
extraction, residue HB for short) was dried to a constant weight and used for the subsequent
separation experiments. The filtrate (filtrate and the washing solution for cleaning the
residue) was concentrated by distillation, and the hemicellulose was precipitated with thrice
the volume of 95% ethanol. The experimental study showed that the hemicellulose yield
was the highest when three times the volume of ethanol was used. Finally, the precipitate
was centrifuged and freeze-dried to obtain a crude hemicellulose product, which was
weighed to calculate the hemicellulose removal rate.

3. DES separation of sugarcane bagasse lignin

The dried residue obtained from the above two pretreatment methods was wetted
with water (to reduce the lignin softening temperature) and reacted with L-DES at a high
temperature for a certain time. After the reaction, the reaction solution was poured into
a beaker, the four-necked flask was washed three times with anhydrous ethanol, and the
washing solution was poured into the beaker.

The filtrate and the residue were separated by suction filtration, and the residue was
washed with anhydrous ethanol for neutralization and dried in an oven to a constant
weight to obtain crude cellulose. The filtrate was diluted with a large amount of deionized
water and left to stratify, filtered to obtain a crude lignin solid, and dried to a constant
weight and weighed to record the mass of crude cellulose and lignin. The filtrate was
distilled from a large amount of anhydrous ethanol and deionized water using a rotary
evaporator to obtain a small amount of viscous liquid, which was collected and recovered
to obtain the DES for reuse. A flow chart is shown in Figure 2.
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Figure 2. Flow chart of DES separation of lignin and cellulose.

(3) Separation and extraction of cellulolytic enzyme lignin (CEL)

An enzymatic hydrolysis reaction was carried out by adding cellulase and acetic
acid-sodium acetate buffer to the ground bagasse powder [15,16]. The precipitated residue
after the enzymatic treatment was washed several times with acetic acid-sodium acetate
buffer and deionized water and then freeze-dried. The residue was extracted using 96%
aqueous dioxane solution, and the supernatant was concentrated by evaporation [16]. The
concentrated solution was left to stand for precipitation with a hydrochloric acid solution,
and the CEL precipitated out.

2.3. Characterization of Cellulose and Lignin

A small amount of dried bagasse, bagasse AB and HB after the respective hydrother-
mal and alkaline pre-extractions, cellulose AC and HC, and lignin AL and HL, AC which
were separated after L-DES treatment, were compressed into tablets using KBr. Infrared
measurements were taken using a VECTOR22 Fourier transform infrared spectrome-
ter (Bruker Corporation, Ettlingen, Germany), with a scanning range of 4000-400 cm L
60 scan times, a resolution of 4 cm ™1, and a signal-to-noise ratio of 55,000:1.

Crude cellulose AC and HC and lignin AL and HL were examined by scanning
electron microscopy (SEM) using a Regulus 8100 SEM (Japan Electronics Co., Ltd., Tokyo,
Japan) after hydrothermal and alkaline pre-extractions and L-DES treatment to observe the
difference between the crude cellulose and lignin obtained by hydrothermal and alkaline
extractions. The differences between crude cellulose and lignin were observed.

A TG209F1 thermogravimetric analyzer (Bruker Corporation, Ettlingen, Germany)
was used to test the residues (AB and HB) obtained after the hydrothermal and alkaline
pre-extractions, respectively, and the thermogravimetric behavior of crude cellulose AC
and HC treated by L-DES was analyzed. A sample of approximately 10 mg was weighed,
the temperature was increased from 25 °C to 700 °C at a rate of 10 °C/min under N
protection, and the ventilation rate was 25 mL/min.

116



Polymers 2022, 14, 2756

We accurately weighed 5 mg of cellulase lignin and the lignin samples AL and HL
obtained by dissolving and separating with L-DES after alkaline and hydrothermal ex-
tractions, respectively, and set them in 5-mL centrifuge tubes. The pipette drew 5 mL
of the chromatographically pure tetrahydrofuran (THF) to dissolve the lignin, and the
centrifuge tube was placed in an ultrasonic wave for 2 h to dissolve the lignin and prepare
the solution to be tested. A standard sample of polystyrene with a molecular weight of
6.9 x 10* g/mol was used to calibrate the existing molecular weight standard curve, and
the supernatant was aspirated into the sample with an injection needle for analysis. Gel
permeation chromatography (GPC, Agilent, Santa Clara, CA, USA) was performed on a
small molecular weight column tandem with a chromatographically pure THF eluent and
a differential refractive index detector. The molecular weights of the lignin samples were
calculated from the standard curve of the standard samples.

An elemental analyzer (Vario EL III, Langenselbold, Hesse, Germany) was used to
determine the C, H, O, and N in bagasse and crude lignin AL and HL, and the results are
all in mass fraction.

3. Results and Discussion
3.1. Comparison of Lignin Removal Rates by Hydrothermal Extraction Method and Alkali
Extraction Method

After the hydrothermal and alkali extractions, the lignin was removed by L-DES
treatment, and the effects of the two methods on the lignin removal rate and the cellulose
content and yield are shown in Figure 3.
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Figure 3. Effect of hydrothermal or alkaline pretreatment on the removal rate of lignin and hemicel-
lulose, cellulose content and yield.

Figure 3 shows a comparison of the test indicators, such as the lignin removal rate,
under the two pretreatment methods. Under the best experimental conditions: solvent
L-DES, bagasse: DES = 1:25, temperature of 110 °C, 12 h, alkali pretreated hemicellulose
removal rate of 66.84%, lignin removal rate of 86.7%, and respective cellulose content and
yield of 85.3% and 89.1%. The removal rate of hemicellulose by hydrothermal pretreatment
was 32.57%, the removal rate of lignin was 79.6%, and the respective cellulose content and
yield rate were 81.2% and 84.5%. The comparison shows that the removal rate of lignin
after alkaline pretreatment was higher than that after hydrothermal pretreatment because
under the action of alkaline, new phenolic hydroxyl (phenoxy anion) could be derived
from lignin, which is conducive to the dissolution of lignin due to the hydrophilic property
of phenolic hydroxyl. In addition, according to the literature on the treatment of bagasse
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with DESs, L-DES is used to dissolve lignin in the residue after alkaline pretreatment. This
work could obtain the highest removal rate of lignin according to the existing studies on
lignin removal from bagasse with DESs treatment [6].

3.2. Structure Analysis of Crude Lignin and Cellulose by Infrared Spectroscopy

The infrared spectra of bagasse, bagasse after hydrothermal and alkali pre-extraction
treatments, and bagasse after L-DES treatment are shown in Figures 4 and 5.
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Figure 4. Infrared spectra of bagasse, HB and HC.
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Figure 5. Infrared spectra of bagasse, bagasse after alkaline treatment (AB) and crude cellulose after
L-DES treatment (AC).
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The infrared spectra of bagasse, HB, and HC are shown in Figure 4. The broad peak
at 3344 cm~! is the -OH stretching vibration peak, and the -OH content is highest in
cellulose HC. The -OH content increased relatively due to the removal of hemicellulose.
The stretching vibration peak of C-H is at 2904 cm !, including the -CH and -CHj of the
saturated hydrocarbon group and the -CHj of the methoxy group on the benzene ring. The
bending vibration peak of C-H at 1330 cm ™!, 825 cm ™! is the C-H vibration peak linked
with the benzene ring [17], 1604 and 1510 cm ™! are the skeleton vibration absorption peaks
of benzene ring, 1242 cm ™! is the C-O vibration absorption peak of the phenolic hydroxyl
group, and 1045 and 1101 cm ! are the respective bending and stretching vibration peaks of
the ether bond on the benzene ring, which represent the characteristic absorption peaks of
lignin. The absorbance of these characteristic peaks in cellulose HC decreased significantly,
indicating that lignin was removed in large quantities. However, the absorbance of these
characteristic peaks in residue HB increased slightly because the lignin content in residue
HB increased relatively with the removal of hemicellulose, so the characteristic peaks were
enhanced slightly.

The strong absorption peak at 1101 cm ! is also the stretching vibration peak of the
alicyclic ether C-O-C, which is the alicyclic ether bond in cellulose and hemicellulose
five- and six-carbon sugars. The intensity of the characteristic peak decreased obviously
with the removal of lignin and hemicellulose. The C=0O vibration absorption peak of
hemicellulose is at 1712 cm™~!, which is the characteristic absorption peak of C=O on
the acetyl group [18]. The absorbance of C=0 in residue HB did not decrease obviously
because the hemicellulose removal rate through the hydrothermal extraction method in this
research was not high. The characteristic peak intensity in cellulose HC is weak because
hemicellulose was dissolved in DESs. The (3-1, 4-glycosidic bond of cellulose is located at
819 cm~!. After L-DES treatment, a part of the glycosidic bond of cellulose was broken, so
its strength decreased slightly.

Figure 5 shows the IR spectra of sugarcane bagasse, bagasse AB after alkali treatment,
and the crude cellulose AC obtained after L-DES treatment. The characteristic peak of
lignin weakened from the bagasse to residue AB to cellulose AC, indicating that the alkali
extraction removed part of the lignin from the bagasse, while the L-DES solvent removed
most of the lignin from the bagasse. The intensity of the C=O vibrational absorption peak
of hemicellulose xylose at 1735 cm ! showed a similar general trend, the hemicellulose in
sugarcane bagasse was gradually removed by alkali extraction and the L-DES.

The peak at 3344 cm ™! is assigned to the -OH stretching of cellulose, and the peak
at 2904 cm ™! is assigned to the C-H vibration of cellulose. The strength of the -OH and
C-H stretching vibration peaks were all weakened significantly after the alkali extraction
and the L-DES treatment, suggesting that the hydroxyl content in cellulose gradually
decreased. The B-1, 4-glycosidic bond of cellulose is located at 819 cm ™!, the glycosidic
bond in the residue AB was broken and its strength was significantly decreased, indicating
that the alkali caused some degree of damage to the cellulose structure. The -OH stretching
vibration bands blue-shifted from the bagasse to residue AB, and the wavelength from
3344 cm~! to0 3371 cm™L; from residue AB to cellulose AC, the wavelength shifted from
3371 cm ™! to 3404 cm~!; the bending vibration peaks of C-H red-shifted from the bagasse
to residue AB, and the wavelength from 1321 cm ™! to 1316 cm™!; from residue AB to
cellulose AC, the wavelength shifted from 1316 cm~! to 1313 cm~!. These data suggest
that the intermolecular hydrogen bonds of cellulose suffered from the disruption of alkali
and L-DES, which also inevitably led to structural changes in the crystalline region of
cellulose [19].

Figure 6a shows the spectra of AL and HL, and Figure 6b shows the spectra of cellu-
lase lignin.
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Figure 6. Infrared spectra of alkaline lignin AL and hydrothermal lignin HL separated by L-DES
after alkaline pre-extraction and hydrothermal pre-extraction (a) and cellulase lignin (b).

Cellulase lignin is extracted by solubilizing cellulose and hemicellulose using cellulase
enzymes, and its structure is the most similar to the original natural lignin structure.
Figure 6b shows the peaks of the telescopic vibrations of the phenolic and aliphatic hydroxyl
groups of lignin at 3433 cm ™!, the C-H telescopic vibrations of -CH and -CHj at 2943 cm ™!,
the C-H telescopic vibrations of -CHj at 2844 cm ™!, and the C-H asymmetric bending
vibrations of methoxy at 1461 cm~! and 1421 cm ™!, and the fingerprint region at 833 cm !
is the C-H vibration peak of the benzene ring linkage. The conjugated C=O stretching
vibration peak in lignin is located at 1714 cm~! [20], which is the C=O bond in the ketone
or the aldehyde group of lignin. The basic structural units in bagasse lignin are the
lilac- and guaiac-based phenylpropane units and a small amount of the p-hydroxyphenyl
phenylpropane unit. Among the phenylpropane units, the lilac-based phenylpropane
unit is the most abundant, and the C-O deformation vibration of this phenylpropane
unit is located at 1330 cm~!. The C-H in-plane bending vibration of the phenylpropane
unit is located at 1118 em™!; 1263, 1220, 1220, and 1035 cm ™! are the peaks of the C-O
stretching vibrations in lignin; 1220 cm ™! is the C-O stretching vibration in the guaiacyl
phenylpropane unit [21]; 1035 cm ! is the C-O stretching vibration of the secondary alcohol
or fatty ether structure [22]; and 1604 and 1510 cm™~! are the absorption peaks of the
benzene ring skeleton vibrations [23].

The comparison of Figure 6a, b indicates that the hydroxyl content of HL decreased
slightly, which may be attributed to the reaction of the lignin hydroxyl group with the
chloride ion of L-DES, and the reaction reached the high softening temperature of lignin
with partial methoxy removal. The intensity of the bending vibrational peak within the
C-H plane of the AL decreased significantly, showing that the phenyl propane unit was
damaged. Moreover, the -OH stretching vibration peak in lignin blue-shifted and the C-H
asymmetric bending vibration red-shifted, suggesting that the hydrogen bonding structure
of alkali lignin was changed by the influence of alkali and the strength of hydrogen bonding
interaction slightly decreased. The red-shift of the C-O stretching vibration peak in alkali
lignin demonstrates that the electron cloud density between its C-O bonds is lower than that
of the original lignin, the bond strength constant decreased, the bond strength weakened,
and the vibration frequency decreased. This phenomenon indicates that alkali caused some
C-O bonds to break.

