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In the last twenty years, the use of cellulosic and lignocellulosic agricultural by-
products for composite applications has been of great interest, especially for reinforcing
matrices. Fibers of renewable origin have many advantages. They are abundant and cheap,
have a reduced impact on the environment, and are independent from fossil resources. Their
ability to mechanically reinforce thermoplastic matrices is well known, as is their natural
heat-insulation ability. The matrices can themselves be of renewable origin (e.g., proteins,
thermoplastic starch, poly(lactic acid), polyhydroxyalkanoates, etc.), thus contributing to
the development of 100% bio-based composites with a controlled end of life.

Continuing the Special Issue, “Natural Fiber Based Composites” [1], this Special Issue
provides an inventory of the latest research in the area of composites reinforced with
natural and wood fibers, focusing particularly on the preparation and molding processes of
such materials (e.g., extrusion, injection-molding, hot pressing, 3D printing, etc.) and their
characterizations. It contains one review and ten research reports authored by researchers
from three continents and eleven countries, namely, China, Egypt, France, Germany, Italy,
Malaysia, Poland, Russia, Saudi Arabia, Tunisia, and Yemen.

An overview of the hybridization of MMT/lignocellulosic fiber-reinforced polymer
nanocomposites for structural applications is provided in a comprehensive review paper [2].
The use of montmorillonite nanoparticles (MMTs) improves the mechanical properties
of composites while ensuring their thermal stability. The dispersion of MMTs, partic-
ularly in water-soluble polymers, is facilitated by its intrinsic properties. This review
article provides an exhaustive list of the latest advances in the field, from methods of
obtaining these innovative materials to their mechanical, thermal, and fire-retardant prop-
erties. Such materials can now be used as reinforcing agents in a variety of high-end
industrial applications.

Some of the research articles in this Special Issue suggest using very different raw
materials to obtain bio-based composite materials from different molding techniques, which
may have future applications in many fields, e.g., automotive, packaging, load-bearing
composites, tissue engineering and biomedicine, filtering, agriculture, and fabrics.

− Non-woven preforms made from natural and thermoplastic fibers are frequently
used as vehicle interior parts. Lightweight and recyclable, they can nevertheless
release volatile organic compounds (VOCs) and odors into the vehicle interior. In [3],
VOCs and odors released by flax/PP non-woven composites were quantified using
headspace solid-phase microextraction (HS-SPME) coupled with gas chromatography–
mass spectrometry (GC-MS). The composition of VOCs changes according to the
compression-molding temperature. It is, therefore, possible to optimize this tem-
perature to obtain materials that are less odorous and more suitable for use in the
automotive sector.

− Neosinocalamus affinis is a clumping bamboo. Cellulose is extractable from its powder
through bio-enzymatic digestion [4]. Cellulose is the most abundant polysaccharide
on Earth. Once extracted, it can be transformed into nanocellulose (CNM). The amount
of extracted cellulose, purity, crystallinity, and thermal stability depend on the initial
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particle size of the powder and the bio-enzyme used. The result is cellulose nanofibrils
(CNFs), which, as a hardening component, can be mixed with other materials to
improve their toughness. The use of bamboo as an ingredient in composites could
therefore expand in the years to come.

− Cellulose is also abundant in wood. Along with hemicelluloses and lignin, it can be
used in tissue engineering and biomedicine because of their good properties. Wood
fiber gel can be prepared as a 3D-printing material using a hybrid 3D printer with
three nozzles and five degrees of freedom [5]. The printer is capable of multi-material
and multi-degree-of-freedom printing, making the wood fiber gel suitable for multiple
biomedical applications.

− Depending on the three-dimensional printing technology used, the structure of the
composites produced can differ markedly. This technique can even be combined with
another unconventional technology, electrospinning (ES), to produce composites with
improved qualities. These could be used in future for the construction of filtering
devices and in medical applications [6].

− In [1], one research article presented the use of sunflower proteins to produce con-
trolled release fertilizers (CRFs) through injection-molding, with urea and/or new
biopolymers (BPs) obtained via the hydrolysis of municipal biowastes acting as addi-
tional sources of nutrients for plants [7]. In the present Special Issue, these innovative
CRFs were tested for spinach cultivation [8]. In the presence of BP, the work high-
lighted that composites yield the safest crop coupled with high biomass production,
thus contributing to the development of a bio-based chemical industry exploiting
biological wastes as a raw material for eco-friendly agriculture.

− Widely available, sugar cane bagasse fiber can be used to make polyvinyl alcohol
(PVA)-based foamed composites [9]. Their static cushioning performance is compara-
ble to that of expanded polystyrene (EPS), commonly used in the packaging industry.
The foamed composites developed mainly have an open cell structure. Bagasse fiber
is also compatible with PVA foam. Depending on their mechanical properties and
static cushioning performance, some of these new materials could be suitable for the
cushioned packaging of light, fragile products.

In the textile industry, agricultural by-products can also be used as dyes for environ-
mentally friendly fabric finishing. In [10], for example, pomegranate peel extract was used
to produce a natural dye. This new, bio-based dye is particularly recommended for dyeing
polyamide fabrics. Despite their fair light fastness, finished samples are resistant to rubbing
and washing, and have good antibacterial properties. Such an extract could soon be used
in the textile industry.

At the frontier between the textile industry and the medical field, the development
of antimicrobial textiles is playing an increasingly important, protective role. Schiff bases
and nanometric complexes have been in situ synthesized on bio-based conventional cotton
fabrics to give highly effective and durable antibacterial and UV protection properties [11].

Raw materials of non-plant origin can also be used to produce innovative composite
materials. For example, in the medical sector, hydroxyapatite (HAP) has great potential for
wound healing. Mineral in origin, it is a calcium phosphate belonging to the apatite family.
This wound-healing property can be explained by its high biocompatibility and angiogenic
capacity. While traditional HAP-based materials are often fragile and not very mechanically
resistant, it is possible to obtain dressings based on HAP nanowires, in the form of a flexible
and superhydrophilic biopaper, which, due to the continuous release of Ca2+ ions, will
promote the healing of skin lesions [12]. Safe and effective, this biocompatible material
opens new prospects for clinical applications.

The final research article in this Special Issue presents the preparation of graphene
oxide composites and evaluates their adsorption properties for lanthanum (III), a metallic
element contained in low proportions in the earth, but widely used in optical glasses, alloys,
catalysts, and ceramics [13]. Graphene occurs naturally in graphite crystals (defined as a
stack of graphene sheets). The adsorption capacity of lanthanum was studied under differ-
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ent conditions; the results show that the carboxylated graphene oxide/diatomite/magnetic
chitosan (GOH/DMCS) composite could be used in future as an adsorbent that is effective
and reusable.

This Special Issue presents a wide range of topics. It provides an update on the
current research in the field of natural-fiber-based composite materials, and more. These
contributions will be a source of inspiration for the development of new composites.
These new materials are environmentally friendly and will undoubtedly find numerous
applications in the years to come in many sectors.

Acknowledgments: I would like to thank all the authors for their valuable contributions to this
Special Issue, the reviewers for their reviews and useful comments which allowed for the submitted
papers to be improved, and the journal editors for their kind support throughout the production of
this Special Issue.
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Abstract: In the recent past, significant research effort has been dedicated to examining the usage of
nanomaterials hybridized with lignocellulosic fibers as reinforcement in the fabrication of polymer
nanocomposites. The introduction of nanoparticles like montmorillonite (MMT) nanoclay was found
to increase the strength, modulus of elasticity and stiffness of composites and provide thermal
stability. The resulting composite materials has figured prominently in research and development
efforts devoted to nanocomposites and are often used as strengthening agents, especially for structural
applications. The distinct properties of MMT, namely its hydrophilicity, as well as high strength,
high aspect ratio and high modulus, aids in the dispersion of this inorganic crystalline layer in
water-soluble polymers. The ability of MMT nanoclay to intercalate into the interlayer space of
monomers and polymers is used, followed by the exfoliation of filler particles into monolayers of
nanoscale particles. The present review article intends to provide a general overview of the features
of the structure, chemical composition, and properties of MMT nanoclay and lignocellulosic fibers.
Some of the techniques used for obtaining polymer nanocomposites based on lignocellulosic fibers
and MMT nanoclay are described: (i) conventional, (ii) intercalation, (iii) melt intercalation, and
(iv) in situ polymerization methods. This review also comprehensively discusses the mechanical,
thermal, and flame retardancy properties of MMT-based polymer nanocomposites. The valuable
properties of MMT nanoclay and lignocellulose fibers allow us to expand the possibilities of using
polymer nanocomposites in various advanced industrial applications.
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Keywords: bamboo; kenaf; MMT; natural fiber; polymer composites

1. Introduction

At present, researchers are aware of the necessity of developing new composite products
with high mechanical and thermal stability for structural applications. In the service life of
power transmission, marine, automobile, and aerospace structures, several factors can cause
damage to the structural integrity of polymer composite and reduce their lifespan due to
high impact, creep, and fatigue loads from the external environment [1–4]. Furthermore, the
potential for penetration and other such impacts can lead to extensive delamination, which
results in degradation of the structural performance of composites [5–7]. For high-performance
applications such as fire extinguishers, armored vehicles, and aircraft, the main purpose of the
product is to have a high ratio of strength-to-weight structure [8]. Generally, thermoplastic
composite materials exhibit high strength properties, which commonly decrease to a low value
in terms of damping capacity due to its viscoelastic properties [9]. This leads to valuable
properties for structural purposes.

Currently one can observe growing popularity and market demand for natural fiber-
reinforced polymer composites due to their advantages of low price, light weight and
versatile applications [10,11]. However, lignocellulosic fibers such as sugar palm, kenaf,
coir etc. exhibit low mechanical properties due to their hydrophilic properties and high
moisture rate when used as reinforcement in polymer composites [12–14]. Moreover, the
main drawback associated with the inclusion of lignocellulosic fiber in polymeric resin is
the lack of surface adhesion between the two phases, which affects the flow properties of
the final biocomposite laminate [15,16].

The previously mentioned drawbacks of lignocellulosic fiber composites can be ad-
dressed either by regulating the fiber loading and orientation, fabric stacking sequence,
fiber treatment as well as the use of nanofiller additives [17–20]. Several fiber treatment
methods either via physical approaches such as plasma or corona treatment and steam
explosion as well as gamma irradiation [10,21] and chemical methods such as alkaline
treatment, acetylation methods and coating techniques using hydrophobic polymers have
been reported [22–26]. A significant decrease in water uptake of jute-reinforced polyester
composites from the incorporation of synthetic fibers such as E-glass has also been dis-
covered [27]. Research revealed that the inclusion of impermeable fillers along with
lignocellulosic fiber inside polymer composites is one of the most significant approaches
to lower the moisture uptake of composites. In this case, the filler factors such as filler
concentration, distribution, shape and size would reflect on the water barrier, mechanical,
and thermal properties of the final composites [28,29].