3.3. Morphology Analysis and Comparison of Crude Cellulose AC and HC

After detecting the crude cellulose AC and HC by SEM, the difference between the
crude cellulose HC and AC obtained by hydrothermal and alkaline extractions was ob-
served. The scanning electron micrographs of crude cellulose HC and AC are shown
in Figure 7.
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Figure 7. Scanning electron micrographs of crude cellulose AC (a) and crude cellulose HC (b).

Figure 7a shows crude cellulose AC amplified by 1000 and 500 times; Figure 7b shows
crude cellulose HC amplified by 500 and 200 times. Unlike that of crude cellulose AC, the
surface of crude cellulose HC is relatively smooth. In addition, the difference between the
structures of crude cellulose HC and AC is not obvious, and their diameters are also similar.
The fiber bundles were subjected to L-DES. L-DES dissolved the hemicellulose as adhesive
and degraded it to small molecule oligosaccharides. In addition, the ether bonds of lignin
were broken and degraded into small molecule guaiac-based compounds, leading to the
dispersion of the fiber bundles.

3.4. Analysis of Thermogravimetric Behavior

The thermogravimetric behaviors of residues AB and HB obtained after bagasse,
hydrothermal and alkaline pre-extractions and those of crude cellulose AC and HC after
L-DES treatment are shown in Figure 8.
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Figure 8. Thermogravimetric curves TG (a) and DTG (b) of two stages of hydrothermal extraction.
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(Among them, 1-bagasse; 2-bagasse HB after hydrothermal extraction; 3-cellulose HC
after hydrothermal extraction).

The comparison of the thermogravimetric curves of bagasse, residue HB, and crude
cellulose HC is shown in Figure 8. The three curves between 260 °C and 380 °C show a
significant decline in mass. The mass loss rate is very high, reaching the maximum rate of
weightlessness between 350 °C and 365 °C. The maximum rates of weightlessness on the
three curves are 0.96%/min, 1.50%/min, and 2.23%/min, respectively.

The thermogravimetric processes of bagasse and cellulose can be divided into three
periods; they are turned into solid residue and gases, such as CHs and CO, through thermal
decomposition. The first period is mostly the process of losing free water. During this
process, the weight of residue HB and cellulose HC was basically unchanged, while the
weight loss of bagasse was 2.38%. Bagasse had the highest free water content. The second
period is the main period for the thermal decomposition of bagasse and cellulose. Bagasse
had the lowest initial decomposition temperature, which was 260 °C, because the unstable
hemicellulose and cellulose were decomposed under the influence of the high temperature
and pressure. Therefore, the HB structure of the remaining cellulose is relatively stable and
has a higher decomposition temperature. The maximum weight loss rate was also achieved
in this period, and the maximum weight loss rate temperature is in the range of 350 °C
to 365 °C. The weight loss of bagasse was approximately 70%, the weight loss of residual
HB was 73%, and the weight loss of cellulose HC was 78%, suggesting that cellulose
HC has the highest carbon content because it has the highest cellulose content. Bagasse,
residue HB, and cellulose HC entered the third weightless period from approximately
377 °C to approximately 775 °C. Cellulose HC had the lowest quality of raw material
residue, which was 7.83%, while those of residue HB and bagasse were 14.96% and 13.86%,
respectively. It was observed that the HC particle size of the cellulose treated by DES
decreased in the experiment and the specific surface and heated areas increased, facilitating
the decomposition. In addition, the ash content of cellulose is less than that of lignin.
After DESs treatment, the lignin content significantly decreased, so the residual content
of cellulose HC was much lower than residue HB. The leftover content of residual HB is
higher than that of bagasse because at the same weight, the lignin content in residual HB
and the non-decomposed part is higher, so the residual quality is also higher.

The thermogravimetric curves of bagasse, residue AB, and crude cellulose AC are
compared in Figure 9.
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Figure 9. Thermogravimetric curves TG (a) and DTG (b) of two stages of alkaline extraction.

(Thereinto,1-bagasse; 2-bagasse extracted by alkali AB; 3-alkali cellulose Ac).

In the 240 °C to 390 °C range, the three curves exhibit a distinct descent and a very high
mass loss rate. The respective maximum weight loss rates were 0.96%/min, 1.18%/min,
and 1.09%/min in the 350 °C to 370 °C range.
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The first period of thermogravimetry is mainly the loss of free water. In this process,
the weight loss of bagasse and residual AB was very small, while the weight loss of
cellulose AC was relatively high (6.31%), probably because cellulose absorbs water and
expands under alkaline conditions, thereby increasing the free water content. The initial
decomposition temperature of the three was approximately 245 °C, and they entered the
second interval from 245 °C. The pyrolysis rates of bagasse and cellulose were basically the
same, and the maximum weight loss rate was in the 350 °C to 370 °C range. The weight
loss of bagasse was approximately 70%; that of residue AB was 71%; and that of cellulose
AC was 73%, suggesting that cellulose AC had the highest carbon content. The third
weightlessness period was from approximately 390 °C and terminated at about 775 °C. The
weights of the raw material residues of the three are similar; the residue weights of bagasse
and residual AC are the same weight, that is, 14.05%, and that of cellulose AC was slightly
lower, that is, 12.93%. The residue quality of cellulose AC was higher than that of cellulose
HC because the metal salt ions promoted coke formation.

3.5. Analysis of Lignin Molecular Weight

The results of the AL and HL samples obtained by CEL and alkaline and hydrothermal
extractions followed by dissolution and separation with L-DES were measured by GPC,
as shown in the table below. The number-average molecular weight (Mn), heavy-average
molecular weight (Mw), Z-average molecular weight (Mz), Z+1-average molecular weight
(Mz1), and polymerization distribution width index D of lignin were calculated from the
calibration curve measured by the GPC system. Then, the heavy-average number-average
ratio (Mw/Mn) and the Z-average heavy-average ratio Mz/Mw were calculated.

As shown in the Table 1, both lignin average molecular masses Mn obtained using
L-DES treatment are slightly lower than that of CEL, ranging from 1900 to 3500. The
molecular weight of lignin AL is lower than that of lignin HL because alkali disrupted the
structure of lignin and the various ether bonds in lignin broke under the action of alkali,
resulting in the decrease in polymerization and lignin molecular weight. The lower the
numbers of aromatic ether bonds and condensed structures in lignin are, the lower the
molecular weight is [24].

Table 1. Molecular weight of alkaline and hydrothermal lignin.

Sample Mn Mw Mz Mz1 Mw/Mn Mz/Mw
CEL 3793 5319 6819 7942 1.40232 1.28200
AL 1904 2347 2782 3279 1.23267 1.18534
HL 3448 3973 4620 5346 1.15207 1.16294

High-temperature water extraction had little effect on the lignin structure, and the
molecular weight of HL was not as large as the average molecular weight of natural
lignin mainly because the reaction conditions were not mild enough. The solvent L-DES
separation of lignin has a relatively strong effect on the lignin structure because the strong
hydrogen bonding of lactic acid leads to a strong lignin degradation reaction [25], so that
the molecular weight of the lignin obtained is usually small. However, the effect of L-DES
on the structure of lignin is significantly smaller than that of lye.

Among the lignin separation and extraction methods, the difference in molecular
weight between ground wood lignin (MWL) and CEL and the original lignin [26] is the
smallest, although MWL and CEL have much lower molecular weights than the original
lignin. For the Mw fraction, the molecular weight can be as high as 20,000 in order of
magnitude, which is actually difficult to reach for the extracted lignin molecular weight.
The polymerization distribution width index (D) can reflect the polydispersity of lignin
and indicates the inhomogeneity of the relative molecular mass of lignin. The polymer-
ization distribution width index of lignin was significantly lower after L-DES treatment,
indicating that lignin formed subunits with a relatively small molecular weight and a more
uniform structure through the degradation process [20]. The polymerization distribution
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width index (D) of lignin AL was 1.23, which is slightly higher than that of lignin HL of
1.15, indicating a highly uneven distribution of its lignin relative molecular mass. This
phenomenon is due to the uneven destruction of the lignin structure by the alkali solution;
the lignin structure on the surface was more damaged than that inside, which also led to
the uneven distribution of its relative molecular masses. However, the polymerization
distribution width index (D) values of 1.15-1.23 are still generally low, and the lignin AL
and HL relative molecular masses are still distributed relatively uniformly.

3.6. Elemental Analysis

The results of the determination of the C, H, N, and O contents in crude cellulose and
lignin using an elemental analyzer are shown in the Table 2.

Table 2. Elemental composition of alkaline and hydrothermal lignin.

Sample C/% H/% O/% N/%
Bagasse 52.32 8.51 33.71 1.26
CEL 62.10 6.32 27.94 1.15
AL 65.47 6.45 25.83 1.17
HL 63.53 6.09 27.41 1.05

As shown in Table 2, the carbon content of lignin AL was significantly higher than
that of lignin HL, indicating that more lignin was extracted by alkaline pre-extraction. The
result suggests that alkaline pre-extraction can dissolve lignin better than hydrothermal
pre-extraction to obtain a higher rate of lignin extraction. This is also consistent with the
TG analysis results that the molecular weight of lignin AL is low, and the residue mass of
lignin AL is high. Both lignin AL and HL have a higher C content but a slightly lower O
content than CEL because lignin is rich in methoxy, carbonyl, and hydroxyl groups and
ether, carbon-oxygen, carbon-carbon, and other connecting bonds. The lower O content
may indicate that reactions occurred, such as methoxy shedding and ether bond breaking.
The H content of lignin AL was higher than that of lignin HL, probably because more
phenolic hydroxyl groups were generated by the alkali method and the shedding of some
of the carbonyl groups and breaking of some of the C=C bonds.

Given that lignin is an aromatic polymer with high unsaturation, the C content of all
three lignin was higher and the H content was slightly lower than those of the sugarcane
bagasse feedstock. The carbohydrates in the sugarcane bagasse feedstock contain many
hydroxyl and alicyclic ether structures and are less unsaturated than lignin, so the O and H
contents are higher than those of lignin.

4. Conclusions

Structural analysis revealed that both alkaline and hydrothermal pretreatments had
good lignin removal efficiency. The hydroxyl content of hydrothermal lignin HL decreased
slightly, the hydrogen bond strength of alkaline lignin AL weakened, and the phenyl
propane unit was damaged, which indicated that both alkaline and hydrothermal pretreat-
ments had some effects on the structure of lignin, while the alkaline pretreatment caused
more effects on the structure of lignin. Alkali and L-DES caused some degree of damage to
the -1, 4 glycosidic bonds of cellulose, with alkali causing more damage to cellulose.

The L-DES-treated cellulose had an increased specific surface area, which is more easily
decomposed with less residue mass and has a decreased lignin content. Compared with
CEL, the polymerization distribution width index of lignin was significantly lower after
L-DES treatment, indicating that lignin formed subunits with a relatively small molecular
weight and a homogeneous structure through the degradation reaction.
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Abstract: Paper packaging materials are widely used as sustainable green materials in food packaging.
The production or processing of paper materials is conducted in an environment that contains organic
chlorides; therefore, potential food safety issues exist. In this study, the adsorption behavior of
organic chlorides on paper materials was investigated. Chloropropanol, which has been extensively
studied in the field of food safety, was employed as the research object. We studied the adsorption
mechanism of chloropropanol on a crystalline nanocellulose (CNC) model. The results demonstrated
that physical adsorption was the prevailing process, and the intermolecular hydrogen bonds acted as
the driving force for adsorption. The adsorption effect assumed greatest significance under neutral
and weakly alkaline conditions. A good linear relationship between the amount of chloropropanol
adsorbed and the amount of CNC used was discovered. Thus, the findings of this study are crucial in
monitoring the safety of products in systems containing chloropropanol and other chlorinated organic
substances. This is particularly critical in the production of food-grade paper packaging materials.

Keywords: paper packaging; chloropropanol; crystalline nanocellulose; adsorption kinetics; quartz
crystal microbalance

1. Introduction

Plastic packaging offers protection and has a low packaging weight. Both factors have
a positive impact on transportation and a longer service life. Therefore, plastic materials
are widely used in food packaging [1]. Between 2018 and 2019, global plastic production
reached 359 million tons [2], of which approximately 40% was used for packaging [3].
However, the applicability of plastic materials has been increasingly restricted owing to the
non-degradability of plastics, release of hazardous chemicals during the process of manu-
facturing and use, as well as environmental pollution caused by landfills, incineration, or
improper treatment after disposal [4-6]. Paper packaging materials possess the advantages
of renewable resources [7] such as easy waste recycling ability and degradability [8]. They
are considered the most promising green packaging materials. This can potentially play an
important role both in the present and in the future [9]. The replacement of plastic products
with paper packaging follows a recent development trend. Alternative products, such as
paper bags, paper tableware, and paper straws, have been developed.

Food packaging materials provide physical protection to food. They exhibit excellent
barrier properties as well as mechanical and optical properties. This helps in ensuring
sufficient shelf life while maintaining the safety and quality of the packaged food [10].
However, chemical additives are added in the production of paper food packaging materi-
als. Additionally, hazardous substances are present in the production environment [11,12].
These substances are at a risk of migrating into the packaged food. Therefore, the migration
of hazardous materials in paper packaging is a major issue in the area of food safety. Among
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these substances, chloropropanols are the most common. Chloropropanols are toxic to
various organisms [13]. They can attack various organs, cause diseases of various tissues,
and affect the normal functions of living organisms. Therefore, several countries worldwide
have conducted extensive research on the content and migration of chloropropanols in food
and have imposed strict restrictions on them. Both the U.S. Food and Drug Administration
and European Commission have stipulated limits on the content of chloropropanol in foods
and food additives.

With the widespread applications of paper food packaging, the use of chloropropanol
in paper materials has also received considerable attention [14]. Existing research has
revealed that there exist two primary sources of organic chlorides in paper materials. One
source is organic chlorides, introduced by various additives added in the production of pa-
per food packaging materials. For example, polyamideamine epichlorohydrin (PAE) is often
added to paper food packaging materials to improve their moisture resistance. This type of
polymer with epichlorohydrin as a raw material also produces 3-monochloropropane diol
and 1,3-dichloro-2-propanol during the process [15]. The other source is chlorine-containing
organic matter in the production system, which enters the material via adsorption and other
methods. Recent studies have discovered that paper materials produce chloropropanols
during the chlorine-containing bleaching process [16]. White cardboard plays an important
role in paper food packaging materials. White cardboard is a paper product made from
bleached chemical pulp and a high-yield pulp. It possesses a high stiffness and surface
strength and is widely used in food packaging materials [17,18]. Bleached chemical pulp is
rich in sulfonic acid groups, whereas the high-yield pulp contains more carboxyl groups.
The former is rich in sulfonic acid groups, whereas the latter contains more carboxyl groups.
These two groups exhibit strong adsorptivity. Nanocellulose with sulfonic acid groups is
often used for the adsorption of heavy metal ions in sewage and treatment of polluted water
containing amines [19]. It exhibits a good adsorption effect. Carboxylated nanocellulose
possesses the characteristics of a large specific surface area and high functional group den-
sity [20]. It is often used in environmental remediation and strongly adsorbs dye molecules
and heavy-metal ions [21]. Therefore, it is useful in the production of paper-packaging
materials. It can potentially adsorb the by-products of chemical additives and chlorinated
organics in bleaching wastewater, which may cause potential food safety risks.

The adsorption process and properties of the adsorption layer are usually interpreted
at the molecular level using methods such as quartz crystal microbalance (QCM) or el-
lipsometry [22]. QCM has ng-level quality inspection capabilities. In recent years, it has
been widely used in the study of interfacial adsorption behavior [23]. The adsorption
behavior of a composite material with crystalline nanocellulose (CNC) as the substrate for
different molecules and ions was studied using QCM-D [24,25]. QCM-D was successfully
applied to the adsorption of PAE on the surface of cellulose to improve the wet and dry
strength of paper and effectively explain the adsorption behavior of amphoteric electrolytes.
The adsorption performance of sulfonated nanocellulose with regard to metal ions was
considerably enhanced by increasing the degree of substitution and by the dynamic process
of adsorption and analysis of the same cellulase on cellulose.

Two types of CNC were selected for this study. Chloropropanol was used as a typ-
ical simulant of chloride organics. The possible adsorption mechanism and behavior of
cellulose fibers on chloropropanol were investigated. We analyzed the samples using
QCM-D, an atomic force microscope (AFM), a scanning electron microscope (SEM), and an
electrophoretic light scattering analyzer (DELSA). The solution pH and CNC volume were
considered in this study. Factors such as the influence of chloropropanol concentration on
the adsorption capacity of CNC were investigated. Therefore, this provides a reference for
the application of paper packaging materials in food packaging materials. To explore the
adsorption capacity and adsorption mechanism of chlorine-containing organic compounds
in paper materials, and to provide a theoretical basis for reducing the adsorption capacity
of chlorine-containing organic compounds in paper materials.
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2. Materials and Methods
2.1. Materials

Sulfonated nanocellulose (diameter 4-10 nm, length 100-500 nm) and carboxylated
nanocellulose (diameter 4-10 nm, length 100-500 nm) were purchased from Macleans
Reagent Co., Ltd. (Shanghai, China). Polyethylenimine (PEI, M,y =7.5 x 10°, 50 wt% in
H,0) was purchased from Aladdin Reagent Company (Shanghai, China). Chloropropanol
(98%) was purchased from Sigma reagent (Shanghai, China).

2.2. Sample Configuration

PEI was dissolved in Milli-Q and stirred for 30 min to prepare a 0.2% PEI solution.
Three uniformly dispersed CNC suspensions with concentrations of 0.01%, 0.05%, and
0.1%, respectively, were prepared with deionized water, which was dispersed at 3000 rpm
for 5 min, using a T25 digital package high-speed disperser (T25, IKA, Guangzhou, China).
Chloropropanol solutions of 0.01%, 0.02%, 0.05%, and 0.1% were prepared. All liquid
solutions were bubbled using N, gas. Subsequently, they were degassed for 30 min and
stored in a refrigerator at 4 °C.

2.3. QCM Detection

SiO;-coated chips were cleaned with 0.2% sodium dodecyl sulfate (>60 min), rinsed
with Milli-Q water, dried in the presence of N2, and treated with ultraviolet ozone
(15 min). A crystal sensor (Biolin Scientific, Gothenburg, Sweden) was placed in the QCM
(QHM401,Biolin Scientific, Gothenburg, Sweden) instrument, and deionized water was
introduced into the QCM channel at a rate of 100 pL-min~! to run the baseline. After
the baseline was stable, the PEI solution was injected into the QCM channel. When the
signal was stable, the CNC solution was injected into the channel. Subsequently, chloro-
propanol was injected into the QCM channel until the signal was stable, and the adsorption
process was monitored. The frequency and dissipation of the third, fifth, and seventh chan-
nels were recorded to further analyze the adsorption kinetics of chloropropanol on CNC.
The adsorbed quantity was usually very low, resulting in small differences between the
channels. The calculations in this study were analyzed using the third channel frequency
and Sauerbrey’s equation. The QCM adsorption experiment was significantly impacted
at a temperature of 25 °C owing to the density of the fluid in the QCM instrument [26].
Therefore, the temperature was maintained at 25 £ 0.02 °C in this study. The flow rate
was maintained at 0.1 mL-min~!. All tests were conducted in parallel for 3 times. The
error range of CNC adsorption amount is between 1.4% and 4.5%. The error range of the
adsorption capacity of chloropropanol was between 2.8% and 12.5%.

2.4. SEM Characterization

After the experiment, the SiO, sensor ((Biolin Scientific, Gothenburg, Sweden)was
vacuum dried for 24 h. It was sprayed with gold using sputtering coating machine (Vapor
Technologies, Longmont, CO, USA). The microstructure and size of CNC adsorbed onto
the S5iO, sensor were analyzed using SEM (TESCAN MIRA4, TESCAN, Brno, Czech
Republic). The SEM was equipped with an energy spectrometer (EDS) (TESCAN, Brno,
Czech Republic) to map the elements of the sample and analyze the relevant components.

2.5. AFM Characterization

CNC was analyzed before and after adsorption on the SiO, sensor using an AFM
(Dimension Edge, Bruker Co, Ltd., Berlin, Germany). Commercial probes were used with a
spring constant of 20-80 N-m~! and a resonant frequency of 300-340 kHz. The scanned
dimensions were 1 x 1 um? and 1 x 1 nm?.

2.6. Zeta Potential Measurement

The zeta potentials of the CNC suspensions and chloropropanol solutions at different
pH values were studied using an electrophoretic light scattering analyzer (DelsaMax,
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Beckman Coulter, Indianapolis, IN, USA). The stability of the suspension and the functional
groups on the surface of the nanocellulose were analyzed. A homogeneous suspension
(25 mL) was tested at 20 °C. The accuracy of this method was 5% [27].

3. Results and Discussion
3.1. Surface Analysis before and after CNC Adsorption

The adsorption of CNC on the SiO; sensor was analyzed using an SEM. The results
are demonstrated in Figure 1a. CNC forms a uniformly distributed thin film on the SiO,
sensor. The cellulose nanocrystals are tightly interwoven. A large number of micropores
are distributed on the nanocellulose coating, with a diameter of approximately 0.05 um, as
depicted in Figure 1b,c. This can be attributed to the large number of hydroxyl groups in
CNC. The high density of hydroxyl groups allows CNC to be combined through hydrogen
bonds. A strong porous structure is formed. Following the adsorption of CNC, the SiO,
sensor attains a certain capacity of physical adsorption. As pointed out by Shuai Li in 2011,
porous films have physical adsorption capacity [28].

Figure 1. SEM of SiO; sensor before and after CNC adsorption.

The dimensional information and surface morphology were observed using an AFM.
From the AFM image of the stable adsorption of CNC on the SiO; sensor (Figure 2a), it
can be observed that the surface of the CNC film is not uniform and smooth. There exist
voids of approximately 50 nm; this is consistent with the SEM data. Figure 2b illustrates
the accumulation of CNC on the surface of the SiO, sensor. We can observe that the surface
of the CNC film is irregular. Combined with the longitudinal section data analysis, it can
be observed that there exists a certain height difference on the surface of the cellulose film
(Figure 2d). Additionally, there exists a height difference between the fiber bundles of the
clusters (Figure 2e) [29].

The CNC film on the SiO, sensor was analyzed before and after the adsorption of
chloropropanol. The results of the EDS energy spectrum analysis are illustrated in Figure 3.
Figure 3b reveals that the energy spectrum of the CNC film, after the addition of the
chloropropanol solution, is densely packed with chlorine. (The red dots represent chlorine).
However, the energy spectrum of the CNC film illustrated in Figure 3e, before the addition
of the chloropropanol solution, depicts only scattered chlorine elements. The mapping
chlorine analysis image (Figure 3b) and the original SEM image (Figure 3a) were overlapped
to obtain Figure 3c. Figure 3d,e were combined to obtain Figure 3f. Next, Figure 3c,f were
compared and analyzed. As can be observed, the chloropropanol solution is adsorbed
after it is passed through the CNC film. No chlorine distribution can be observed in
the CNC accumulation holes. Chlorine is intensively adsorbed onto the fiber. Therefore,
chloropropanol was stably adsorbed on the surface of the CNC. Moreover, the adsorption
capacity was high.
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Figure 2. AFM morphology of CNC and the cross section of the fiber. ((c) is 3D image of CNC film.
(d—f) are the length and section height data of the corresponding color line segment in C respectively.
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Figure 3. Mapping analysis of CNC before and after the adsorption of chloropropanol.

3.2. Effect of Chloropropanol Concentration on the Adsorption Capacity of CNC

We investigated the extent to which the adsorption effect on CNC was influenced by
the concentration of chloropropanol. The adsorption capacity of CNC was maintained at
a constant value by controlling the concentration of the CNC solution in the QCM. The
results are depicted in Figure 4. At CNC concentrations of 0.01%, 0.02%, 0.05%, and 0.1%,
the SiO, sensor adsorbs 740 £ 20 ng, 1240 + 40 ng, 1780 £ 80 ng, and 2130 + 30 ng of CNC,
respectively. Different concentrations of chloropropanol were passed into CNC films of the
same quality. The amount of chloropropanol adsorbed on the CNC film was maintained at
120 £ 15 ng, 330 & 30 ng, 350 & 10 ng, and 680 + 30 ng, respectively. The change in the
concentration of chloropropanol had a minimal effect on the chloropropanol adsorption
capacity of CNC when the amount of CNC was constant. The same amount of CNC ad-
sorbed the same amount of chloropropene at different concentrations of the chloropropanol

131



Polymers 2022, 14, 1746

solution. Therefore, the concentration of chloropropanol did not significantly affect its
adsorption on the nanofibers. The concentration of chloropropanol is, therefore, not a major
influencing factor in the process of adsorption on CNC.

(b)
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3
.
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Adsorption capacity of chloropropanol
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Figure 4. The effect of chloropropanol concentration on its adsorption on CNC. (a) The effects of
CNC concentration and chloropropanol concentration on the adsorption capacity of chloropropanol;
(b) The effect of CNC Concentration on Adsorption Capacity of Chloropropanol.

3.3. Effect of CNC Dosage pH on the Adsorption Capacity

The dosage of CNC on the SiO, sensor was controlled by adjusting the concentration
of the CNC solution in the QCM. Figure 4b indicates that as the adsorption capacity
of CNC increases, the adsorption capacity of CNC for chloropropanol simultaneously
increases. The relationship between the adsorption amount of CNC and the amount of
chloropropanol adsorbed was studied. The results in Figure 5b indicate that the adsorption
of chloropropanol on sulfonated CNC exhibits a good linear relationship under different pH
conditions. Thus, it can be concluded that there exists a good linear relationship between
the adsorption capacities of CNC and chloropropanol. To eliminate the influence of sulfonic
acid groups, carboxylated nanocellulose was selected. The obtained results under the
same experimental conditions are presented in Figure 5. From Figure 5a,b, we can observe
that the quantity of chloropropanol does not start from zero. This can be attributed to
the presence of hydrophilic groups (-OH) on the CNC surface. The water molecules in
the solution are associated with the hydroxyl groups in the form of hydrogen bonds. A
hydration layer with a thickness equivalent to that of water molecules is formed on the
membrane surface. The water molecules in the hydration layer are highly structured. They
are in a dynamic equilibrium with free water molecules. Therefore, chloropropanol is not
effectively adsorbed at the beginning of the CNC adsorption process. The initial mass is the
mass of the hydration layer. In summary, the adsorption capacity of CNC is an important
factor in determining the adsorption capacity of chloropropanol. There exists a good linear
relationship between the adsorption capacities of CNC and chloropropanol. The adsorption
capacity of chloropropanol increases with an increase in the CNC adsorption capacity.
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Figure 5. Adsorption capacity of chloropropanol on sulfonated and carboxylated nanocellulose samples.