Heretofore, many studies and reviews have mentioned the superiority of reinforce-
ment with smaller size particles which has great importance for the overall reinforcement
effect in the matrix system [30,31]. An escalation of progress and interest can be seen in the
application of plate-structured, nanofiller-filled materials represented by nanocomposites
due to their high aspect ratio [32]. These nanofiller-filled materials, particularly when in
particle sizes in the vicinity of 100 nm and below, have shown great effect in imparting a
high degree of reinforcement. In fact, the reinforcement achieved by using 3–5% by weight
of nano-scale reinforcement is similar to that achievable using 20–30% of a micro-scale filler.
Therefore, the incorporation of nanofillers in composites systems is much more preferred
due to their high specific interfacial area, which enables higher interfacial interactions,
thus increasing the modulus properties of the final materials. In general, nanofillers are
categorized based on their dimensions. Mrinal [31] has listed the types of nanofiller in-
cluding one dimensional nanofillers such as nanotubes and nanowires, two dimensional
ones like nanoclays and graphene, and three dimensional examples, for instance spherical
and cubical nanoparticles. Carbonaceous nanofillers like nanotubes and graphene impart
excellent properties that are attributed to their high mechanical strength and high aspect
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ratio, whilst, clays are naturally found as platelets, stacked from a few to as many as one
thousand sheets. Montmorillonite (MMT), the most popular clay nanofiller, is comprised
of two silicates layers of octahedral sheets of alumina that are sandwiched together. This
aluminosilicate with low dimensions of 1–5 nm thickness and 100–500 nm in diameter will
impart platelets with a high aspect ratio (>50), hence providing stiffness and strength to
the composite [33].

Presently, global demand for nanofillers like MMT clay and organically modified
montmorillonite (OMMT) is growing due to the potential of using nanoparticles to’ exten-
sively modify the overall properties of polymer composites [34,35]. Nanoclay particles are
composed of layered silicates. Examples of nanoclays are compounds such as pyrophyllite,
organoclay, hectorite, saponite and nontronite nanoclay and MMT clay. Among these,
MMT clay, which is the main constituent of bentonite, is the most regularly used layered
silicate in polymer matrices due to its properties. MMT clay is well known as having a good
filler anisotropy, high aspect ratio, excellent barrier properties, great strength and stiffness,
as well as good thermal stability [36,37]. Despite the many promising advantages of MMT
fillers in composites, the hydrophilicity of the nanoclay leads to difficulties in homoge-
nously distributing it in the polymer matrix. Subsequently, this would induce disparity
in the distribution of electrical fields in the material and inferior electrical performance of
the resulting nanocomposites. Nanoclays can be commonly modified via ion exchange
reactions to form organophilic species which allow the polymer molecules to penetrate
between the clay galleries [38]. Besides that, the use of organic moieties as modifiers of
MMT silicates can lead to a decrease in the polymer crosslinking, consequently inhibiting
the interfacial adhesion between the polymer matrix and the nanofiller [36].

The combination of bio-based fibers/matrices with synthetic fibers/matrices through
hybridization provides a novel approach for overcoming the drawbacks of solely natural
fibers or matrices. By combining MMT nanoclay as a reinforcement agent into a composite’s
composition, it is possible to address some of the drawbacks of one type of reinforcement
compared to another. Hybridization of MMT clay with lignocellulosic fibers could improve
the thermal, mechanical and physical characteristics of biocomposites, allowing them to be
used in a variety of applications [39].

As mentioned in the previous paragraphs, MMT can be used as an additive for the
cross-arm structure in transmission towers since it significantly promotes good electri-
cal resistance performance for composites while elevating the composites’ mechanical
performance [38,40,41]. To increase the number of potential applications, lignocellulosic
composites’ properties need to be more easy to modulate and flexible in terms of improve-
ment to match the required performance of various applications [42–46]. In this manuscript,
we narrow our survey to the methods of extraction, treatment and modification, classifica-
tion, and applications of MMT fillers. This work aims to review the recent progress on the
impact of MMT fillers hybridised with lignocellulosic fibers on the mechanical and thermal
properties of reinforced polymer composites.

2. MMT Nanoclay

MMT is a member of the natural smectite group and is categorized as a phyllosilicate
mineral with a nanolayered structure that has high biocompatibility and biodegradability
as well as high mechanical characteristics [47]. Table 1 lists the most essential physical and
chemical characteristics of MMT [48]. The common substituents for MMT particles are
iron (Fe), potassium (K), aluminium and other cations, where their ratios may vary greatly
according to their source [49]. The precise theoretical formulation of MMT, according to
Uddin, [49], had never been found in Nature due to the charge imbalance introduced by
the cation substitution. The chemical formula for MMT is shown in Equation (1):

(Na, Ca)0.33(Al, Mg)2(Si4O10)(OH)2·nH2O (1)

The molecular formula of MMT is Al2H2O12Si4 [49]. and aluminium oxides are present
in the oxide composition, while calcium is the man mineral in MMT. The basic molecular
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structure is made up of silica tetrahedra and aluminium octahedral units. The Si+4 cation
has fourfold tetrahedral coordination with oxygen, whereas the cation Al+3 has six-fold or
octahedral coordination with oxygen [49].

Table 1. Physical and chemical characteristics of MMT.

Properties Description

Physical properties

Color White, grey, beige to buff
Surface area (m2/g) 240
Bulk density (g/L) 370

Diameter of particles (µm) 1
Length of particles (nm) 100–150
Surface dimensions (nm) 300–600

Crystal system Monoclinic
Transparency Translucent

Fracture Irregular
Aspect ratio High

Nature Hydrophilic

Chemical properties

Chemical composition (%)
SiO2 73.0

Al2O3 14.0
Fe2O3 2.7
K2O 1.9
MgO 1.1
Na2O 0.6
CaO 0.2

MMT is comprised of two O-Si-O tetrahedral sheets of silica sandwiched by an alumina
layer, O-Al(Mg)-O octahedral sheet, 2:1 clay [50]. Silica layers form a hexagonal network
by sharing three corners with neighboring tetrahedra [50]. Each tetrahedron’s remaining
fourth corner connects to an adjacent octahedral sheet. Aluminium or magnesium, in
six-fold coordination with oxygen from the tetrahedral layer and with hydroxyls, make
up the octahedral sheets. To create the elementary particles of MMT, neighboring layers
of approximately 10 µm-sized are stacked together assisted by van der Waals forces and
electrostatic forces, or by hydrogen bonding [51]. As seen in Figure 1, the particles aggregate
to produce micrometer-to millimeter-scale particles [52]. The layer structure of MMT may
vary as a consequence of its changeable structure, allowing for the creation of a range of
hybrids and composites [53]. Figure 1a shows a side view, where tetrahedral MMT units
are assembled through weak van der Waals and electrostatic forces to form the primary
particles, and Figure 1b shows a top view of the hexagonal structure of the oxygen and
hydroxyl ligands of the octahedral layer.

Physical and chemical approaches can be used to overcome the van der Waals forces
and the electrostatic forces that stack the layers together [49]. According to Nakato and
Miyamoto, MMT particles have plate-like shapes with surface dimensions of around 300
to 600 nm and a mean diameter of around 1 µm [50]. Thus, MMT exhibits a large aspect
ratio of around 50 to 1000. In addition, MMT shows great hydrophilic nature where its
water content tendency increases when exposed to water [54]. However, because polymers
are typically organophilic, researchers have developed modified MMT forms by altering
the clay surface. MMT may very well be made compatible with common petroleum-
based polymers and distributed easily within the polymers for improved characteristics
in nanocomposites after surface compatibilization or intercalation [50]. Due to these char-
acteristics, MMT is the most common filler utilized in biocomposites and nanocomposite
applications, in order to improve a particular property of materials [55–62].
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Figure 1. Schematic representation of the MMT structure. (a) Side view: tetrahedrons units of Mt assembled through weak
van der Waals and electrostatic forces to form the primary particles, and (b) top view: hexagonal structure of oxygen and
hydroxyl ligands of the octahedral layer. Reproduced from [63].

Due to the high aspect ratio and wide surface area of MMT nanolayers, it is extremely
possible that the inclusion and dispersion of MMT nanolayers into the polymer matrix
would result in MMT/polymer nanocomposites with significantly improved mechani-
cal properties [52,64]. According to Zhu et al. [52], the addition and dispersion of MMT
nanolayers into the polymer matrix results in MMT/polymer nanocomposites with sig-
nificantly improved mechanical [65] and thermal properties [66,67], good oxygen and
water barrier properties [68,69], as well as better flame retardancy [70]. As a result, in-
tercalating MMT into nanolayers is critical for manufacturing effective MMT/polymer
nanocomposites. Figure 2 shows the schematic diagram of in situ exfoliations of MMT
to aid its intercalation into the polymer matrix. In situ exfoliation of MMT comprises the
introduction of MMT to a liquid monomer or a monomer solution for it to expand and the
monomer to reach the interlayer gap of MMT [52], called the polymerization process [71].

Figure 2. Schematic diagram of in situ exfoliation of MMT to aid its intercalation in polymer matrix. Reproduced from [72].

According to previous works, it was discovered that adding nanoclay and rice husk
(RH) to high-density polyethylene (HDPE) improved its mechanical characteristics [73].
Nanoclay intercalation altered the crystallization behaviour of RH-filled HDPE by raising
the crystallization temperature, enthalpy, and crystallinity. According to previous research,
a combination of nanoclay and hemp has a synergistic impact on the flexibility and stiffness
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of PP [74]. With increasing nanoparticle concentration, there is a substantial reduction in
water absorption and thickness swelling. The presence of nanoparticles improved dynamic
mechanical behaviour, as well as fire retardancy and dimensional stability. Numerous
studies have been done on the influence of nanoclays on the thermal stability of polymers
such as polystyrene (PS) and ethylene vinyl acetate (EVA) [75]. The thermal stability of
nanoclay-containing nanocomposites improved significantly as the nanoclay concentration
increased. However, over a certain percentage of nanoclay (generally 5%), the thermal
stability either plateaus or begins to abruptly decrease. The degree of dispersion, like
that of most nanocomposites, has a direct impact on the thermal stability of PS/nanoclay
composite systems. Polymer chains entrapped between clay platelets were linked to a
significant increase in thermal stability [75].