3.4. Effect of pH on the Adsorption Capacity

As presented in Figure 5a,b, the adsorbed amount of chloropropanol, with the same
CNC adsorption capacity, can be changed by adjusting the pH. Under varying pH condi-
tions, the linear relationship between the adsorption amount of CNC and the adsorption
amount of chloropropanol was found to be different. Therefore, we studied the influence
of the pH conditions on the adsorption of chloropropanol on CNC. Figure 6 depicts the
amount of chloropropanol adsorbed per unit volume of CNC under different pH conditions
for the two types of CNC. The pH of the solution significantly affects the adsorption of
chloropropanol on CNC; the adsorption is optimized in neutral and weakly alkaline envi-
ronments. An acidic environment inhibits the adsorption of chloropropanol on CNC. When
the pH of the adsorption system is approximately four, the chloropropanol adsorption
capacity of CNC is zero. With an increase in the pH value, the adsorption capacity of
CNC is gradually increased. However, when the alkalinity is strong, the adsorption of
chloropropanol on CNC is inhibited. This is because the adsorption process of CNC on
chloropropanol involves physical adsorption. No charge was observed on the surface of
the chloropropanol. Therefore, the driving force between the CNC and chloropropanol
molecules can be attributed to the intermolecular hydrogen bond and van der Waals forces.
Particularly, the number of donors and acceptors of the hydrogen bond in chloropropanol
are both one. The adsorption of chloropropanol on CNC is inhibited under acidic conditions
owing to the existence of sulfonic acid groups (R-SO3 ™) and carboxyl groups (R-COO™),
which alter the ionization balance equation. The number of free hydrogen ions is increased,
negative atoms on both sides are covered, and formation of hydrogen bonds is inhibited.
Under strongly alkaline conditions, there exist excess hydroxide radicals in the solution,
and the hydrolysis equilibrium shifts to the right owing to the active free hydrogen ions
being covered. Hydrogen bond formation is inhibited by the absence of sufficient free
hydrogen ions. This results in the inhibition of chloropropanol adsorption and a reduction
in the adsorption capacity of CNC [30].

3.5. Adsorption Kinetics

The adsorption behavior of chloropropanol on the CNC model was investigated.
Figure 7a illustrates the frequency of chloropropanol adsorption on CNC as measured
by QCM. The adsorption of chloropropanol proceeds rapidly, and the entire adsorption
process occurs in 200 s. This is because there are several adsorption sites on the CNC
surface; the adsorption driving force is large, and there is no competition between the
adsorption molecules. Therefore, chloropropanol can be adsorbed quickly on the CNC
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model. The adsorption gradually approaches an equilibrium after 200 s. This is because the
adsorption driving force between the two phases was weakened, the adsorption active sites
were occupied by chloropropanol molecules, and the adsorption process gradually reached
the equilibrium state. Therefore, the adsorption capacity for chloropropanol remains
unchanged after 200 s.
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Figure 6. The effect of pH on the adsorption of chloropropanol on CNC.
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Figure 7. (a) Adsorption of chloropropanol at different CNC dosages. (b) Fitting curve of chloro-
propanol adsorption kinetics.

Usually, the study of the adsorption kinetic process simulation of a solid-liquid two-
phase system is composed of the intra-particle diffusion model equation, quasi-first-order
kinetic equation, and quasi-second-order kinetic equation. The quasi-first-order kinetic
model can be expressed as follows [31]:

In(ge — q¢) = Ingqe — ky; (1)

where kj is the rate constant of quasi-first-order adsorption. g; and g, are the amounts of
chloropropanol adsorbed on the CNC model at time ¢ and at equilibrium, respectively.
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The quasi-second-order kinetic model can be represented by the following equation:
H e =1/kag; +t/3. @

where kj is the rate constant of quasi-second order adsorption.
The intraparticle diffusion model can be defined by the following equation

qr =kit1/2+C 3)

where k; is the rate constant of the intraparticle diffusion model, and C is a constant related
to the thickness of the boundary layer.

These three equations were applied to simulate the CNC adsorption process of chloro-
propanol molecules. When the particle diffusion simulation equation was used, linear
fitting of the equation was not ideal. Therefore, the quasi-first-order kinetic model was used
for the simulation; consequently, it demonstrated a better fit. The fitted image is depicted
in Figure 7b. The fitting was found to be poor when the quasi-second-order kinetic equa-
tion was adopted to analyze the adsorption data. Therefore, it can be concluded that the
adsorption of chloropropanol on CNC ideally follows a quasi-first-order adsorption curve.

The driving force for the adsorption of chloropropanol was studied, and zeta potentials
of CNC solutions under different pH conditions were determined. For CNC solutions
containing carboxyl groups, the zeta potential moved in a positive direction with an
increase in pH. For CNC solutions containing sulfonic acid groups, the zeta potentials did
not significantly vary at different pH conditions. This is inconsistent with the changing
trend observed in the ratio of the adsorption capacity of chloropropanol to that of CNC.
This indicates that the zeta potential of the CNC solution has no significant effect on
the adsorption of chloropropanol. Therefore, it can be inferred that the driving force of
adsorption between CNC and chloropropanol is not electrostatic but an intermolecular force.
In summary, the adsorption of chloropropanol on CNC relies primarily on intermolecular
forces. The entire adsorption process is primarily physical, and the adsorption process can
be described by a quasi-first-order kinetic equation.

3.6. Saturated Adsorption Capacity of Chloropropanol by CNC

The maximum adsorbed amount of chloropropanol per unit mass of CNC was studied.
Table 1 lists the amount of chloropropanol adsorbed per unit mass of the two types of CNC
under different pH conditions, which were studied using quartz microbalance technology.
As presented in Table 1, the adsorption effect of chloropropanol per unit mass of CNC is
superior. This is considerably higher than the limit of adsorbable organic halogen content of
paper in China’s national standard GB/T36420-2018 (15 mg-kg ! or 1.5 x 10~°), especially
under weakly alkaline and neutral conditions; it is 20,000 times that of the allowable
limit. Therefore, it is important to control the concentration of organic chlorides in paper
production systems. Modern papermaking processes are typically performed under weakly
alkaline conditions [18]. Chlorinated organics are extremely likely to be encountered during
paper production. The fiber adsorption speed can achieve adsorption saturation in a short
time. This is extremely likely to cause excessive levels of chloropropanol in paper and food
packaging. Therefore, the potential risks are worthy of attention.

Table 1. Saturated adsorption capacity of chloropropanol on CNC.

Carboxylated CNC Sulfonated CNC
pH Chloropropanol ng/CNC ng pH Chloropropanol ng/CNC ng
5.2 7 x 1072 5.7 8.0 x 1072
7.3 3x 107! 7.3 40 x 107!
9.0 4 %107t 8.3 3.6 x 1071
10.3 2x 107! 9.3 1.4 x 1071
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4. Conclusions

The adsorption behavior of chloropropanol on CNC was studied, and the adsorption
kinetics was established. The morphology of CNC and distribution of chloropropanol were
analyzed after the introduction of chloropropanol. The results indicate that chloropropanol
is physically adsorbed on CNC. Moreover, intermolecular hydrogen bonds are the primary
driving force of adsorption. The adsorption process conforms to the quasi-first-order kinetic
equation. The adsorption capacity of CNC and the pH of the solution are critical factors that
affect the adsorption of chloropropanol. There exists a good linear relationship between
the adsorption capacity of CNC and adsorption capacity of chloropropanol. The amount of
chloropropanol adsorbed correspondingly increases with the amount of CNC used. The
adsorption of chloropropanol on CNC is optimal under weak alkali and neutral conditions.
The maximum adsorption capacity is 20,000-times that of the national standard; therefore,
the potential risk caused is noteworthy.
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Abstract: The preparation of bio-oil through biomass pyrolysis is promoted by different deminer-
alization processes to remove alkali and alkaline earth metal elements (AAEMs). In this study, the
hydrothermal pretreatment demineralization was optimized by the response surface method. The
pretreatment temperature, time and pH were the response elements, and the total dissolution rates of
potassium, calcium and magnesium were the response values. The interactions of response factors
for AAEMs removal were analyzed. The interaction between temperature and time was significant.
The optimal AAEMs removal process was obtained with a reaction temperature of 172.98 °C, time of
59.77 min, and pH of 3.01. The optimal dissolution rate of AAEMs was 47.59%. The thermal stability
of eucalyptus with and without pretreatment was analyzed by TGA. The hydrothermal pretreatment
samples exhibit higher thermostability. The composition and distribution of pyrolysis products of
different samples were analyzed by Py-GC/MS. The results showed that the content of sugars and
high-quality bio-oil (C6, C7, C8 and C9) were 60.74% and 80.99%, respectively, by hydrothermal
pretreatment. These results show that the removal of AAEMs through hydrothermal pretreatment not
only improves the yield of bio-oil, but also improves the quality of bio-oil and promotes an upgrade
in the quality of bio-oil.

Keywords: eucalyptus; demineralization; hydrothermal pretreatment; thermostability; pyrolysis
products

1. Introduction

The global demand for fossil-fuel-derived energy has increased significantly with
rapid economic and global population growth [1,2]. Therefore, the search for alternative
energy sources presents a global challenge [3,4]. Biomass can be converted into liquid fuels
or chemicals, thus effectively relieving the energy crisis and environmental pressure [5-7].
The pyrolysis of biomass to produce bio-oil represents one of the main methods to utilize
biomass resources [8]. However, there are many technical difficulties in the fast pyrolysis
process, which limits its popularization and application. Typical limitations include poor
volatility, poor thermal stability, high viscosity, and low calorific value of bio-oil [9,10].
Bio-oil quality is mainly affected by the physicochemical structure of the biomass and the
pyrolysis conditions [11]. In particular, alkali and alkaline earth metals (AAEMs) comprise
important components of biomass, and they have a significant effect on the pyrolysis
reaction [12,13]. The formation of carbonyl compounds, water, and acids are improved by
the presence of AAEMs, which act as catalysts. However, this leads to a reduction in bio-oil
production [14].

AAEMs in biomass can be removed by demineralization [15,16]. There are two main
demineralization methods: water washing and acid leaching [17]. Although water washing
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can effectively remove water-soluble AAEMs, the removal of acid-soluble AAEMs is
inefficient. Chen et al. [14] reported that the removal rates of water-soluble AAEMs, such
as potassium in cotton stalks reached more than 80% by water washing. However, the
removal rates of acid-soluble AAEMs, such as calcium and magnesium, measured 29% and
48%, respectively. On the other hand, acid leaching is very effective in removing alkaline
earth metals. Ma et al. [18] studied the effect of acid leaching on the rapid pyrolysis of rice
husk to produce bio-oil. The results showed that acid leaching could effectively enhance the
removal of alkaline earth metals. Meanwhile, acid leaching can effectively improve the yield
of bio-oil produced by rapid pyrolysis. However, some functional groups in biomass can
also be damaged. Dong et al. [19] found that the hydrogen bonds in the chemical structure
of the biomass were broken. In addition, the hemicellulose in the biomass is removed in
large quantities. In addition, it has been reported that the structure of lignin and cellulose
is also damaged, and the crystallinity is reduced. In contrast, hydrothermal pretreatment
can effectively remove AAEMSs while giving the biomass higher cellulose crystallinity and
thermal stability [20]. Chang et al. [21] studied the effect of hydrothermal pretreatment on
the rapid pyrolysis of biomass to produce bio-oil. The results showed that temperature
had a significant effect on the removal of AAEMs. However, the dissolution of cellulose,
hemicellulose and lignin increased with the increase of temperature. In our previous study;,
it was discovered that the main influencing factors of hydrothermal pretreatment were
temperature, pH and time [22]. However, there are few reports on the interaction between
different factors during hydrothermal pretreatment. In addition, previous studies have
found that when the AAEMs removal rate of eucalyptus is equal between hydrothermal
pretreatment and hydrochloric acid leaching, the yield and composition distribution of bio-
oil produced by rapid pyrolysis of the biomass treated by the two pretreatment methods are
different. Moreover, the forms of AAEMs in biomass may affect the yield and composition
distribution of bio-oil [23]. Therefore, it is of great significance to study the dissolution
rule of AAEMs in different forms during pretreatment to control the yield and component
distribution of bio-oil.

In this study, the demineralization of the eucalyptus wood by hydrothermal pretreat-
ment was optimized using the response surface method. A quadratic polynomial mathe-
matical model of the AAEMs dissolution rate was established using temperature, pH and
time as response factors and the AAMEs dissolution rate as response values. The changes
in AAEMs (potassium, calcium and magnesium) content were analyzed by inductively
coupled plasma atomic emission spectrometry (ICP-OES). The thermal stability of samples
was analyzed by a thermogravimetric analyzer (TGA) and pyrolysis—gas chromatography
combined instrument (Py-GC/MS). The chemical composition of the eucalyptus before
and after pretreatment was determined by sulfuric acid hydrolysis according to the NREL
method. The contents of AAEMs in different forms were analyzed by chemical fractionation
analysis (CFA). The removal ability of different AAEMs by hydrothermal pretreatment and
acid pickling was compared. This work aims to evaluate the demineralization of the two
pretreatments on eucalyptus. The composition and distribution of pyrolysis products of
eucalyptus via two pretreatments was analyzed.

2. Materials and Methods
2.1. Materials

Eucalyptus chips (20 mm x 5 mm) were provided by a local company (Guangxi,
China). The chemical composition of the eucalyptus were determined by the sulfuric acid
hydrolysis according to the NREL method [22]. The contents of cellulose, hemicellulose
and lignin and ash from eucalyptus were 49.55%, 12.93%, 34.53% and 0.35%, respectively.
Potassium, calcium, and magnesium standard solutions were purchased from Agilent
Technologies, Inc. (Santa Clara, CA, USA). These analytical chemicals were purchased from
Aladdin (Shanghai, China).
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2.2. Demineralization

Hydrothermal pretreatment demineralization was carried out in a rotary digester with
six stainless steel cylindrical reactors (Green Wood, Brooklyn, NY, USA). The solid-liquid
ratio was 1:6. Hydrothermal pretreatment was performed at different temperatures, times,
and pH values. The hydrolysate was collected and centrifuged at 10,000 rpm for 10 min after
reaction. The supernatant was filtered using a 0.45 um filtration membrane to obtain the
filtrate liquid. The hydrolytic solution after membrane separation was cryopreserved [24].
The demineralization of acid leaching was analyzed. The method was described in the
previous study [22].

2.3. Sample Preparation by Microwave-Assisted Digestion

A 1 mL volume of hydrolysate was pipetted into the polytetrafluoroethylene mi-
crowave digestion tube, and 5 mL of concentrated nitric acid and 2 mL of hydrogen
peroxide were added. After the mixture was completely mixed for 15 min, the samples
were digested in a microwave digestion system for 3 min at 220 °C, and cooled for 2 h. The
samples were diluted for analysis [25].

2.4. ICP-OES Measurements

The standard solutions of potassium, calcium and magnesium were each accurately
absorbed into and gradually diluted with 5% dilute nitric acid solution to configure a
series of standard solutions at concentrations: 0 mg-L~%, 0.5 mg-L~!, 5mg-L~!, 10 mg-L~,
and 20 mg-L~!. The standard curves for different metal ions were plotted by ICP-OES
(Optima 5300 DV, Agilent Technologies Inc., Santa Clara, CA, USA) [26]. The concentration
of AAEMs in the sample was detected.

2.5. Process Optimization

Based on previous studies [22], the dissolution rate of AAEMs was most affected
by the reaction temperature, time and pH. Therefore, the above three reaction conditions
and the total dissolution rate of the three AAEMs (potassium, calcium, and magnesium)
were taken as the response factors and response values, respectively. Three-factor, three-
level response surface optimization experiments were designed (Table 1). The interaction
between different factors was studied.

Table 1. Response factors and design levels.

Response Factor

Code ; -
Temperature (xq1) °C Time (x3) min pH (x3)
-1 160 50 3
0 170 60 4
1 180 70 5

2.6. Component Analysis

The main components of the samples with and without pretreatment were analyzed.
First, 40-60 mesh wood powder was obtained by screening. Then, 20 g of the powder was
reacted with benzyl alcohol for 8 h, and later subjected to a two-step acidolysis process.
The specific methods and processes used were demonstrated by Ge and co-authors [22].
The relative contents of cellulose, hemicellulose and lignin were analyzed [27].

2.7. Chemical Fractionation

The chemical fractionation was carried out according to Pettersson and co-authors [28].
It is a step-by-step leaching method resulting in selective extraction of inorganic elements,
based on the solubility of their association forms in the samples (Figure 1). The experimental
procedure consists of three successive extractions. First, the water-soluble compounds
such as alkaline salts are removed using pure water. Then, addition of ammonium acetate
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dissolves ion exchangeable elements, such as sodium, calcium and magnesium. The third
extraction step with hydrochloric acid removes acid soluble compounds. The solid residue
fraction consists of silicates, oxides, sulphides and other minerals. After each step the solid
sample was washed two times by deionized water. The washing water was added to the
leachate prior to analysis.

Leachate
Water-soluble

Solid residue compounds:

alkali chlorides,

sulphates and
carbonates

|

—_—D Water Leaching

|

lon-exchangeable

1 M NH, Ac Leaching compounds:
Eucalyptus Solid residue associated with

sample organic matrix

Leachate

|

Acid-soluble
compounds:
soluble in acids

L

Leachate

|

1 M HCI Leaching

Solid residue

|

Nonreactive

Figure 1. Chemical fractionation general procedure.

2.8. Rapid Pyrolysis of Eucalyptus

Eucalyptus samples with and without pretreatment were crushed by a grinder. The
sawdust with a particle size range of 30-80 mesh was selected for the rapid pyrolysis
reaction. The pyrolysis reaction was carried out by a small, fixed bed pyrolysis device
built in the laboratory. High purity nitrogen (500 mL-min~!) was continuously injected
to provide an inert environment for pyrolysis, and 10 g samples were selected for each
pyrolysis experiment. The pyrolysis temperature was 500 °C, and the pyrolysis time was
10 min. The pyrolysis gas product (non-condensable gas) was collected with a collector
bag. The liquid product (bio-oil) was collected by a condenser directly connected to the
pyrolysis reactor. The solid product (biochar) remained in the reactor [29].

2.9. Pyrolysis Performance Characterization

The thermo-gravimetric analysis (TG) and differential thermal gravity (DTG) of the
samples were analyzed via thermal-gravimetric analyzer (STA 449 F5 Jupiter, Netzsch,
Germany). A 10.0 mg mass of the sample was placed in an alumina crucible at nitrogen
atmosphere. The temperature was increased from 30 °C to 800 °C at 10 °C-min~ [30].

The yield of bio-o0il and biochar was calculated by the differential method. The gas
velocity was calculated from the gas pressure drop value inside the fixed bed. The difference
between the gas velocity and carrier gas velocity in the fixed bed provided the velocity
of pyrolysis gas. The amount and yield of non-condensable gas was calculated [31]. The
water content of bio-oil was measured using Karl Fischer hydrometer (KF DL31, Mettler-
Toledo, Zurich, Switzerland). The viscosity of bio-0il was measured by ChemTron Viscolead
rotational viscometer (ChemTron, Celle, Germany) [32]. The chemical composition and
distribution of bio-oil was determined by Py-GC/MS. Pyrolysis was performed at 550 °C.
Analytical Py-GC/MS experiments were performed using a pyrolysis furnace (a VF-1701
MS column) connected to the Agilent 7890 A gas chromatograph. The basic method and
process were described by Gu and co-authors [33].
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Y(%) = 41.73 + 2.10x;

3. Results and Discussion
3.1. Response Surface Design and Results

Box-Behnken was used for evaluating the effect of concentration of reaction temper-
ature (x1), time (xz), pH (x3) on the total dissolution rate of AAEMs. The experimental
design and results are shown in Table 2.

Table 2. Response surface experiment design and results.

Factor Response
Run
x1 (°C) Xp (min) X3 Total Removal Rate Y (%)
1 170 60 4 43.10
2 180 70 4 35.99
3 170 50 5 32.81
4 180 60 3 47.42
5 170 60 4 44.44
6 160 70 4 32.57
7 180 50 4 37.62
8 170 60 4 44.26
9 170 50 3 43.18
10 180 60 5 35.31
11 170 70 3 45.68
12 160 60 3 40.46
13 170 70 5 33.66
14 170 60 4 43.51
15 170 60 4 44.32
16 160 50 4 36.65
17 160 60 5 29.9

The experimental data were analyzed by regression. The responses and independent
variables were correlated by the resulting second-order polynomial Equation (1).

—0.29xy — 5.63x3 + 0.61x1x2 — 0.39x1x3 — 0.41xox3 — 3.29x12 — 2.73xp% — 0.16x32 (1)

3.2. Interaction between Reaction Factors

A change in the color of the 3D response surface graph from blue to red indicates a
change in the extraction quality from less to more. The faster the change, the greater the
slope, and the more significant the impression of the test result. The optimum process
parameters and the interaction between the parameters were studied. The results are shown
in Figure 2.

Figure 2a shows the interaction between reaction temperature and holding time on
the total removal rate of AAEMs at a fixed pH 4.0. The total removal rate of AAEMs varies
with time with a similar change rule at different temperatures, increasing with time from
50 min to 60 min. However, it decreases with time from 60 min to 70 min. This is due to
the fact that the dissolution of AAEMs was promoted with increased cell wall damage as
the reaction progressed [34]. At the same time, carbohydrate degradation increased with
reaction time [35,36]. The formation of organic acids was promoted. The complexation
reaction between AAEMs and organic acids was intensified with the increase of organic acid
concentration [37]. The dissolution of AAEMs was inhibited by intracellular accumulation
of complexes. The results also show that the variation range of the total removal rate of
AAEMs decreases within the same temperature range with the increase of temperature. The
total AAEMs removal rate at 160 °C for 50 min and 70 min measured 36.65% and 32.57%,
respectively. It was 37.62% and 35.99% at 180 °C for 50 min and 70 min. The degree of cell
wall damage increases with increasing temperature. The removal rate of AAEMs increased
at the same time. The formation of organic acids was facilitated by the increased acidity of
hydrolysates at high temperatures. However, the residual AAEMs in the cell were reduced
due to increased damage to the cell wall. The complexation reaction between AAEMs and
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organic acids was reduced. Compared with low temperature, the total removal rate of

AAEMs increased. The results showed that temperature and time exhibited a significant
interaction effect on the removal of AAEMs.
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Figure 2. Interaction of reaction temperature, time and pH on the total removal rate of AAEMs.
((a), interaction between temperature and time on the total removal rate of AAEMs. (b), interaction
between temperature and pH on the total removal rate of AAEMs. (c), interaction between pH and

time on the total removal rate of AAEMs. (d), fitting relationship between the predicted value and
the experiment value).

The interactive influence of reaction temperature and pH value on the total removal
rate of AAEMs at fixed reaction time (60 min) is shown in Figure 2b. The effect of pH on
AAEMs removal was similar at different temperatures. The total removal rate of AAEMs
increased with an increase of pH at low pH values (3.0-4.0). However, the total removal
rate of AAEMs decreased with pH values between 4 and 5. This is due to the extent of cell
wall damage being exacerbated by strong acidity [38]. Specifically, the AAEMs removal
rates of pH 3 and 5 were 40.46% and 29.90%, respectively, at 160 °C. However, the removal
effect of AAEMs was influenced by the complexation of AAEMs and organic acids inside
the cell. Previous studies have shown that the optimal extraction of hemicellulose was
obtained during hydrothermal pretreatment at pH 4 [39]. This means that the maximum
cellulose extraction yield was obtained while the degradation was inhibited. This results in
a decrease in organic acid content. The degree of complexation reaction between AAEMs
and organic acid was reduced. Under the interaction of cell wall rupture and organic acid

complexation reaction, AAEMs removal rate was higher at pH 4. Figure 2b also shows that
the total removal rate of AAEMs increases with an increase of temperature at the same
pH. The AAEMs removal rates of pH 3 and 5 were 47.42% and 35.31%, respectively, at 180
°C. This is because the acidity of the hydrolysate and the steam pressure increase with
increasing temperature [40]. The damage to the cell wall was exacerbated and the removal
of AAEMs was facilitated. The results showed that pH was dominant in the interaction

between pH and temperature on AAEMs removal.
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Figure 2c shows the interaction of pH and time with AAEMs removal at a fixed
temperature (170 °C). The effect of time on AAEMs removal was similar to the effect of time
on AAEMs removal in Figure 2a. In addition, the removal rate of AAEMs decreases with an
increase of pH at the same time. The reasons for this have been explained above. Different
from Figure 2b, AAEMs removal rate was not abnormal at pH 4. This is because the
consumption of AAEMs in the complexation reaction was much lower than the total amount
of AAEMs released by the cells at 170 °C. At this point, the removal of AAEMs was mainly
affected by the amount of AAEMs dissolution after cell wall rupture. The above results
indicate that pH dominates the interaction between time and pH on AAEMs removal.

The optimal process of AAEMs removal in hydrothermal pretreatment was obtained
by response surface design, namely at a temperature of 172.98 °C, time of 59.77 min, and
pH of 3.01. The optimal AAEMs total removal rate was 47.59%. In addition, the accuracy
of the response surface model was analyzed. The results are shown in Figure 2b. There
is a good linear correlation between the experimental value and the predicted value. The
correlation coefficient R? of the linear regression equation between them was 0.9296. This
means that the model exhibits a high degree of accuracy. The prediction data of the model
are real and effective.

3.3. Thermal Stability Analysis

The thermal stability of woody biomass improved with the removal of AAEMs. The
rapid pyrolysis of biomass was promoted. High quality and high yield of bio-oil was
obtained [41]. Thermo-gravimetric analysis (TGA) of eucalyptus during hydrothermal
pretreatment and acid leaching was studied and compared at the same removal rate of
AAEMs. The results are shown in Figure 3.
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Figure 3. TG (a) and DTG (b) of eucalyptus with or without acid leaching and hydrothermal pretreatment.