The production of polymer clay nanocomposites is now one of the most important uses
of nanoclays. These natural nanomaterials can also be used as rheological modifiers and
additives in paints, inks, greases, and cosmetics, as well as pollution control bio-systems
carriers and medication delivery systems [76]. When a small amount of MMT is incorpo-
rated into the polymer matrix, the polymer is modified, resulting typically in a significant
improvement in the physical, mechanical, fracture, wear resistance, thermal stability, peak
heat release rate, flame retardancy, biocompatibility, and chemical properties of the result-
ing composite compared to standard materials [77–79]. MMT nanoclays and acid-treated
MMT are also often employed in catalytic cracking, acid-based catalysis, and materials ap-
plications. Organoclays might be utilized as gas absorbents, rheological modifiers, polymer
nanocomposites, and drug delivery carriers, among other applications [80].

3. Lignocellulosic Fibers

Lignocellulosic fiber is the scientific name that refers to natural fibers. All natural
fibers contain a few constituents, which are cellulose, hemicelluloses, and lignin. These
constituents are mainly attached by hydrogen bonds [81]. The mechanical and physical
properties of lignocellulosic fibers are influenced by their chemical composition. Moreover,
lignocellulosic fibers are hydrophilic due to the presence of an abundance of hydroxyl
groups, thus they can absorb water [82]. Figure 3 (reproduced from [79]) shows the
schematic structure of lignocellulosic fibers. The chemical constituents of lignocellulosic
fibers depend on the geographic location where the plants are grown [83]. Fibers that
contain more cellulose might have higher mechanical and good thermal properties [83],
while a high hemicellulose content will promote fiber degradation at low temperatures
and absorb more moisture [84–86]. Nevertheless, lignocellulosic fiber-containing natural
materials are commonly obstinately resistant to any external attack due to their high
crystallinity and the high degree of polymerization of cellulose, which are protected by the
lignin constituents that lower the accessible surface area and impart high fiber strength. In
addition, lignin also linked to both hemicellulose and cellulose, has a function of providing
structural support, impermeability and resistance against microbial attack (chemical and
biological hydrolysis) and oxidative stress [81].
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Figure 3. Schematic structure of lignocellulosic natural fiber. Reproduced from [84].

3.1. Cellulose

Cellulose is the primary component of lignocellulosic fibers [83]. Cellulose is made of
long unbranched chains composed exclusively of glucose that are held together by hydro-
gen bonding. Cellulose fibrils have a particular cell geometry, which is a factor responsible
for the properties of the fiber. The chemical formula of cellulose is (C6H10O5)n (where n
represents the number of glucose groups). The overall structure of cellulose consists of
crystalline and amorphous regions. Cellulose is composed of carbon (44.44%), hydrogen
(6.17%), and oxygen (49.39%) [85]. There are roughly 4000 to 8000 glucose molecules
chained together. The polymer chain in cellulose is joined by glycosidic linkages at the C1
and C4 positions. Each repeating unit contains three hydroxyl groups. The presence of the
hydroxyl group makes the cellulose hydrophilic. It is noted that these hydroxyl groups
and their ability to form hydrogen bonds play a major role in directing the crystalline
packing and also govern the physical properties of cellulose. The hydrogen bonding of
many cellulose molecules to each other results in the formation of microfibers that can
interact to form a fiber. Cellulose fibers usually have more than 500,000 cellulose molecules,
therefore, cellulose fiber may contain 7000 to 15,000 glucose molecules per polymer [86].
The hydrogen bonding between cellulose fibrils is influenced by the mechanical proper-
ties of cellulose. Hydrogen bonding may not have the same strength as a covalent bond,
however, the cumulative bonding energy of 2.5 billion hydrogen bonds is incredible. These
properties, including its microcrystalline structure, make cellulose very difficult to dissolve
or hydrolyze under natural conditions. In fact, the degree polymerization of cellulose also
very high, in the range of 500 to 2500, indicating the high thermal stability and mechanical
properties of cellulose [87]. The biodegradation of cellulose also requires more enzymes
due to its greater complexity compared to other constituents.

3.2. Hemicellulose

Hemicelluloses are polysaccharides that differ from cellulose in that they consist of
several sugar moieties. These sugars include glucose and other monomers such as hexoses
(galactose, mannose) and pentoses (xylose and arabinose). The structure of hemicellu-
lose is mostly a branched carbohydrate (hexoses and pentoses) and has a low molecular
weight [86]. It is strongly bound to cellulose fibrils by hydrogen bonding. It is partly soluble
in water and hydroscopic because of its open structure, which contains hydroxyl and acetyl
groups [88]. This characteristic also allows natural fibers to absorb significant amounts
of water, making it a weaker polymer compared to cellulose. Moreover, hemicellulose
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also has an amorphous structure and a low degree of polymerization of 100 to 200, which
suggests low mechanical properties and a low degradation temperature [87,89].

3.3. Lignin

Lignin is a phenolic compound. Lignin is the second largest source of organic material
in Nature [90]. It is a complicated amorphous polymer, hydrophobic in nature, formed
of highly complex copolymers of aliphatic and aromatic constituents. Lignin contains hy-
droxyl, methoxyl and carbonyl groups [88,91]. The high carbon and low hydrogen content
of lignin suggest that it is highly unsaturated or aromatic. The presence of hydroxyls and
many polar groups in the lignin structure, resulting in strong intramolecular and inter-
molecular hydrogen bonds, making lignin essentially insoluble in any solvent. Phenolic
hydroxyl and carboxyl groups allow lignin to be dissolved in alkaline solutions. Lignin
binds the elementary fibers together with hemicellulose as cementing elements. Lignin
imparts rigidity to the cell walls and fills the space between hemicellulose and cellulose [92].
Due to its hydrophobic character, lignin acts as a sealant to water, protection against biologi-
cal attack and a stiffener to the fibers [93,94] Besides that, lignin can also be a compatibiliser
between hydrophilic fibers and hydrophobic polymers, resulting in a stronger fiber-matrix
interface [95]. In terms of degradation, lignin is degraded via oxidative process attributed
to the secondary metabolism or to restricted availability of carbon, nitrogen, or sulphur
which are commonly degraded as sole carbon, and energy sources [96], whilst in Nature,
lignin is biodegraded by some white rot fungi, for instance from the basidiomycetes class,
that degrade lignin more rapidly and extensively compared than other microorganisms.
The white-rot fungi species, for example Ceriporiopsis subvermispora, Phellinus pini, Phlebia
sp., Pleurotus sp., Phanerochaete chrysosporium etc. attack lignin more readily than cellulose
and hemicellulose. In addition, these fungi also produce a set of ligninolytic enzymes that
catalyze the oxidation of an array of aromatic substrates, producing aromatic radicals and
changing the structure of the lignocellulose-containing raw materials and lignin [81].

Table 2 shows different lignocellulosic compositions for several natural fibers [97].
Generally, the cellulose, hemicellulose, and lignin in a typical lignocellulosic fiber fall
within the range of 30% to 60%, 20% to 40%, and 15% to 25%, respectively. These lignocel-
lulosic compositions greatly influence the mechanical properties of the fibers and result in
significant improvements in the mechanical and thermal performance of polymer nanocom-
posites.

Table 2. Chemical composition of lignocellulosic fibers.

Natural Fiber
Lignocellulosic Components (%)

Ref.Cellulose Hemicellulose Lignin

Sugar Palm 43.88 7.24 33.24 [98]
Bagasse 32 to 34 19 to 24 25 to 32 [99]
Bamboo 73.83 12.49 10.15 [100]

Flax 60 to 81 14 to 20.6 2.2 to 5

[101]
Hemp 70 to 92 18 to 22 3 to 5

Jute 51 to 84 12to 20 5 to 13
Kenaf 44 to 87 22 15 to 19
Ramie 68 to 76 13 to 15 0.6 to 1
Sisal 65.8 12 9.9 [102]

Pineapple 66.2 19.5 4.2 [103]
Coir 32 to 43 0.15 to 0.25 40 to 45 [104]

4. Processing Techniques for MMT/Natural Fiber Reinforced
Polymer Nanocomposites

Today, the advancements in nanotechnology have propelled the utilization of clay
minerals as effective fillers and additives in polymers for desired applications. The re-
inforcement effect can produce significant improvements in polymers at very low filler
contents of less than 5 wt.%, compared to those achieved using traditional micro-size
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fillers (≥20 wt.%). However, natural sodium montmorillonite (NaMMT) must be surface
modified to become OMMT for easier dispersion in the polymer matrix. The intercala-
tion structure of poly(butylene) succinate (PBS)-reinforced OMMT and polylactic acid
(PLA)-reinforced OMMT was observed and attributed to the strong interaction of hydroxyl
groups in the clay structures with the carboxyl groups of the polyester. Meanwhile, the
addition of NaMMT led to intercalation of TPS in the clay. MMT introduced in natural
fiber reinforced polymer composites promotes resistance against chemical, heat, electricity,
fire and UV light exposure [51].

There are some commonly utilized methods for incorporating nanoclays into polymer
nanocomposites, such as intercalation of polymers, in-situ intercalative polymerization, and
melt intercalation [105]. The mixing of clays, natural fibers and matrix generally applies
three mixing techniques, namely mechanical mixing, magnetic stirring and sonication.
Depending on the mixing technique used, the dispersion of nanoclays within the matrix
can take the form of a phase-separated, intercalated or exfoliated nanocomposite structures.
The most desired exfoliated structures present a complete separation of nanoclays due
to the segregation of electrostatic forces between clay platelets by the polymer chain in
the composites. Meanwhile, phase-separated structures indicate that the electrostatic
forces between clay platelets cannot be overcome completely. This kind of structure is
unfavorable to the properties of the nanocomposites as higher loading will be required for
significant improvement, which otherwise can be achieved at lower loading for exfoliated
and intercalated structures. An intercalated structure is formed when extended polymer
chains are intercalated into the clay interlayers with the clay platelets still intact.