There are several significant changes in Figure 3a. The first is that the initial decompo-
sition temperature of the sample is different. The initial decomposition temperatures of raw
materials and acid leaching samples were 254 °C and 255 °C, respectively. Remarkably, the
initial decomposition temperature of the hydrothermal pretreatment sample significantly
increased to 296 °C. More importantly, the maximum weight loss of the samples differed
although their final decomposition temperature was similar at 377 °C. The maximum
weight loss of raw material, acid leaching and hydrothermal pretreatment samples was
69.49%, 67.47% and 66.90%, respectively. As is well known, the effect of acid leaching
on the physicochemical structure of woody biomass was significant. The dissolution and
degradation of cellulose, hemicellulose and lignin was improved at the same removal
effect of AAEMs. This resulted in a reduction of the number of decomposable components.
The maximum weight loss of acid leaching sample was reduced. However, AAEMs were
effectively removed while hemicellulose was selectively removed during hydrothermal
pretreatment. The initial decomposition temperature was increased due to the decrease of
hemicellulose content after pretreatment. Correspondingly, the relative contents of cellulose
and lignin in the pretreated sample was increased. Thus, it also bears a higher residual
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mass than the raw material. The results show that the hydrothermal pretreated sample
has higher initial decomposition temperature. However, this is insufficient to indicate an
improvement in thermal stability, and is also related to the maximum rate of weight loss.

The maximum weight loss rates of different samples are shown in Figure 3b. The max-
imum weight loss rate of raw materials was 11.85 %-min~!. It decreased to 10.53 %-min~!
with acid leaching. This indicates that the removal of AAEMs is accompanied by the loss of
more effective pyrolysis components (cellulose). This is inconducive to the thermal and
chemical utilization of woody biomass. Contrary to acid leaching, hydrothermal pretreated
samples exhibit a higher maximum weight loss rate (15.06 %-min~!). This means that
the sample has higher thermal stability. In addition, the DTG curves of different samples
provide another important piece of information. The “shoulder peak” exists in the DTG
curve of raw materials and acid leaching samples. It is a significant marker of the pres-
ence of hemicellulose in samples. However, there was no such peak in the sample after
hydrothermal pretreatment. This also verifies our previous inference that hydrothermal
pretreatment can efficiently remove AAEMSs while selectively removing hemicellulose. The
results showed that the hydrothermal pretreated sample exhibits higher thermal stability
than the acid leaching sample at the same removal effect of AAEMs.

3.4. Pyrolysis Performance Analysis

It is well known that the pyrolysis properties and products of cellulose, hemicellulose
and lignin differ. Therefore, the effect of different pretreatments on the fast pyrolysis
performance of eucalyptus was studied. The results are shown in Table 3.

Table 3.  Pyrolysis characteristics of eucalyptus with and without acid leaching and
hydrothermal pretreatment.

Samples Bio-Oil Biochar Con(l;le(;?s-able Bio-0il égz;?ill}y
Yield (%) Yield (%) Gas Yield (%) Moisture (%) (mPa-s)
Raw material 49.56 18.24 26.43 27.08 53.17
Acid leaching 59.59 14.31 20.46 21.14 95.25
Hydrothermal 65.87 12.89 15.65 19.54 89.51

Table 3 shows that the yield of bio-oil was increased by acid leaching. The yield
of biochar and non-condensable gas was decreased. This is consistent with previous
research [42,43]. Significantly, a higher yield of bio-0il was obtained by hydrothermal
pretreatment demineralization, while the generation of biochar and non-condensable
gas was inhibited. A large amount of hemicellulose was selectively removed during
hydrothermal pretreatment [36,39]. The pyrolysis reaction was facilitated by the higher
cellulose and lignin content in the sample. In addition, the biomass pyrolysis reaction
was affected by the synergies between the three components (cellulose, hemicellulose and
lignin) [44]. The synergistic effect of hemicellulose and cellulose was not evident. The
synergetic effect of cellulose and lignin pyrolysis was conspicuous [45]. The formation
of laevoglucose was inhibited during cellulose pyrolysis due to the presence of lignin.
Therefore, the formation of low molecular weight products was promoted, and the yield of
biochar was reduced. The formation of secondary carbon products during lignin pyrolysis
was inhibited, and the formation of lignin pyrolysis products, such as o-methoxyphenol
and 4-methyl guaiacol, was promoted due to the presence of cellulose. Meanwhile, the gas
products (CO, Hp, CHy and C;Hy) were clearly inhibited by the synergistic effect between
cellulose and lignin. Based on the above research conclusions, the synergistic effect of
cellulose and lignin in the samples after hydrothermal pretreatment further promoted the
yield of bio-oil and decreased the yield of biochar and non-condensable gas.

146



Polymers 2022, 14, 1333

The effects of acid leaching and hydrothermal pretreatment on moisture in bio-oil are
shown in Table 3. The moisture in bio-o0il with acid leaching decreases to 5.94%. However,
the moisture reduction effect with hydrothermal pretreatment was more significant, mea-
sured at 7.54%. In fact, the pyrolysis water mainly originates from the dehydration reaction
of the structural units in cellulose and hemicellulose [46]. For example, ketones and ethers
were produced by the dehydration reactions between adjacent cellulose chains. In addition,
the pyrolysis water was generated from the dehydration of lignin molecules. The content
of pyrolysis water formed by dehydration reaction of hemicellulose was greatly reduced,
which was due to the selective removal of hemicellulose by hydrothermal pretreatment.

Table 3 shows that a higher concentration of bio-oil was obtained by acid leaching and
hydrothermal pretreatment. The viscosity of bio-oil with acid leaching was higher under
the same removal capacity of AAEMs. This was due to an increase in its bio-oil “superheavy
components” (solids that do not decompose by heat). As shown in Figure 3, the thermal
stability of solid residues in the sample with acid leaching was higher than that of the
corresponding components in the sample with untreated or hydrothermal pretreatment.

3.5. Chemical Composition and Distribution of Bio-Oil

The chemical composition and distribution of bio-oils are altered by demineraliza-
tion [47]. Figure 4a shows that the bio-oils from raw material samples were mainly com-
posed of sugars, phenols, ketones and hydrocarbons. The contents were 42.50%, 16.57%,
14.73% and 12.61%, respectively. The sugars of bio-oil decreased to 30.59% after acid leach-
ing (Figure 4b). This was attributed to changes in the composition of eucalyptus during
acid leaching for AAEMs removal. Table 4 shows the contents of cellulose, hemicellulose
and lignin in eucalyptus after acid leaching decreased to 37.55%, 9.68% and 16.54%, respec-
tively. In fact, high yield of laevoglucose is obtained in the pyrolysis of cellulose [48]. The
pyrolysis products of hemicellulose mainly include hydrocarbons, acids and ketones [49].
Phenols are obtained from lignin pyrolysis [50]. Cellulose, hemicellulose and lignin were
significantly degraded by acid leaching. Therefore, the content of main components of
bio-o0il was reduced. In addition, hydrothermal pretreatment has little effect on the com-
position of eucalyptus. Hemicellulose was selectively removed (Table 4). Therefore, the
sugars increased to 60.74% after hydrothermal pretreatment (Figure 4c). The bio-oils from
raw material samples are mainly divided into high-quality bio-oils (C6, C7, C8 and C9),
light bio-oils (C4 and C5) and heavy bio-oils (C10, C11 and C12+), as shown in Figure 4d.
The contents were 66.80%, 13.06% and 20.14%, respectively. The content of high-quality
bio-oil decreased to 65.40% after acid leaching (Figure 4e). Its content increased to 80.99%
in the hydrothermal pretreatment sample (Figure 4f). This was due to the protection of
cellulose. The content of acids and ketones in hydrothermal pretreatment sample was
reduced to 0.83% and 9.43%, respectively. This reduces the light bio-oil content of the
hydrothermal pretreatment sample to 7.17%. Therefore, the quality of bio-oil was improved
by hydrothermal pretreatment.

Table 4 shows that the lignin content of hydrothermal pretreatment sample was higher
than that of acid leaching sample. However, the concentration of phenols in the hydrother-
mal pretreatment sample were low, measured at 11.38% (Figure 4c). This means that
there are other factors affecting the composition and distribution of bio-oil. The content of
AAEMs in different forms was changed by demineralization [51]. In fact, hydrothermal
pretreatment and acid leaching exert different effects on the dissolution of AAEMs in
different forms. Therefore, different forms of AAEMs in eucalyptus after hydrothermal
pretreatment and acid leaching were analyzed. Figure 5a shows that the content of potas-
sium, calcium, and magnesium were the same in eucalyptus after different treatments.
This verifies that acid leaching and hydrothermal pretreatment exhibit the same AAEMs
removal rate. However, more water-soluble AAEMs were obtained in hydrothermal pre-
treatment sample (Figure 5b—d). The deoxidation of lignin during pyrolysis was promoted
to utilize water-soluble AAEMs [52]. Therefore, the yield of phenols in hydrothermal
pretreatment samples were reduced. In addition, Figure 5¢c shows that acid-soluble Ca?*
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content was higher in acid leaching sample. Calcium carboxylate was formed as a result
of acid-soluble Ca?* binding to esters during pyrolysis. The yield of ester products was
reduced [53]. In addition, the yield of ketones was increased by further decomposition of
calcium carboxylate into linear ketones [54]. Decreased lipid content and increased ketones
in hydrothermal pretreatment samples were explained. This indicates that biomass was
effectively protected during hydrothermal pretreatment, and more water-soluble AAEMs
were retained. The pyrolysis efficiency of biomass showed improvement and higher quality

bio-oils were obtained.
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Figure 4. Composition and distribution of pyrolytic bio-oil from different eucalyptus samples (a—c),
components of pyrolytic bio-oil from raw material, acid leaching eucalyptus and hydrothermal
pretreatment eucalyptus. (d—f), distribution of pyrolytic bio-oil from raw material, acid leaching
eucalyptus and hydrothermal pretreatment eucalyptus.

Table 4. Chemical composition of eucalyptus before and after hydrothermal pretreatment and

acid leaching.

Samples Cellulose (%) Hemicellulose (%) Lignin (%)
Raw material 49.55 14.93 32.53
Acid leaching 37.55 9.68 16.54
Hydrothermal pretreatment 47.02 6.24 33.17
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Figure 5. Forms of main metal elements in eucalyptus before and after hydrothermal pretreatment
and acid leaching ((a), contents of K, Ca and Mg in different eucalyptus samples. (b), contents of K in
different forms in eucalyptus after acid pickling and hydrothermal pretreatment. (c), contents of Ca
in different forms in eucalyptus after acid pickling and hydrothermal pretreatment. (d), contents of
Mg in different forms in eucalyptus after acid pickling and hydrothermal pretreatment).

4. Conclusions

The interaction of temperature, time, and pH value on AAEMs removal during hy-
drothermal pretreatment was studied by the response surface method. The optimal AAEMs
removal process and the best removal rate were obtained. Compared with acid leaching, the
hydrothermal pretreated samples exhibited higher thermal stability. The content of sugars
and the yield of high-quality bio-oil in the pyrolysis products were significantly increased.
The results show that the hydrothermal pretreatment bears high effective demineralization
and practical application value.
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Abstract: In this paper, nano/microfibrils were applied to enhance the mechanical and hydrophobic
properties of the sugarcane bagasse fiber films. The successful preparation of nano/microfibrils was
confirmed by scanning electron microscope (SEM), X-ray diffraction (XRD), fiber length analyzer
(FLA), and ion chromatography (IC). The transparency, morphology, mechanical and hydrophobic
properties of the cellulose films were evaluated. The results show that the nanoparticle was formed
by the hemicellulose diffusing on the surface of the cellulose and agglomerating in the film-forming
process at 40 °C. The elastic modulus of the cellulose film was as high as 4140.60 MPa, and the water
contact angle was increased to 113°. The micro/nanostructures were formed due to hemicellulose
adsorption on nano/microfilament surfaces. The hydrophobicity of the films was improved. The
directional crystallization of nano/microfibrous molecules was found. Cellulose films with a high
elastic modulus and high elasticity were obtained. It provides theoretical support for the preparation
of high-performance cellulose film.

Keywords: bagasse; nano/microfibrils; hydrophobicity; high pliability; high-consistency refiner

1. Introduction

Due to the extensive use of petroleum-based materials, a great deal of white pollution
brings a critical menace to the ecotope [1]. In recent years, people have paid more and
more attention to the development and application of green, sustainable, and renewable
environment-friendly materials [2,3]. Cellulose films (i.e., nanofibrils film [4], microfib-
rils film [5], and nano/microfibrils film) had attracted intensive interest during the past
decade due to its green sustainable nature and constant advances in micro and nanoscale
patterning [6] for many applications of functional materials [7,8], including the filler [9],
composite material manufacturing [10-12], packaging coating [13,14], medicine [15,16],
high-performance green flexible electronics [17], and biotechnology [18].

Cellulose can be pretreated and machined to produce nanocrystalline cellulose (CNC),
nanofibrils cellulose (NFC) [19], and microfibrils cellulose (MFC) [20]. It has unique
attributes, such as enhanced capabilities [21], high mechanical strength, and adjustable
self-assembly in an aqueous solution, due to its unique surface chemistry, size, shape,
and high crystallinity [22]. At present, cellulose film research mainly focuses on the
film properties of cellulose uniform system (i.e., uniform nanocellulose system, uniform
microcellulose system), such that combining nanofibrils with renewable polymers could
prepare partially degradable materials to improve material performance deficiencies and to
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address white pollution [23,24]. Shu et al. [25] prepared cellulose-based bioplastics, which
were reorganized by the aggregation structure of cellulose. However, the hydrophobicity
of regenerated cellulose membrane was not studied.

However, the application of cellulose films developed to date has been impeded
by their poor mechanical performance and poor water resistance [26]. In the literature,
a number of approaches have been reported to improve the increased hydrophobicity
from cellulose films, such as low surface energy organic compounds [27], e.g., esterifica-
tion [28], silanization [29], amidation [30], carboxymethylation [31], and fluoropolymer [32].
Unfortunately, this approach had a poor modification effect and resulted in problems
related to organic pollution. The performance of nano/microfibril films dictates their hy-
drophobicity and pliability in relevant applications; however, utilizing the inherent structure of
nano/microfibrils within the films for materials applications was an approach still in its infancy.

The method of the nano/microfibrils film for improving hydrophobicity and pliabil-
ity, which aims to enhance the hydrophobic and pliability of the nano/microfibrils film
without surface modification (i.e., unitary nano/microfibrils component), has not been
reported. This study provides a simple pathway to improve hydrophobic and pliability
properties of sugarcane bagasse nano/microfibrils film isolated by a high-consistency
refiner and exhibiting a great potential for the further utilization of cellulose. We used
enzymatic pretreatments to investigate the grinding of sugarcane bagasse fiber using a
high-consistency refiner grinding to reproduce nano/microfibrils films to determine the
mechanical and hydrophobicity properties. The main advantage compared to previous
methods is its simplicity in preparation with less environmental pollution and a better
economic benefit. The morphology, particle size distribution, structure, and transparency of
the obtained nano/microfibrils were analyzed with a scanning electron microscope (SEM),
an atomic force microscopy (AFM), a fiber length analyzer (FLA), a zetasizer nanoanalyzer,
an X-ray diffraction (XRD), an ion-exchange chromatography (IC), and an ultraviolet and
visible spectrophotometer (UV-Vis). The water resistance and mechanical properties of the
nano/microfibrils films were analyzed by contact angle determination (CA), water vapor
transmission rate (WVTR), and tensile tests.

2. Materials and Methods
2.1. Materials and Chemicals

Bleached sugarcane bagasse pulp was procured from Guitang Co., Ltd. (Guangxi,
China). Celluclast (1.5 L, from T. reesei) was purchased from Novoxin Biotechnology Co.,
Ltd. (Beijing, China).

2.2. Methods
2.2.1. Enzyme Pretreatment

Enzymatic hydrolysis pretreatment was carried out with untreated sugarcane bagasse
samples. The fibers were treated with cellulase. The fibers and the appropriate amount
of cellulase were mixed at a ratio of 1:500. A 1 mL enzyme solution was added to every
500 mL 30 wt% bagasse samples. The enzyme activity was 16 FPU/mL. The most suitable
pH was 6.0-8.0. After constant temperature stirring at 50 °C for 30 min, the enzyme activity
was eliminated with a constant temperature water bath at 100 °C for 10 min and washed
with distilled water multiple times to remove residual enzyme liquid.

2.2.2. Preparation of Nano/Microfibrils by Mechanical Grinding

The enzyme pretreated sugarcane bagasse pulp was diluted to 30% (w/w) with dis-
tilled water and ground with a high-consistency refiner at a disc gap of 0.1 mm, and with 10,
20, 25, 30 rounds of grinding. After grinding, a mixture of nanocellulose and micro-cellulose
was stored in a refrigerator at 4 °C for subsequent analysis.
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2.2.3. Preparation of Nano/Microfibrils Film

A nano/microfibrils film was formed by pouring nano/microfibrils into a polystyrene
template by the flow-edge method, which could be prepared by drying nano/microfibrils
in oven at 40 °C for 24 h, as shown in Figure 1.

Cellulase
= _
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30 mil.] \\\\3 Grinding

SR Enzyme
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Figure 1. Schematic representation of process for preparing nano/microfibril film.

2.3. Characterization

To evaluate the properties of samples and understand the changes caused by me-
chanical processing, a raw material analysis of fiber components was performed on the
specimens. Then, the hydrophobic and mechanical properties of cellulose film samples
were analyzed.

2.3.1. Characterization of Morphological Features

AFM (SI-DFP2, Hitachi, Tokyo, Japan) and SEM (SU8220, Hitachi, Tokyo, Japan) are
often combined with cellulose image analysis. In the SEM test, samples were observed at a
voltage of 10 kV after spraying gold under vacuum for 90 s. The magnification was 500 x
and 2000 %, respectively. AFM could evaluate their surfaces and morphological changes
at the test pressure of 299 kHz, an accelerating voltage of 8.1 V, and a cantilever elastic
coefficient (C) of 32 N/m.

2.3.2. XRD Analysis

The nano/microfibril films were cut into small pieces of 1.5 cm x 1.5 cm and used
XRD (Miniflex600, Rigaku, Tokyo, Japan) under Cug ray radiation (A = 0.15418 nm) for
inspection. The scanning range was 26 = 5°-35°, and the speed was 5°/min. The tube
pressure level and the tube flow rate were 40 kV and 30 mA, respectively. Segal’s empirical
formula (CrlI) was used to calculate the crystallization index of the samples [33].

Crl (%) = (Ino2 — Iam)/Ioo2 @

where, Crl is the crystal index, Iy, is the diffraction intensity level obtained when 20 =22.6°,
that is, the diffraction intensity of the crystal region. Iy, is the diffraction intensity level
obtained when 20 =16.0°, that is, the diffraction intensity of the amorphous region.

2.3.3. Particles Size Analysis

The particle size and its distribution of the nano/microfibril suspension were mea-
sured by Malvern Zetasizer nano (Z590X, Malvern Panalytical, London, UK). A 0.5 wt %
nano/microfibril suspension was tested after magnetic stirring for 12 h.

The raw cellulose properties including length-weighted distribution (Ln), weight-
weighted distribution (Lw), and fines were measured with a fiber length analyzer (FLA,
Kajaani FS-300, Metso Automation, Helsinki, Finland).
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2.3.4. IC Analysis

The content of hemicellulose sugar in sugarcane bagasse pulp was determined by
ion chromatography (ICS-5000+SP, Thermo Science, Sunnyvale, CA, USA). The chro-
matographic column was a PA20, 3 x 150 mm, and the protection column was a PA10,
4 x 50 mm. A mix of 80% Milli-Q water and 20% NaOH was used for the mobile phase.
The flow rate was 0.3 mL/min. Specific steps conformed to the National Renewable Energy
Laboratory standard method TP-510-42618.

2.3.5. UV-Vis Analysis

UV-Vis (SPECORD-PLUS-50, Analytik Jena, Berlin, Germany) was used to measure
the transmittance of the samples. The film sample was carefully cut into a rectangle of
40 mm x 9 mm and placed in a quartz cuvette 25 cm from the entrance of the integrating
sphere. A quartz cuvette was placed as a blank reference. The wavelength range of
the sample was 190-1100 nm, and the transmittance of the visible band (400-800 nm)
was analyzed.

2.3.6. Water Resistance Analysis

The water contact angle of the sample was measured using a Drop Shape Analyzer
(DSA100, KRUSS, Berlin, Germany) to evaluate the surface hydrophobicity of the film
samples. The film samples were fixed on the glass slide with double-sided tape. An
automatic pipette was used to carefully apply a drop (4 uL) of distilled water onto the film
surface. Parallel tests were performed six times and the results were averaged.

The WVTR (W3/031, Labthink, Jinan, China) measurements were performed accord-
ing to the standard ASTM Standard E96/E96M-05 for cup method water vapor permeabil-
ity [34] testing at 25 °C with 90% RH. Weights were monitored every 30 min until constant.

2.3.7. Mechanical Properties

The mechanical properties consisting of folding endurance, elasticity modulus, and
elongation at break of the films were measured with a universal testing system (3367, IN-
STRON, Sunnyvale, CA, USA). The test was conducted at a crosshead speed of 2 mm/min
at 23 °C and 55% relative humidity. The sample length was 50 mm and the width was
10 mm.

3. Results
3.1. SEM Analysis of Fibers after Different Stages of Treatments

The SEM analysis of the fiber suspension obtained after different grinding stages are
shown in Figure 2a—e. The obtained images exhibit substantial differences in surface and
morphological changes. In C-0 without grinding treatment, the fiber bundle structure
was compact, and the fibers were relatively compact, such as in Figure 2a. The images
obviously show that the sugarcane-bagasse-bleached pulp fibers were nearly smashed into
nano/microfibrils after the high-consistency refiner, although a few microfibrils bundles
with correspondingly larger fibers still exist. After the mechanical processes, the tightly
bound fibers divided into smaller fiber bundles, as shown in Figure 2b—e. In the higher right
corner of Figure 2b—e are 2 um images, which show that a large number of nano/microfibers
were partly stripped from the surface due to the effects of grinding. The fiber diameters
decreased with each treatment grinding times, and high-speed grinding gradually declined
the fiber length and layers’ thickness. After grinding more than 25 times, we observed that
cellulose fibers were almost completely decomposed into nano/microfibrils aggregates
around the fiber (Figure 2d). It formed many fine cellulose aggregates in Figure 2c,d,
possibly due to the soluble hemicellulose being exposed during the grinding process
and because hemicellulose was loosely bound to the fiber surface. Echoing the results of
Tenhunen [35], xylose, one of the principal components of hemicellulose from sugarcane
bagasse, had an affinity for cellulose and readsorbs to the cellulose surface during the
grinding process. The presence of xylan with a negative charge facilitates the liberation of
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fibrils from the pulp by generating repulsion between fibrils. Accordingly, in the case of
higher levels of hemicellulose in sugarcane bagasse, the preparation of nano/microfibers
by the high-consistency refiner became more efficient.

Figure 2. SEM micrographs of (a) the raw material C-0, (b) 10 times ground C-10, (c) 20 times ground
C-20, (d) 25 times ground C-25, and (e) 30 times ground C-30. C-0 represents raw pulp fibers and
C-10, C-20, C-25, and C-30 represent fibers that have been grounded 10, 20, 25, and 30 times by a
high-consistency refiner, respectively.

3.2. Particle Size and Components Analysis

The particle size and particle size distribution of the nano/microfibrils and untreated
fibers (C-0) suspension were measured by a zetasizer nano analyzer (Figure 3) and FLA
(Table 1). Under the action of mechanical force, bagasse fiber was easy to crack along
the axial direction and formed fibrillary cellulose. Fibrillated ultrafine fiber was an anon-
uniform system composed of fibers of different sizes and shapes. Without homogenization,
the fines fiber (0-0.2 mm) content was approximately 46.16% and when grinding 10 more
times, the C-30 fines fiber content was approximately 53.52% (Table 1). L(n) and L(w)
of untreated fibers were 0.34 mm and 1.20 mm, respectively; after 10 grindings, L(n)
was 0.29 mm and L(w) was 0.86 mm. These data indicate that grinding had an important
effect on the L(w) of fibers, especially in the longitudinal direction.

Fibrillated ultrafine fiber is a complex system, which contains a large number of
submicron and nanofibers in the range of ultrafine fibers. The zetasizer nano analyzer
was used to analyze the particle size range of nano/microfibrils in the fibril suspension
system (Figure 3). Different sizes and size distributions of fibrillated ultrafine fiber had an
important influence on the film-forming properties. After grinding 10 times, the particle
size distribution was in the range of 539-1591 nm. The particle size distribution of C-20
and C-25 fibers had three distinct peaks, one at 100-500 nm, another at 500-1900 nm,
and the last one at 3500-6500 nm (Figure 3). This indicates that the cellulose suspension
was a multisize mixed system. After grinding 30 times, the particle size distribution
was mainly concentrated in the range of 130-400 nm, and the fiber suspension system
was relatively uniform. Therefore, compared with unground bagasse cellulose, the size
distribution of ground bagasse cellulose was more extensive and richer. The average length
of unmilled cellulose was about 650-2170 pm. After milling, the cellulose system had a lot
of nanocellulose (1-10 pm) and microcellulose (10-200 pm), and some millimeter-grade
cellulose (200-7000 um). There were many sizes of cellulose, such as nanometer (13-36%),
micron (17-32%), and millimeter (46-54%), in the cellulose suspensions. The fiber size
distribution of the fibrillated ultrafine fiber was more abundant after 25 times of grinding.
The fibrillated ultrafine fiber suspension system of C-30 was relatively uniform. It was
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feasible and highly efficient to prepare a hybrid system of fibrillated nano/microfibrils
with the high-consistency refiner.
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Figure 3. The particle size distribution of fibers: fibers ground 10, 20, 25, and 30 times fibers with a
high-consistency refiner, respectively.

Table 1. Fiber size of different treatment stages.

C-0 C-10 C-20 C-25 C-30

L(n), mm 0.34 £ 0.08 0.29 £ 0.02 0.28 = 0.07 0.27 £0.02 0.27 £0.03
L(w), mm 1.20 £+ 0.07 0.86 + 0.04 0.80 £ 0.03 0.80 + 0.05 0.78 + 0.08
Fines, % 42.08 = 1.46 46.16 = 1.21 4794 + 098 50.96 + 1.82 53.52 +1.63

The analysis of the sugar composition content of fibers was obtained by ion chro-
matography. Since the hemicellulose in the bagasse bleaching pulp was mainly xylose,
there was also a small amount of arabinose and galactose. As shown in Table 2, all samples
contained three carbohydrates: glucose, xylose, and arabinose. Compared with C-0 and
C-E, the glucose and arabinose contents were reduced after grinding; instead, the xylose
content was increased. The hemicellulose contents had a significant effect on the film for-
mation, wettability, and mechanical properties of the film, through the interaction between
hemicellulose and cellulose [36]. The hemicellulose content of C-0 and C-E was 21.21%, and
20.97%, respectively, which indicated that cellulase treatment did not affect the dissolution
of hemicellulose. The content of xylose and arabinose in the cellulose suspension after
grinding decreased slightly, which proved that the hemicellulose between the secondary
wall fiber bundles was separated in the nano/microfibrils suspension after grinding, and
a part of the hemicellulose polysaccharide was soluble in water, so the measured xylose
and arabinose content decreased. The results prove that exposing sugarcane bagasse to
suitable grinding times when grinding with high-consistency refiner plays a key role that
can increase the hemicellulose content in microfibers.
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Table 2. Sugar composition of fibers after different treatment stages.