4.1. Conventional Composite Fabrication Techniques for Nanocomposites

Conventional techniques for fabricating composites, such as two-roll mill, twin-screw
extruder, solution casting, compression and injection molding involve different clay incor-
porating techniques. Generally, twin-screw extruders and two-roll mills are the mixing
machines used. The twin-screw extruder machine is a closed barrel containing two rotating
screws mounted on splined shafts, which applies the melt intercalation technique utilizing
the shear strength of mechanical mixing and high temperatures to mix clays and natural
fibers into the matrix. The electrostatic binding force that clumped clay platelets together is
broken down by the centrifugal force of rotating extruders in a high-pressure environment.
Several studies [106,107] have shown that the equal channel angular extrusion (ECAE)
method is able to re-engineer the nanofiller aspect ratio and orientation along with the
crystalline lamellar structure. Polymer nanocomposite bars are extruded into a device
made up of several pairs of channels of the same diameter, which intersect at the adjusted
angles. Pairs of oblique channels within the plane can be rotated through the vertical axis
to arrange different routes of deformation. Depending on the processing routes, nanoclays
with shortened, closely packed, well-aligned and crystalline lamellae were compressed
and diagonally well-oriented [108]. The two-roll mill consists of two rolls operating at
different speeds that disentangle the clay particles and increase the clay galleries that
enable the matrix to enter. Meanwhile, the solution casting method generally consists of
three stages, including the dispersion of clay in a polymer solution, controlled removal of
the solvent, and lastly composite film casting [109]. This solvent-based process involves
mixing a polymer and prepolymer, which are soluble, and causing swelling of the clays
layers [110]. The layered clays are then exfoliated using a solvent such as water, chloroform,
or toluene. As the polymer/prepolymer are mixed with layered clays in a solution, the
polymer chains intercalate and displace the solvent within the interlayers of the clay [109].
The solvent is then removed via vaporization or precipitation, and thus the intercalated
sheets tend to reassemble and consequently form polymer/nanoclay composites. The
dispersion of clay and natural fibers is usually done through sonication and magnetic
stirring. Magnetic stirring uses magnetic force to break the electrostatic force between clay
platelets. Sonication applies sound waves to agitate the particles in solution. In the case
of high viscosity materials such as epoxy resins, high sonication amplitude is required to
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agitate the clays within the matrix before applying auxiliary natural fiber reinforcements.
Meanwhile, compression and injection molding usually use premixed materials through
intercalation of polymer and melt intercalation to optimize the dispersion of fillers within
the matrices. As the name suggested, compression molding applies compressive strength
to fabricate a specimen using male and female molds. First, materials are placed into the
female mold to be melted down before applying compressive force joining both molds to
distribute the desired amount of resin throughout the designed mold. The joined molds are
then compressed again at lower temperature to solidify the resin. For injection molding,
premixed materials are filled into a heated barrel, mixed and then injected into a designed
mold. As the materials cool off, they will harden into the form of the mold cavity.

4.2. Intercalation of Polymer

Polymer intercalation techniques disperse MMT in a solution in which the polymer has
been dissolved. In this form, the stacked clay layers can be easily dispersed in an adequate
solvent. The polymer can then enter into the clay galleries and establish an ordered
multilayer structure when the solvent is removed. Ayana et al. [111] added NaMMT during
starch gelatinization with the addition of a glycerol later melt intercalated with polylactic
acid (PLA), producing TPS/PLA/NaMMT (60/40, w/w) nanocomposites. The exfoliation
of NaMMT in the thermoplastic starch (TPS) acts as a compatibiliser by reducing the size
distribution of the PLA in the TPS matrix. The average diameter of the dispersed domain
(Dn) value of the TPS/PLA blend was recorded at 21.3 µm, whereas the incorporation of
0.5 phr and 1.0 phr of NaMMT into TPS/PLA showed Dn values of 17.2 µm and 13.45
µm, respectively. The complete exfoliation of NaMMT was due to the initial preparation
of clay dispersion in a starch suspension. The delayed insertion of plasticizer facilitates
the penetration of starch molecules into the clay galleries, leading to complete exfoliation.
Tian et al. [112] prepared MMT-reinforced PVA/starch (50:50) nanocomposites using an
intercalation polymer method for better clay dispersion. TEM analysis showed that after
incorporation of 5% MMT the clay nanolayers were well dispersed at random within the
matrix, indicating a highly exfoliated structure. At 10% of MMT, poly(vinyl) alcohol (PVA)
and starch macromolecules penetrated into the clay galleries and enlarged the spacing
of clay nanolayers, forming intercalating structures. Through a similar method, Trifol
et al. [113] reported that the reinforcement of 1% of OMMT and 1% of nanocellulose in PLA
nanocomposites was sufficient to achieve a significant reduction of 57% in the water vapor
permeability rate (WVTR) and 74% in the oxygen vapor permeability rate, whilst preserving
good transparency, thermal stability and decent mechanical properties compared to neat
PLA. In this work it seemed that the two types of nanofillers had a synergistic effect,
whereby the fibrous nanocellulose and nanoclay platelets formed a strong percolated
network maintaining the integrity of the nanocomposite films. TEM analysis indicated a
highly exfoliated structure for low clay loading films (1%) while a higher clay loading (3%)
showed an exfoliated and small proportion of intercalated nanoclay structures. Meanwhile,
even higher nanocellulose loading films (5%) displayed a homogenous structure with no
nanocellulose aggregates. Li et al. [114] firstly dispersed cellulose nanofibers (CNF) and
NaMMT in an aqueous system, which was later mixed into corn starch CS) solution to
obtain CS/NaMMT/CNF nanocomposite films through the solution casting method. CNF
was observed to be distributed uniformly around or inserted into the lamella, indicating
a good interaction between CNF and NaMMT. CNF bonded with starch by hydrogen
bonds enters into the clay structures and enlarges the interlayer distance of NaMMT, thus
forming ternary nanocomposites with a layered structure. At 3% of NaMMT, the addition
of CNF up to 7% decreased the interlayer distance of NaMMT caused by the aggregation
of CNF. Significant increments in mechanical properties and transparency values were
recorded for the nanocomposite films with CNF loadings of up to 5% only. At a higher
CNF content, the number of active CNF sites was unable to interact with CS and NaMMT,
thus allowing a weak stress transfer between the reinforcements and matrix. The in-situ
polymerization method synthesizes polymer nanocomposites by using monomers, where

13



Coatings 2021, 11, 1355

the low molecular weight monomer can easily diffuse into the clay galleries, forming either
an intercalated or an exfoliated structure.

4.3. Melt Intercalation

The melt intercalation or melt mixing method provides better mixing of the nanoclay
fillers and polymers that are typically used on a mass production scale through extrusion
and injection molding. The processing parameters such as rotor speed, temperature profile,
feed rate, mixing period, melting conditions, die pressure, materials grade and content as
well as the chemical composition of the nanoclay filler and polymer are important to synthe-
size composites with desirable properties [109]. The melt intercalation approach involves
melting the polymer at a high temperature and then the filler is blended with the polymer
at a high temperature under shear. This method requires MMT to be surface-modified
to weaken the electrostatic forces holding the platelets together. Boonprasith et al. [115]
used NaMMT and OMMT to reinforce TPS/PBS blended nanocomposites through a melt
intercalation technique. The polarity of NaMMT does not have good affinity with PBS/TPS
as compared to OMMT. OMMT is compatible with PBS, forming a strong interaction be-
tween the hydroxyl groups in OMMT and the carboxylic groups of PBS. Owing to this, the
higher content of PBS in TPS/PBS (25:75) blended nanocomposites ensured the majority of
the clay was well dispersed within the PBS phase during the mixing process. Meanwhile,
NaMMT was suspected to reside within the TPS dispersed phase of higher content of TPS
in TPS/PBS (75:25) blended nanocomposites. NaMMT is known to be more hydrophilic
than OMMT. The extra moisture within NaMMT promoted starch gelatinization, which
led to better interfacial interaction and effective heat transfer between the clay and the TPS
dispersed phase. Higher WVTR and OTR were shown by PBS/TPS/OMMT owing to the
tortuous structure formed by the exfoliation and intercalation of clay.

Zahedi et al. [116] prepared polypropylene (PP)/walnut shell flour (WSF)/OMMT
(50:43:3) nanocomposites directly mixed using a twin-screw extruder with maleated anhy-
dride grafted polypropylene (MAPP) (4%) as a compatibiliser. SEM and TEM analysis for
3% of OMMT demonstrated a higher order of intercalation and good dispersion of clay
layers in the nanocomposites as compared to 5% of OMMT. The well-dispersed clay layers
within nanocomposites promoted the mechanical properties of the composite due to the
high stiffness of clay platelets and lower percolation points. At 5%, OMMT was observed
to agglomerate, which led to lower mechanical properties. Water absorption and thickness
swelling rates decreased as the content of OMMT and MAPP increased. The dispersion of
clay-filled up microvoids and fibers cavities creating a tortuous path preventing deeper
water penetration through capillary action. Zhao et al. [117] investigated the relationship
of untreated wood flour and silane-treated (WF) with OMMT in PVC-based composites
through dry mixing using a high-speed mixer. TEM analysis showed that 0.5% of OMMT
was homogenously dispersed as partially exfoliated structures in PVC/treated WF (100:70)
composites. OMMT has better interfacial compatibility with treated WF resulting in a sig-
nificant increase in impact strength and tensile strength (by 14.8% and 18.5%, respectively).
The hydrophobic PVC and hydrophilic untreated WF displayed poor interfacial adhesion
thus further incorporation of OMMT worsened the compatibility and increased the stress
concentration points. At 3 wt.% of OMMT content, the size of dispersed clays became
larger and in part aggregated, which led to a minor reduction in the impact strength.

4.4. In Situ Polymerization

The high surface energy of the clay platelets induces the penetration of monomer
molecules into the clay interlayer spacing to establish an equilibrium state. As polymeriza-
tion occurs, the interlayer spacing of clay platelets increases and separates the clay platelets
into a disoriented state resulting in an exfoliated structure. The polymerization can be
initiated by exposure to heat or radiation and incorporation of catalyst or initiator via
ion-exchange reactions. It seems that the surface modification of MMT and natural fibers
are essential to establish good compatibility between fillers and hydrophobic polymers.
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Since MMT and natural fibers are rich in hydroxyl groups, they form strong hydrogen
bonds with hydrophilic polymers such as TPS and PVA.

5. Mechanical Properties of MMT/Natural Fiber Reinforced Polymer Nanocomposites

Composites sample are subjected to mechanical evaluation to investigate the negative
or positive hybrid effect of the composites. The common mechanical properties evaluated
include Young’s modulus, tensile strength, strain at yield, and shear stress, supported with
morphological and rheological properties [118]. The hybridization of natural fibers and
nanoclay fillers in the same type of matrix polymer has been the focus of researchers due
to their easy availability, low density and low cost as well as their enhanced physical and
mechanical properties [119]. The hybridizing technique between these two types of filler—
natural fibers and nanoclay fillers—enables the reduction of some of the drawbacks of
composite materials including low durability and low resistance to water absorption which
make them incompatible with non-polar matrices [120]. It is expected that the modulus
properties of hybrid composites will increase with the addition of a nanoclay filler loading
due to its rigid properties, whilst natural fibers possess a high elastic modulus compared to
that of the polymer matrix. Therefore, the addition of rigid filler like nanoclays to natural
fiber-reinforced polymer composites enable improvement of the stiffness and strength
which cannot be provided by the addition of natural fibers alone [35,120]. This occurrence
is attributed to the action of the filler to fill the polymer voids and restrict the movement
of polymer chains. This restriction then enhances the mechanical strength and rigidity,
improving the load transfer at the matrix-fiber interface, reducing the gas and moisture
penetration and improving the flammability properties [121,122].

Despite the enhanced properties provided by hybrid composites, the hydrophilic
character of natural fibers and clay-based reinforcement fillers that causes poor interfacial
adhesion creates difficulties in providing homogenous dispersions of filler in the composite
system. Other than natural fibers, clay-based fillers are also known to have hydrophilic
properties. Clays display interlayer formation where van der Waals gaps are created
that normally present ions of alkali metals including Na+ and K+, or alkaline-earth ones
like Ca2+. These counterbalance the negatively charged platelets and causes more water
particles to be chemically linked and attached within the clay structure. Therefore, to
improve the affinity between filler and the matrix, the inorganic cations are generally
exchanged by ammonium and phosphonium cations. The resulting clays are referred to as
organo-modified layered silicates (OMLS) and, in the case of MMT) [122,123]. As reported
by Rozman et al. [124], the introduction of nanoclay filler in natural fiber-based composites
at levels as low as 1 wt.% is likely to offer better stress transfer throughout the matrix which
leads to improved impact and flexural properties. Similar findings by Hetzer and Dee [125]
showed that with the addition of 3 to 5 wt.%, nanoclay results in 30% better properties
compared to conventional fillers.

However, the potential of agglomeration of filler can lead to deterioration of the
composites, particularly at higher levels of nanoclay filler addition. Furthermore, the
agglomeration of the filler also can lead to unstable stress concentrations and poor in-
terfacial adhesion between natural fibers and polymers, which cause the brittleness of
the composites [126]. Therefore, it is necessary to modify the surface of the fillers and
utilize a compatibiliser to ensure their better dispersion and good adhesion with the poly-
mer matrix [32,39,121]. For example, Majeed et al. [32] showed the potential of MMT in
polypropylene PP/RH composites as a water-resistant strengthening filler. By integrating
MMT into the PP/RH system, the mechanical characteristics were improved and the rein-
forcement effect due to the application of the compatibilizing agent was notable. With the
addition of RH and MMT into a polypropylene matrix, the tensile and flexural modulus
improved by 63% and 92%, which showed that higher stress was required for deformation
as both RH and MMT are rigid and high-modulus materials. When MMT and PP-g-MAH
were employed for the development of PP/RH-based nanocomposites, improved modulus
values were achieved. The PP/RH composite tensile and flexural modulus rose by 5%
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and 4%, by the addition of PP-g MAH and when MMT was used in the presence of the
compatibilisers, it rose by 36% and 25%, respectively. The enhancement in the modulus by
the addition of the MMT in the composite can be attributed to the presence of delaminated,
stiffer platelets and the high aspect ratio of the MMT in the PP polymer matrix, leading to
increased interactions between PP chains.

Zahedi et al. [127] addressed the effects of OMMT as a reinforcing agent on the
mechanical properties of almond shell flour–polypropylene bio-nanocomposites. Maleic
anhydride grafted polypropylene (MAPP) was applied as a coupling agent to improve the
poor interface between the lignocellulosic material (hydrophilic) and the polypropylene
matrix (hydrophobic). The tensile and flexural properties attained their maximum values
when 3 wt.% OMMT was added. The increased population of OMMT molecules leads
to agglomeration at a high degree of OMMT loading (5 wt.%). Flexural strength and
modulus improved as the OMMT loading was increased by up to 3%. After 3% MMT, it
started decreasing. A greater stiffness of clay platelets and lower percolation points can
be attributed to this 3 wt.% OMMT load, which is the cause of the improved mechanical
properties. This is due to the high aspect ratios of organo-clays and the high surface area of
silicate polymer matrix layers, which lead to increased interactions between nano-scaled
clay particles and the PP matrix, with good interfacial adhesion. The finding is evidenced in
Figure 4 through SEM images of fracture surface of composites with and without addition
of OMMT.

Figure 4. The SEM micrographs of fractured surfaces of composites types: (a) ASF/PP/MAPP
composites, (b) ASF/PP/MAPP reinforced 3% OMMT and (c) ASF/PP/MAPP reinforced 5% OMMT.
(ASF: Almond shell flour; PP: Polypropylene; MAPP: Maleic anhydride polypropylene; OMMT:
organo-modified montmorillonite) [127].

Other than synthetic polymers, MMT also was utilized as a material for reinforcement
in biopolymer-based composites. To date, to reduce the utilization of petroleum-based
polymers, natural-based polymers known as biopolymers have become popular. Among
all biopolymers, polylactic acid (PLA) has caught the attention of researchers due to its
biodegradability, good processability and excellent biocompatibility properties. To enhance
its properties, natural fibers and nanoclay fillers have been introduced into the system to
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develop cost-effective materials with superior properties compared to composites with
carbon and glass fiber inclusion [34]. For example, Petersson and Oksman [128] have
reported the effect of MMT and cellulose nanowhiskers (CNW) on PLA. Both tensile
modulus and yield strength were increased with MMT, whereas the yield strength was
increased by CNW. They had also found a higher ductility for PLA/CNW nanocomposites
than for MMT/PLA nanocomposites.

The addition of MMT improved the tensile strength of PLA/MMT nanocomposite
to reach a plateau of 5 phr filler content and thereafter it declined at a higher level [129].
Compared to PLA/MMT nanocomposites, neat PLA displayed 63% less tensile strength.
This may be due to a significant reinforcing effect of the inorganic phase. The MMT filler
is regularly distributed in the PLA and, therefore, sufficient percolation networks are
established. An amount of 5 phr of filler was appropriate for the MMT filler to achieve
a maximum tensile strength. In excess of 5 phr, the tensile strength value declined. This
was because of filler aggregation that resulted in stress concentration spots conducive
to fractures. However, with increased MMT filler content, the Young’s modulus of the
PLA/MMT nanocomposite increased steeply. It was worth noting that, compared to pure
PLA film, the Young’s modulus of PLA/MMT nanocomposites was increased by 18%. This
increase was due to the rigid filling of MMT that restricts the movement of the segments in
the polymer matrix [129].

It is observed that the tensile strength improves with the addition of CNW and reaches
its maximum tensile strength at 3 phr, and then decreases with a higher filler content [129].
The tensile strength of an increase in the interaction between the filler and the matrix,
thereby increasing the tensile strength. However, when the filler content is more than
3 phr, the tensile strength decreases. This reduction may be due to the accumulation of
CNW in PLA, which then acts as a stress concentration point. However, the Young’s
modulus of PLA/CNW nanocomposites gradually increases with increasing CNW filler
content. Compared to pure PLA, the Young’s modulus of PLA/CNW nanocomposites is
increased by 25%. This increase is attributed to the hardening effect of the high modulus
CNW reinforcing material [129]. The tensile, flexural, and impact properties of PLA-hybrid
biocomposites were improved by 5.72%, 6.08%, and 10.43% than PLA biocomposites, after
adding 1 wt.% MMT [39].

Jalalvandi et al. [130], reported the effect of MMT nanoclay on mechanical properties
of starch/PLA hybrid composites, indicated that the tensile strength, tensile modulus,
and elongation at break increased after the addition of MMT clay. The tensile modulus
values increase up to the MMT content of 4 phr. The MMT particles agglomerated over
4 phr and consequently reduced the tensile modulus. The sample contains 4 phr MMT
of the highest Young’s modulus observed. The Young’s modulus of samples started to
decrease with the further increase of MMT content in samples. The MMT particles had
been unevenly spread across the PLA matrix when MMT content increased beyond 4 phr
and there was a chance of agglomerating MMT particles. For the tensile strength graph,
with 2 phr MMT loading, the tensile strength sample increased. Due to the exfoliated
structure of the MMT-PLA/starch matrix, a significant rise in tensile values was considered.
But after the MMT content was increased to 4 phr, there were no substantial changes. The
tensile strength of 67 MPa was further increased by the MMT loads. Surprisingly, very
slight changes in the tensile strength at 68 MPa were detected with the greatest MMT
concentration, that is, 8 phr [130].

Saba et al. [131] worked on mechanical properties of oil palm empty fruit bunch
(OPEFB) nanofiller/kenaf fiber/epoxy-hybrid nanocomposites and reported that the ten-
sile strength of nano OPEFB filler/kenaf/epoxy hybrid nanocomposites improved by 24.9%
with kenaf/epoxy composites, whereas 20.7% with MMT/kenaf/epoxy hybrid nanocom-
posites. By adding 3% OMMT to kenaf/epoxy its tensile strength improved by 29.3% with
respect to MMT/kenaf/epoxy hybrid nanocomposites whereas a 56% increment was ob-
served as compared to nano-OPEFB/kenaf/epoxy hybrid nanocomposites. This is because
of the strong reinforcing effects, a high aspect ratio, good interlayer spacing, and the OMMT
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platelet structure. This allows the stress concentration to be reduced efficiently under the
action of tensile loads on the nanocomposites. In contrast, MMT is a soft and hydrophilic
substance that makes it incompatible with the hydrophobic epoxy polymer matrix, which
results in a comparatively low tensile strength with the kenaf hybrid nanocomposites filled
by OMMT. Consequently, there was no strong interphase between the epoxy matrix and
the dispersion phase, which reduces the applied concentrations of tensile stress, in contrast
to nano OPEFB filler/kenaf/epoxy hybrid nanocomposites. It was also noted, with regard
to the MMT/kenaf/epoxy hybrid nanocomposites, that OMMT hybrid nanocomposites
show the highest tensile modulus, which is raised by 14%. Good stiffening and clay
layers’ rigidity properties were the root cause of the improvement in tensile modulus of
nanoclay (OMMT, MMT)-based kenaf hybrid nanocomposites than OPEFB-based kenaf
hybrid nanocomposites. Similarly, the impact strength of OMMT/kenaf/epoxy hybrid
nanocomposites improved by 25.9% as compared to MMT/kenaf/epoxy hybrid nanocom-
posites [131]. The combination of a nano filler and micro-size reinforcements in the polymer
may be used to create stronger and lighter hybrid composites with improved mechanical
characteristics for a range of housing and bridge applications.

In separate studies, instead of hybridizing the polymer composites using two types of
fibers, the utilization of more types of fibers might impart better mechanical properties on
the composite systems. In spite of being renewable, non-abrasive and low in cost, natural
fiber hybrid composites also exhibit excellent mechanical properties and are environmen-
tally friendly, which make them a material of choice for engineering markets, including
the automotive and construction industries [132]. Besides, to complement current trends,
the application of nanofillers like MMT nanoclay was also introduced into natural fibers
hybrid composites to achieve advanced performance features suitable for future engineer-
ing applications. The hybridization of natural fiber reinforced polymer nanocomposites
with nanoclay was studied by [133] using two types of natural fibers, viz. wood and coir
fibers. The mechanical properties of the hybrid composites were found to be enhanced after
the addition of MMT. The Fourier transform infrared spectra also proved the interaction
between fiber, polymer and MMT by a new peak around 470 cm−1. The tensile properties
of the hybrid of coir fiber/wood polymer composites with the addition of MMT showed
the highest value compared to the hybrid composites without MMT addition. This finding
supports the surface morphology properties as the hybrid composite with MMT loading
showed a smoother surface and indicated high interfacial adhesion attributed to enhance
mechanical properties of the hybrid composites.