Neutral Sugars and Acidic Oligomers (%)

Sample
Glucose Xylose Arabinose
C-0 74.95 + 443 21.21 +£0.90 1.16 £ 0.0006
C-E 75.48 £+ 5.48 20.97 + 0.56 1.14 £ 0.0006
C-10 72.64 +5.32 19.52 +1.52 1.05 + 0.0006
C-20 72.07 £+ 8.89 17.46 +1.45 1.01 £+ 0.0011
C-25 73.02 £ 7.65 17.16 £ 0.96 0.86 4 0.0018
C-30 73.39 + 4.09 18.66 + 0.98 0.96 + 0.0004

3.3. Crystallinity of Fibers after Different Treatment Stages

Figure 4 shows crystallinity of nano/microfibrils obtained after various treatments.
Two evident diffraction peaks were obtained at 16.0°and 22.5°, corresponding to the (110)
and (002) crystal planes of a prototypical cellulose I structure [37]. The highest crystallinity
of the cellulose (C-0) was 53.4%. After cellulase treatment of the raw materials (C-E), the
crystallinity was 55.2%. There was no significant change in crystallinity after cellulase
treatment, indicating that cellulase pretreatment had little effect on the crystallinity of
cellulose. Crystallinity indices of C-10, C-20, C-25, and C-30 were 45.0%, 47.3%, 48.2%,
and 48.3%, respectively, increasing a little with each grinding time. This may be related
to the different content of hemicellulose in cellulose suspension. Hemicellulose was an
amorphous polymer. Therefore, the XRD analysis uncovered that fibers had a striking
decrease in crystallinity index after the high-consistency refiner pretreatment. The XRD
analysis indicated that the crystallization peak of fibers did not change through the mechan-
ical process stages. Part of the hemicellulose was exposed to the fiber suspension during
the high-concentration refining process, thereby reducing the crystallinity. However, the
number of grindings had little effect on crystallinity.
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Figure 4. XRD patterns of nano/microfibrils films with different treatment stages.

3.4. Optical Transparency of Nano/Microfibrils Films

Transparency was an important advantage in the use of packaging materials. In
Figure 5, the optical properties of the nano/microfibrils films were surveyed and compared
with photos from a camera. Moreover, the impact of grinding times on the transmittance
properties of nano/microfibrils were researched using a UV-Vis method in Figure 5a. At
a 400-800 nm wavelength, the light transmittance of C-0 without mechanical treatment
was about 0.97% at room temperature. Compared with C-0, all nano/microfibrils films
exhibited high levels of transparency and it significantly increased the transmittance to a
maximum of 18.58% (C-25) after mechanical grinding by increasing the nano/microfibrils
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(a) 20

content. This proved that the fine fibers play a decisive role in the transparency of the film.
The higher the fine fiber content, the higher the transparency. However, the transparency
of the C-30 film was reduced a little, by 2.36%, as the hemicellulose could enhance the
reflected light, and decrease the transmittance of the film [38].
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Figure 5. (a) Photo and optical transparency of films after different treatment stages, and (b) SEM
micrographs and digital photographs of the raw material of C-0 film and (c¢) C-30 film after
mechanical treatment.

SEM images of the film cross-section showed that the surface of the untreated fiber
film was nonuniform with a large number of fiber fragments and a big porosity between
fibers (Figure 5b). However, a more uniform surface morphology, smaller fibers and
nano/microfibrils bundles, and a more compact structure of the cross-section were observed
on the films after grinding (Figure 5c). This phenomenon indicated that as the grinding
time increased, more nano/microfibrils were obtained, and denser and better structure
films were formed. The tight overlap between the fibers eliminated the scattering and
reflection of light inside the film, so that the transmittance of the film was significantly
increased. Therefore, the densification and refinement of the nano/microfibrils structure
directly led to the higher transmittance and strength of films [39].

3.5. Hydrophobic Properties and Principle of Nano/Microfibrils Film

The surface hydrophobicity of raw materials and nano/microfibrils films were eval-
uated through the measurements of the surface contact angles, and the hydrophobic
mechanism of the cellulose membrane was analyzed (in Figure 6). The CA of the C-10 film
was 98.7°, indicating that the nano/microfibrils film was hydrophobic (CA > 90°). With
the increase of grinding times, the hydrophobicity first increased and then decreased (in
Figure 6a). The CA of the nano/microfibrils film was the highest at 113° after grind-
ing 25 times (Figure 6a). This may be due to the cross-linking of hemicellulose and
nano/microfibrils during the film-forming process. Hemicellulose adsorbed on the pores
of nano/microfibrils as fillers, and the surplus hemicellulose on the surface of the cellulose
to form a large number of micro/nanostructures. Thus, it had high hydrophobicity. The
surface wettability of the material depended on the surface chemistry and the surface
micro/nanostructure [40]. These two parameters determined the level of adhesion between
the droplet and the surface. The nano/microfibrils film was hydrophobic after grinding
(in Figure 6b). The primary reason was that part of the hemicellulose existed in the form
of single molecules or colloidal aggregates in the cellulose suspension after the grinding
treatment. Then, hemicellulose diffused and adsorbed to the cellulose surface to form
nanoparticles during the film-forming process at 40 °C. The film surface owned a certain
roughness and was hydrophobic.
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Figure 6. (a) Contact angle of nano/microfibrils films, (b) digital photographs of C-25 film hydropho-
bicity, (¢) SEM micrographs of the C-25 film, (d) AFM surface topography (2 x 2 um?), and (e) 3D
image of the C-25 film.

In Figure 6¢, many dense white micro/nanostructures on the surface of the film
exist, which may be because the exposed hemicellulose was adsorbed on the surface of
nanocellulose driven by entropy [41]. As previously [42] reported, the xylan is likely to
assemble into nanoparticulate aggregates in solution first and it was deposited like this onto
the cellulose fibrils, forming a large number of white micro/nanoprotrusions consistent
with the C-25 film surface 3D image analysis in Figure 6d,e. The surface roughness (Sa)
was 4.493 nm.

However, the CA measurements of C-30 film was reduced to 95°, which could be
due to the increase of fine fiber, which broke the balance between hemicellulose and
fine cellulose in the fiber suspension system. After hemicellulose adsorbed on the pores
of nano/microfibrils, the surplus hemicellulose on the surface of cellulose decreased.
Because the micro/nanostructure formed on the surface of the film decreased, the contact
angle of C-30 slightly decreased. This phenomenon indicated that the particle size of
the fiber reduced after grinding, and that the nano/microfibrils became the principal
component of the fiber suspension. This showed that the size of fibrils determined the
macrostructure properties of the film and the hemicellulose content in the suspension
determined the microstructure properties of the film. The micro/nanostructure formed
by the exposure of the hemicellulose played the leading role in affecting the cellulose film
hydrophobicity properties.

3.6. Barrier Performance of Nano/Microfibrils Film

The water vapor barrier performance of the substrate side (contacting the polystyrene tem-
plate) as a moisture barrier was studied by the water vapor transmission rate (Figure 7a). The
water vapor transmission rate of the untreated cellulose film was about 2426.59 g/(m?-24 h). It
significantly improved the barrier properties of the film after grinding treatment. The fine
fiber content of the C-25 film was 50.96%, its permeability pass rate was 1038.16 g/(m?-24 h),
and the barrier performance was about twice as high as before. The water vapor transmit-
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water vapor permeance (g/(m?-24h))

(a)

tance was not a linear function of the fine fiber content, although, with the increase of the
fine fiber content, the water vapor transmittance decreased (Figure 7b). This highlighted
that the content of fine fibers increased the barrier property of the film. The water vapor
transmission rate of the C-25 film was as high as 1038.16 g/(m?-24 h) under these conditions.
According to previous studies, biodegradable films have been studied to use nanocellulose as a
coating. Compared with the moisture resistance of nanocellulose film, the WVTR of CNF-coated
paper was about 300 g/(m?-24 h), and the moisture resistance was improved by 55%. The
water vapor permeability of CNF was about 960-980 g/(m?-24 h) [43]. It was the same as that
of traditional CNF film. However, the preparation process of nano/microfibrils film in
this study was simple. After grinding treatment, the barrier properties of the film were
significantly improved. This phenomenon was primarily due to the fact that the fine fibers
became the main component of the fiber slurry after the grinding treatment. During the
film-forming process, microfibers and nanofibers were inserted between the large fiber
bundles, the pores between the large fibers were filled with fine fibrils, which separated a
part of the hemicellulose into the nano/microfiber suspension during the grinding process.
There was adsorption between hemicellulose and cellulose fibers, and hemicellulose was
used as the adhesive to fill the pores between the fine fibers again in the film-forming
process, so the barrier property of the film was improved remarkably. However, when the
content of fine fibers was 53.52%, the water vapor transmission rate of the film increased.
This was because the increase of fine fibers was much greater than the increase in hemi-
cellulose, and a large number of pores between the fine fibers could not be filled by the
increased hemicellulose, resulting in a slight decrease in the barrier properties of the film.
Therefore, fine fiber and hemicellulose were the key factors to improve the water vapor
barrier performance of nano/microfiber films.
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Figure 7. (a) Water vapor transmittance of nano/microfibrils films. (b) Fines (x) as a function of water
vapor transmission rate (y). The solid line represents the nonlinear fit, with correlation coefficient
R? = 0.99992.

3.7. Mechanical Properties of Films

The thickness, folding endurance, and elastic modulus of the nano/microfibril films
are recorded in Figure 8. C-10 displayed a higher thickness, lower folding endurance, and
lower elastic modulus, which were 31.1 um, 1.59, and 2671.18 MPa, respectively. Compared
to the films after different treatment stages, C-30 displayed a lower thickness, higher folding
endurance, and higher elastic modulus, at 25.9 pm, 1.50, and 4140.60 MPa, respectively,
which indicated that the film was more compact and flexible. In the lower right corner of
Figure 8 is a paper airplane made of C-30 film, which showed high pliability. This was
because the content of nanocellulose in the cellulose system was 36.34% after grinding
30 times, which was about triple the content of nanocellulose in the 10-time grinding system.
The elastic modulus of the films increased by about 62% when the content of nanocellulose
was 13-36%. The tensile strength tripled. Moreover, because the cellulose particle size
distribution was relatively rich, nanocellulose and microcellulose [(0-9)] could provide a
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certain degree of strength and stiffness for the film. The folding resistance decreased from
1.7 to 1.5 and decreased with the decrease of large-size cellulose. This showed that a larger
size of cellulose could make the film have a certain degree of flexibility. Therefore, the thin
film prepared by this method had not only a certain strength and rigidity but also certain
folding properties.

Thickness Elastic modulus
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Figure 8. Stress—strain curves of the nano/microfibrils-based films.

Then, according to Figure 8, the C-20, C-25, and C-30 films had a stress platform
at about 0.5-1.5% strain, with yielding remaining unchanged with the increase of strain
during the stretching process, which was a nonuniform stretching stage. The elastic moduli
were 3866.62 MPa, 3760.51 MPa, and 4140.60 MPa, respectively. This was because the
film contained fibers of different sizes. During the stretching process, the crystal structure
inside the film changed (Figure 9). Under the action of an external force, the crystal lattice
molecules of micron-sized fibers and nano-sized fibers began to adjust and orient in the
direction of the external force, destroying large-sized cellulose [44,45]. The reduced tensile
strength of the lattice failure offset the increased tensile strength after the orientation of the
nano/microfibers molecules, forming a curved platform area [46]. The findings indicated
that the increase of a certain number of fine fibers could not only increase the hardness of
the film, but also could give the film flexibility and plasticity. After passing through the
plateau area, the C-25 and C-30 films appeared in a strain hardening stage, the stress rising
sharply. This was because the molecules oriented under the stronger stress were highly
oriented, and the materials formed a new higher-order crystal structure [46]. The tensile
strength of C-25 and C-30 could be as high as 31.21 MPa and 32.70 MPa.
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Figure 9. Schematic of tensile mechanism of films.
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4. Conclusions

In this study, a novel process was proposed to obtain a hydrophobic sugarcane bagasse
film with high pliability. The C-25 film had the best comprehensive performance, with better
hydrophobic properties (CA = 113°) and a better elastic module of 4140.60 MPa. Fibrils
with different hemicellulose and nano/microfibrils content were prepared by adjusting
the number of times of the grinding. In addition, unique hydrophobic properties of films
were obtained, due to the hemicellulose adsorption in the temperature-driven film-forming
process. A better hydrophobic effect and high pliability were attained, and the adsorption
effect of hemicellulose was effectively demonstrated. This research greatly improves the
practical value of nonuniform cellulose in the field of packaging materials, which lays a
foundation for the preparation of functional biomaterials without modification.
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