The PP/EVA/MMT nanocomposites were extensively investigated for the purposes
of evaluating their mechanical properties, and it was predicted by different studies that
the stiffness of the composites would increase [134]. The clay incorporation technique also
had a substantial impact on the dynamic mechanical and rheological characteristics of
PP-EVA/clay nanocomposites. These characteristics may be used in a variety of technical
applications, such as the automotive sector, which often requires materials with high
stiffness. The usage of these materials can also improve appearance, dimensional stability,
and dimensional conformity [135].

Table 3 shows the Young’s modulus, elongation at break and tensile strength of various
polymeric blends and nanocomposites samples studied by Castro-Landinez et al. [136]. A
21% increase in stiffness was seen for blends with EVA28 while it was 15% with EVA12 as
compared with EVOH systems. On comparing EVOH44 and EVOH38 blends, an increment
of 0.8% and 10.2% in stiffness was observed. This may be because of addition of a stiffer
copolymer (EVOH) than EVA. The results demonstrated that the MMT showed better
interactions with PP/EVA blends because they operate as a reinforcing agent than the effect
on the PP/EVOH blends. Interestingly, with the introduction of clay into polymeric blends
for both PP/EVA and PP/EVOH, the elongation at break and the tensile strength showed
no significant change [136].
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Table 3. Mechanical properties (Young’s modulus, elongation at break and tensile strength) of polymeric blends and
nanocomposites samples.

Type of Material Matrix Young’s Modulus
(GPa)

Elongation at Break
(%)

Tensile Strength
(MPa)

Neat Polymers

PP
EVA12
EVA28

EVOH38
EVOH44

0.96 ± 0.04
0.10 ± 0.05
0.09 ± 0.04
2.32 ± 0.21
1.83 ± 0.23

690 ± 10
825 ± 60
900 ± 50
43 ± 21
48 ± 18

22.30 ± 4.00
14.88 ± 3.27
16.24 ± 4.21
57.41 ± 3.12
45.05 ± 7.34

Polymeric blends PP/EVA12 PP/EVA28
PP/EVOH38 PP/EVOH44

0.65 ± 0.04
0.60 ± 0.01
1.16 ± 0.05
1.13 ± 0.04

587 ± 45
310 ± 42

6 ± 2
16 ± 7

17.62 ± 0.64
16.85 ± 0.63
20.28 ± 2.51
19.01 ± 1.89

Nanocomposites
materials

PP/EVA12/MMT
PP/EVA28/MMT

PP/EVOH38/MMT
PP/EVOH44/MMT

0.76 ± 0.02
0.75 ± 0.01
1.29 ± 0.02
1.15 ± 0.04

574 ± 58
353 ± 55
13 ± 8
19 ± 10

17.89 ± 0.61
17.42 ± 0.45
19.95 ± 1.05
17.94 ± 0.83

PP—polypropylene. EVA12-Ethylene vinyl acetate (Elvax660) with 12 wt.% of vinyl acetate monomer content. EVA28-EVA28, with 28 wt.%
of vinyl acetate monomer content. EVOH38-Ethylene vinyl alcohol with 38 mol.% of ethylene monomer content. EVOH44- 44 mol.% of
ethylene monomer content.

Shikaleska et al. [137] reported that poly(ethylmethacrylate) (PEMA) and MMT clay
particles have a considerable effect on the mechanical properties of poly(vinylchloride)
(PVC)/PEMA 90/10 blend composite. A PVC/PEMA combination with a lower Young’s
modulus and higher tensile strength and elongation at break than clean PVC is observed.
It is intended to achieve a better Young’s modulus, less tensile strength and elongation
at break by incorporating MMT clay particles into PVC/PEMA material. This indicated
that the MMT clay addition had a greater effect on the tensile strength and elongation
at break than on the elastic modulus. Sengwa et al. [138] revealed that the dispersion of
MMT in poly(vinyl alcohol) (PVA), poly(vinyl pyrrolidone) (PVP), poly(ethylene oxide)
(PEO), and poly(ethylene glycol) (PEG) matrices will improve the mechanical properties
of the blended nanocomposites. These synthetic polymers, PVA, PVP, PEO, and PEG are
hydrophilic in nature.

Recently, Ramesh et al. [139], worked on the combination of PLA-treated KF-MMT,
proving that better properties were obtained in blend form than with the system alone.
In order to obtain superior characteristics, it is therefore required to combine kenaf fiber
(KF)—MMT and PLA. Currently, OMMT and MMT are of great importance. Both have
potential tendency to improve the mechanical properties of any polymer [139]. In contrast
to PLA/TKF biocomposites, the flexural, impact and tensile strengths were increased by
46.4%, 10.6% and 5.7%, respectively, when 1 wt.% MMT was added to PLA/TKF/MMT
hybrid biocomposites [139]. Adding MMT above 1 wt.%, the above mechanical proper-
ties decreased. Ramesh et al. [34] indicated that tensile, flexural, and impact properties
were increased by the addition of MMT clay with the treatment of (6%) NaOH-treated
kenaf fiber/aloe vera fiber/PLA. The mechanical properties were improved by hybridised
15 wt.% kenaf, 15 wt.% aloe vera fibers and 1 wt.% MMT clay-incorporation. For hybrid
nanocomposite, the tensile strength, flexural strength, and impact strength were improved
by 5.24%, 2.46%, and 37.10% after adding 1 wt.% MMT clay compared to neat PLA, while
the tensile and flexural modulus were increased by 24.61% and 108.09%. The tensile
strength was decreased by 14.05% after the addition of 3 wt.% MMT clay as compared with
neat PLA. The tensile strength was reduced because of the formation of agglomerations
by 3 wt.% MMT clay and micro-evasion. For the same reason, the impact strength also
decreased by 14.88% [34].
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6. Thermal Properties of MMT/Natural Fiber Reinforced Polymer Nanocomposites
6.1. MMT-Reinforced Natural Fiber Polymer Nanocomposites

The biodegradability of polymeric materials can be accelerated by novel strategies
developed as a result of consumer pressure as well as environmental legislation. In this
scenario, the production of natural fiber-reinforced biocomposites is a step toward mini-
mizing the environmental footprint of non-biodegradable polymeric materials [140,141].
A number of studies that have been conducted on the biodegradation natural fiber rein-
forced polymeric materials biodegradation have yielded promising results [142,143]. The
advantages of biocomposites emerge from the properties of natural fibers, e.g., low cost,
light weight, sustainability, tolerable specific mechanical properties, and environmental
compatibility. Nevertheless, the lack of interfacial adhesion, lower processing temperature,
as well as high water absorption potential have made natural fiber reinforced composites
less appealing. Moisture penetration may negatively impact the mechanical properties
and promote fungus growth, which can aid in composites’ degradation [144]. As a result,
characterization of the morphological, moisture exposure, and other performance charac-
teristics of natural fiber-reinforced composites is critical for assessing their effectiveness
when considering natural fibers as a feasible reinforcement and validating the longevity
of such products. Nanoclays are regarded as among the most essential particles for the
reinforcement of polymeric matrices and for promoting new and improved properties, e.g.,
increased stiffness, toughness, flame resistance, as well as gas barrier activity [145–148].
MMT is the most promising nanoclay of them all. The clay structure is composed of the
stacking of hundreds of sheets or platelets in the manner of book pages [145]. The addition
of nanoclays to natural fiber reinforced plastic materials as load-bearing components is
expected to compensate for the deficiencies in natural fiber reinforced composite materials.

Another important piece of information needed to determine the thermomechanical
performance of the hybrid composites is obtained by determining the elastic character of
the material at a higher frequency and under the influence of heat. Dynamic mechanical
analysis (DMA) is the most common analysis done to evaluate the rheological properties
of hybrid composites represented by storage modulus (E′), loss modulus (E′ ′) and tan
δ. The E’ focuses on the elastic behaviour of the material subjected to a sinusoidal stress
which provides information about properties including the stiffness, load-bearing capacity,
cross-link density and interfacial strength of between fiber and matrix [149–151], whilst, the
E” indicates a higher ability to dissipate energy. The E′ ′ also indicates better the damping
properties to reduce damaging forces caused by mechanical energy. Meanwhile, tan δ

provides information regarding the damping parameter of the composite material. A high
tan δ value indicates a high non-elastic strain component, whilst its curve is attributed to
the energy dissipation as heat during each deformation cycle [146].

A study conducted by Khaliq Majeed et al. [152] on the effect of maleic anhydride-
grafted polyethylene (MaPE) compatibiliser on the thermal properties of rice husk (RH)
and nanoclay-filled low-density polyethylene (LDPE) composite films demonstrated that
adding RH and MMT nanofiller to the LDPE matrix increased the Tm by 1 ◦C. This
could be because the dispersed nanoclay particles acted as a barrier to heat conduction
to crystallites until the temperature rose to a point where the heat flow was sufficient
to melt the crystallites. The addition of MaPE to RH and MMT-filled LDPE resulted
in a clear shoulder near the main peak that became more noticeable with higher MaPE
concentrations. No significant difference was observed in crystallization temperatures
between both uncompatibilised and compatibilised composite films, indicating the absence
of significant MMT nucleation activity in the LDPE-based system [152,153]. Seetharaman
and co-workers [154] studied the influence of MMT nanoclay on jute fiber/unsaturated
polyester nanocomposites in terms of dynamic mechanical analysis. The addition of
nanoclay increased the E’, as a result of the imparting effect of filler reinforcements that are
more rigid compared to the polymer matrix [155]. The temperature of the glass transition
was increased from 109 to 115 ◦C, but this resulted in a decrease in the damping factor. This
might be because uniform molecular motion requires a large amount of thermal energy
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and the nanocomposites’ energy accumulation capacity that can be improved by adding
more fiber. The drop of the E’ close to the glass transition temperature (Tg) was a result of
the composite’s softness. Incorporating nanoclay as the composites’ filler improved the E’
due to the nanoclay that functions as a stiffening agent, reducing the polymeric molecules’
movement [156]. Besides, it was also observed that with a nanoclay content up to 5 wt.% in
the polyester, along with 25 wt.% jute fiber content, significantly increased the E’ more than
with other MMT nanoclays. This finding resulted from cluster formation in the composite
as the nanoclay content was increased. As a result, it developed heterogeneity and, as a
consequence, a weak bond was formed between the matrix and the fiber. It was discovered
that the 5 wt.% nanoclay and 25 wt.% jute content composites exhibited a lower tan δ

peak, which was attributed to the enhanced fiber/matrix adhesion, decreased molecular
mobility, and improved load carrying capacity. These observations were obtained from the
additions of jute fiber and nanoclay as primary and secondary reinforcement, respectively,
producing a positive composite hybridization effect. This phenomenon led to more loads
and energy being borne by the hybrid composite, which increased the composite material’s
performance. By incorporating nanoclay, energy was dissipated more efficiently at the
interface, thereby increasing the material’s stiffness and Tg value [154].

In the work performed by Ramesh et al. [39], the preparation of PLA and PLA hybrid
biocomposites was carried out using a twin-screw extruder, two-roll mills, and a com-
pression molding method. 30% treated aloe vera fiber and 0 wt.%, 1 wt.%, 2 wt.%, and
3 wt.% MMT nanoclay filler were used in the PLA-based biocomposites fabrication to
study the effect of MMT clay on the thermal properties of the produced PLA and PLA-
hybrid biocomposites. The PLA-hybrid biocomposites’ mechanical, thermal, and water
resistance characteristics were enhanced with MMT clay addition. The findings of ther-
mogravimetric analysis (TGA) analysis revealed improved decomposition temperature of
the PLA-biocomposites with MMT clay inclusion. Adding 3 wt.% MMT clay improved
the decomposition temperature of PLA biocomposites from 295 ◦C to 299 ◦C in T 10%,
similarly, from 338 ◦C to 350 ◦C in T 75%.

TGA was employed to study the thermal behaviour and stability of PLA and PLA-
hybrid biocomposites. The 10% and 75% weight loss temperatures [157] were set as the
baselines for analyzing the thermal stability of both PLA and PLA-hybrid biocomposites.
Improvements in the T10% and T75% of PLA-hybrid biocomposites were observed from
295 ◦C to 299 ◦C and 338 ◦C to 350 ◦C, respectively (Table 4). The thermal decomposition
took place in three stages: (1) moisture evaporation at temperatures of up to 150 ◦C, (2)
lignin, cellulose, and hemicellulose degradations, and (3) depolymerization of PLA and
MMT clay [158–163]. The thermal stability of neat PLA is reduced with natural fiber addi-
tion that could be generally be explained by the decrease in polymer thermal stability with
natural fiber addition. For PLA (P) and PLA-hybrid biocomposites (A1-containing 1 wt.%
MMT, A2-containing 2 wt.% MMT, and A3-containing 3 wt.% MMT) 10% mass losses were
degraded at 295 ◦C, 296 ◦C, 299 ◦C, and 299 ◦C, respectively. Approximately 75% of the
biocomposites’ weights were loss at 338 ◦C, 342 ◦C, 344 ◦C, and 350 ◦C, respectively. For
10% and 75% weight losses, the neat PLA degraded at 327 ◦C and 358 ◦C, correspondingly.
The PLA-hybrid biocomposites (A3) containing 3 wt.% MMT exhibited the highest decom-
position temperatures (299 ◦C in 10% and 350 ◦C in 75%) than other biocomposites (A,
A1, and A2). These enhancements occurred due to the MMT clay that acted as a barrier,
restricted chain mobility, and hindered the decomposition progress. A similar finding was
found in a previous study, where hybridization resulted in enhanced thermal stability of
the hybrid biocomposites [164].
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Table 4. TGA analysis sample of MMT clay reinforced treated aloe vera fiber/PLA hybrid biocomposites.

Sample Denotation

Weight Loss, Decomposition Temperature
(◦C)

10% 75%

PLA P 327 358
PLA-30TAF A 295 338

PLA-30TAF-1MMT A1 296 342
PLA-30TAF-2MMT A2 299 344
PLA-30TAF-3MMT A3 299 350

PLA = polylactic acid, TAF = treated aloe vera fiber, MMT = montmorillonite.

Sajna et al. [165] successfully prepared green nanocomposites of poly(lactic acid)
(PLA)/banana fiber/MMT nanoclay using melt-blending followed by injection molding
techniques. Untreated and chemically modified banana fibers as well as organically modi-
fied MMT nanoclay with methyltallow bis(2-hydroxyethyl) ammonium (Cloisite 30B) were
added as reinforcement into the PLA matrix. Numerous chemical modifications were
performed on the banana fibers, including mercerization, silane, sodium lauryl sulphate
and permanganate treatments, and a combination of mercerization and silane treatments.
To study the effects of banana fiber chemical modification and nanoclay incorporation,
the bionanocomposites and biocomposites were characterized via dynamic mechanical
analysis (DMA), differential scanning calorimetry (DSC), TGA, and heat deflection tem-
perature (HDT) studies. DMA results showed that the bionanocomposites’ E’ increased
with respect to the neat PLA biocomposites. In general, higher dissipation energy is
exhibited by composites having poor interfacial bonding, thus, demonstrating a high
damping peak magnitude than composites possessing better matrix-filler interfacial bond-
ing that bears higher stress transfer and less dissipation energy [166]. The damping peak
of the PLA/SiB/C30B bionanocomposites showed decreasing tan δ compared to neat PLA,
PLA/UTB, and PLA/SiB biocomposites that was probably due to the excellent filler-matrix
interfacial bonding [165]. The DSC findings demonstrated insignificant changes in glass
transition temperature. However, both silane-treated fiber and C30B nanoclay additions
improved the PLA crystallites nucleation and raised the melting temperatures. There is
a relationship between the degree of crystallinity of semicrystalline polymer PLA and its
mechanical properties as well as thermal degradation temperature [167]. A sample with a
low crystallinity degree degraded rapidly and possessed a lower strength [168]. TGA and
derivative thermogravimetry (DTG) analyses concluded that the fillers addition increased
the initial and maximum degradation temperatures of biocomposites and bionanocompos-
ites. Banana fiber and C30B both played a significant role in preventing gas release during
the thermal degradation process, which resulted in a delay in weight loss [169].

Kumar and Singh [170] prepared hybrid composite materials by incorporating MMT
modified with dimethyl dehydrogenated tallow quaternary ammonium cation (Cloisite),
layered silicates, and microcrystalline cellulose (MCC) into the thermoplastic polymer.
Three types of composites were prepared using an ethylene–propylene (EP) copolymer
as the thermoplastic polymer matrix and a maleated EP (MEP) copolymer as the com-
patibiliser: (i) cellulose melt mixing with thermoplastics [I], (ii) clay melt mixing with
thermoplastics [II], and (iii) cellulose melt mixing with thermoplastic clay nanocomposites
[III] (Table 5). Characterisation of the composites was conducted via DSC and TGA. The
marginal increase in melting point of composites containing clay (TC05–TC15) might be
ascribed to the heat deflection behaviour of layered silicates and the constraint of ther-
mal motion of macromolecular chains within the silicate layers [171,172]. According to
Tyan et al. [173], thermal expansion in nanocomposites was also reduced during melting
because macromolecular chains sandwiched between silicate layers and oriented in a plane
(platelet) direction tended to relax in the opposite direction of their original orientation. It
might be due to silicate layers that are significantly more rigid than polymer molecules
and do not deform, making it difficult for polymer molecules to relax.
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Transitions beyond the matrix melting point in ternary composites can be described by
the presumption that the layered silicates and rising cellulose fiber concentration increased
phase separation and appeared to accelerate heterogeneous nucleation to crystallize at
higher temperatures via their role as nucleation centers [174]. Table 6 presents the maximum
decomposition of (host) matrix Td (◦C) for all samples. Td was found to be approximately
5 ◦C higher in cellulose composites (CC05) and nanocomposites NC05 than in the neat
polymer matrix. A similar effect was observed with the ternary composite (TC05), with
an increase of approximately 13 ◦C as compared to the polymer matrix. The rise in Td
for composites containing clay was well explained by some authors who showed that the
degraded products diffusion could be limited/slowed down in between the silicate lay-
ers [175,176]. The effect of silicate layers on the thermal mobility of molecules is dependent
on the orientation of the polymer molecules, rigidity, and stability of the silicate layers.
The increment in decomposition temperature, on the other hand, might be insignificant in
terms of thermal stability improvement for natural fiber reinforced composites.

Table 5. Composition of composites prepared a.

Sample No. Neat EP Copolymer
(wt.%)

Maleated EP
Copolymer (wt.%) Cellulose (wt.%) Cloisite® 20A

(wt.%)
Code

1 100 - - - Neat EP

2 - 100 - - MEP

3 57 38 5 - CC05

4 54 36 10 - CC10

5 51 34 15 - CC15

6 57 38 - 5 NC05

7 54 36 5 5 TC05

8 51 34 10 5 TC10

9 48 32 15 5 TC15
a Neat EP/MEP ratio is 60/40. Ethylene–propylene (EP); Maleated ethylene–propylene (MEP); CC = cellulose composite; TC = ternary
composite; NC = nanocomposites (i.e., without cellulose).

Table 6. Melting and decomposition temperatures.

Samples Tm (◦C) Td (◦C) EP

Neat EP 165.8 453.3
MEP 166.5 443.2
CC05 166.7 458.1
CC10 168.2 461.1
CC15 168.7 463.1
NC05 165.7 458.9
TC05 167.6 466.4
TC10 169.3 483.3
TC15 170.0 482.1

Ethylene–propylene (EP); Maleated ethylene–propylene (MEP); CC = cellulose composite; TC = ternary composite;
NC = nanocomposites (i.e., without cellulose).

6.2. MMT-Reinforced Hybrid Natural Fiber Polymer Nanocomposite

Compression molding was used to develop hybrid fiber reinforced polymer compos-
ites from kenaf, and aloe vera fibers, PLA, and MMT clay (Table 7). The fiber and MMT
clay hybridization effects on their water absorption, mechanical, biodegradability, and
thermal properties were investigated [34]. To enhance the bonding and compatibility of
kenaf and aloe vera fibers with the PLA matrix, they were treated with a 6% sodium hy-
droxide solution. The results revealed that the addition of MMT clay improved the thermal
properties of the biocomposites. Adding 3 wt.% MMT clay to the biocomposite increased
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its decomposition temperature from 280 to 307 ◦C at T10 and 337 ◦C to 361 ◦C at T75. SEM
analysis revealed that MMT clay significantly enhanced the compatibility and bonding of
fibers and PLA. The MMT clay at 3 wt.% is evenly distributed throughout the PLA matrix
and the TEM result indicated that as the MMT content increased up to 6 wt.%, the quality of
the MMT dispersion declined due to higher number of agglomerations. The key objective
of the research was to study the effects of fiber hybridization and MMT clay content on the
thermal characteristics and internal bonding behaviour of PLA/TKF/TAF/MMT hybrid
bionanocomposite that was crucial to synchronizing the properties.

Table 7. TGA Characterisation of P, S, A, H, H1, and H3 composites.

Code Sample Weight Loss, Decomposition Temperature (◦C)
10 (%) 75 (%)

P Polylactic acid (PLA) 327 358
S Polylactic acid/treated kenaf fiber (PLA/TKF) 280 337
A Polylactic acid/treated aloe vera fiber PLA/TAF 295 338

H Polylactic acid/ treated kenaf fiber/ treated aloe vera
fiber (PLA/TKF/TAF) 291 343

H1 Polylactic acid/treated kenaf fiber/treated aloe vera
fiber/1 wt.% MMT (PLA/TKF/TAF/1MMT) 301 346

H3 Polylactic acid/ treated kenaf fiber/treated aloe vera
fiber/3 wt.% (MMT.PLA/TKF/TAF/3MMT) 307 361

From the findings, hybridization improved the biocomposites’ thermal stability, as
evidenced by the corresponding TGA curves. The temperature deviations of 10% and
75% weight losses from the baselines, T10 and T75, respectively, were the indicators used
for assessing the manufactured biocomposites’ thermal stability that was adapted on a
previous work [157]. Improvements in the T10 and T75 of PLA/TKF biocomposite from
280 ◦C to 291 ◦C and 337 ◦C to 343 ◦C after hybridization, respectively, were observed.
The TAF’s high thermal stability was found to balance the TKF’s poor thermal stability.
The thermal decomposition took place in three stages: (1) moisture evaporation at tem-
peratures up to 150 ◦C, (2) lignin, cellulose, and hemicelluloses degradation, and (3) PLA
depolymerization. Typically, the polymer’s thermal stability declines with natural fiber
addition [177–179]. A similar phenomenon was observed with TAF and TKF additions to
the neat PLA. However, adding MMT clay resulted in a thermal stability improvement.
The 3 wt.% MMT clay reinforced PLA/TKF/TAF composite showed better thermal sta-
bility than other bionanocomposites with 280 ◦C to 307 ◦C at T10 and 337 ◦C to 361 ◦C at
T75 improvements than the neat PLA that degraded at 327 ◦C and 358 ◦C, respectively.
Similarly, the 3 wt.% MMT clay reinforced PLA/TKF/TAF hybrid bionanocomposite was
higher than neat PLA in terms of thermal stability, with an improvement of from 358 ◦C to
361 ◦C at T75. This finding was due to MMT clay that functioned as a barrier, constrained
chain mobility, and hindered the degradation process. This was aligned with previous
studies [39,146,171]. It was concluded that the MMT clay incorporation improved the
PLA-based biocomposites’ thermal stability.

A thermal properties investigation of MMT-incorporated polypropylene (PP)/RH
hybrid nanocomposites was performed by Majeed et al. [32]. TGA was employed to
study the thermal behaviour of neat PP composites, and PP nanocomposites with and
without the presence of compatibiliser. The temperatures of thermal degradation at 10%
and 50% weight losses (T10 and T50) attained from the thermogravimetry (TG) and DTG
curves (Figure 5) are presented in Table 8. A one-step degradation process was exhibited
by the PP, from 425 ◦C to 550 ◦C. On the other hand, RH followed a three-step thermal
decomposition (water evaporation, cellulosic substances degradation, and noncellulosic
materials degradation), as presented in TGA/DTG curves. From the observation, RH
demonstrated similar thermal behaviour with other lignocellulosic fibers [180–182]. PP
degradation was initiated at 299 ◦C and was increased with RH incorporation into the
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matrix that could be ascribed with the lower RH thermal degradation than PP. 10% and 50%
weight losses of RH-reinforced PP (PR) occurred at 311 ◦C and 437 ◦C, correspondingly,
and adding more PP-g-MAH into the PP/RH (PRC) composites slightly altered the PP/RH
decomposition temperature. This observation might be due to the improved interaction
between RH fibers and the PP bridged by PP-g-MAH. Nevertheless, the MMT/PP-g-
MAH addition resulted in a more significant thermal stability improvement in the PP/RH
system owing to the existence of the uniformly dispersed delaminated MMT platelets.
Namely, thermal degradation improvement is highly influenced by MMT delamination
and exfoliation in nanocomposites [183], as reported in [184]. MMT addition also limits the
polymer chains movement owing to the presence of dispersed MMT platelets that are rigid
and impermeable and assumed to decrease heat conduction [185].

Table 8 presents the peaks of melting and crystallization for neat PP observed at
approximately 163 ◦C and 117 ◦C, respectively. The melting temperature, Tm, remained
unchanged with further PP-g-MAH and/or MMT incorporations. In contrast, a slight
decrement in the crystallization peak, Tc was observed with MMT and/or PP-g-MAH
incorporations. The MMT addition to the PP/RH composite system yielded partial in-
crement that later became more significant with compatibiliser addition, similar to the
PRMC nanocomposites. Changes were found in the characteristics and the nucleation
effect that might be associated with the incorporations of MMT and PP-g-MAH into PP.
These findings, however, were inconsistent with the other studies [186]. The crystallinity
increase from MMT/PP-g-MAH incorporation could be caused by the higher crystallinity
of PP-g-MAH and/or the improved interfacial adhesion between MMT and PP [152,187].
Therefore, the increased crystallinity can be ascribed to the intercalation of PP chains
between MMT platelets and their possible interaction, with MMT platelets acting as nucle-
ation sites. Impermeable crystalline regions were thought to enhance stress transfer, which
affected the overall mechanical properties of the composite. Consequently, the increase
in crystallinity enhanced the composite system’s mechanical properties in both dry and
wet conditions.

Table 8. Thermal properties of neat PP and its composites.

Sample Designation Tm (◦C) Tc (◦C) Xc (%) T10 (◦C) T50 (◦C)

PP 163.2 117.3 27.7 474 510
PR 162.9 120.1 29.6 311 437

PRC 163.1 119.2 30.1 318 441
PRM 163.0 116.1 29.9 315 440

PRMC 162.8 116.5 31.5 327 451

Figure 5. TG/DTG curves for neat PP, RH, and the representative composites. Reproduced from [32].
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The study on the dynamic mechanical properties of the hybrid composites was done
by Rajini et al. [188] by utilizing the coconut sheath/polyester (CS/PS) composites with
different additions of MMT (0 to 5 wt.%) to analyze their rheological properties. The authors
discussed the effect of nanoclay dispersion on the composite system in the exfoliated and
intercalated states, which contribute to the efficient stress transition resulting in secondary
reinforcement in CS/PS composites. The authors also found improvement in the modulus
of the composites, indicating the effect of the high surface-to-contact ratio of nanoclay on
the polymer matrix. The strengthening effect of the nanoscale second phase also led to
an improvement in the thermal stability of the composites. At 100 ◦C, the E’ of CS/PS
composites was found to be 812 MPa and increased to 1580 MPa after the addition of 2%
and 3% of MMT. However, the value of E’ decreases after the addition of 5% of MMT due
to the agglomeration of the MMT filler.

Another thorough study on the dynamic mechanical properties of hybrid natural
composites with nanoclay addition was done by Chee et al. [146] with the combination of
non-woven bamboo and woven kenaf reinforcement in epoxy composites. The dynamic
mechanical properties of these hybrid composites were analyzed based on different types
of nanoclays addition viz. organically modified OMMT, MMT and halloysite nanotube
(HNT). The E′ of the composites in the glassy region were found to increase by 98.4%, 41.5%
and 21.7% with the addition of OMMT, MMT and HNT, respectively. This improvement
can be attributed to the toughening effect by the nanoclay, which limits the movement of
the polymer chain. A similar trend was also observed for E′ ′ value. The E′ ′ value increase
by 159%, 65.2% and 53.6% for OMMT, MMT and HNT, respectively, which indicates
higher internal friction has been induced by the addition of nanoclay that leads to higher
energy dissipation. Meanwhile, the tan δ peak was found to decrease after the addition of
nanoclay, which was attributed to the higher damping properties of non-elastic deformation.
The reduction in the magnitude of the peak can also be referred to as the interlocking
mechanism between nanoclay, fibers and epoxy polymer which restricts the polymer chain
movement. Among all samples, the BK/E-OMMT composite represents the lowest tan δ

peak, indicating strong interfacial adhesion interaction that reduces energy dissipation at
the interface.

7. Flame Retardancy Properties of MMT/Natural Fiber Reinforced
Polymer Nanocomposites

Flame retardancy of composites is another important characteristic that can determine
their applicability. This information can be obtained by several characterization methods
such as by using vertical burning tester, horizontal burning tester, oxygen index detector,
cone calorimeter, etc. From vertical burning, the burning rating of composites can be
determined based on burning time, afterglow time and dripping behaviors and reported
as V-0, V-1, and V-2. Meanwhile, burning rate can be obtained from horizontal burning.
Additionally, an oxygen index detector can be used to check the limiting oxygen index (LOI)
of the composites. Some combustion properties like time to ignition (TTI), heat release
rate (HRR), peak of release heat (PHR), average heat release rate (HRR), total heat release
(THR), mass loss rate (MLR) and char yield can be acquired by using cone calorimeter tests.
In general, the flammability of the composites is determined by several factors including
chemical, physical, microscopic, and phase structure. There are various ways that can be
used to reduce the flammability of composites. One of the most popular techniques is to
introduce flame retardant materials. Another way is to use a non-flammable filler that will
reduce combustible materials in the systems [189].

Suwanniroj and Suppakarn conducted a study on flame retardancy enhancement of
polybutylene succinate (PBS) by addition of hybrid filler. In this study water hyacinth
fiber (WHF) and MMT was used as the fillers and ammonium polyphosphate (APP) was
added as the flame retardant. APP is a phosphorus-nitrogen containing flame retardant
and was chosen due to its low toxicity, high efficiency and effective in reducing smoke.
Phosphoric acid, water, and ammonia gas are formed as APP decomposes. Ammonia gas
dilutes the concentration of oxygen gas in the gas phase, whereas phosphoric acid reacts
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with the carbonaceous component to create carbon char on the composites surface. This
char functions as a protective layer, preventing heat and mass transfer between the gas
and condensed phases. PBS and four other compositions of composites were prepared and
their flame retardancy properties were characterized by vertical and horizontal burning
test and the details were presented in Table 9. The results show that the neat PBS is a
flammable material. PBS has 16.39 mm/min horizontal burning rate and unclassified
(NC) rating for vertical burning test with severe melt-dripping and flaming material. The
dripping material led to the ignition of cotton placed below the sample. Upon the addition
of fillers, the horizontal fire-spread rate of the composites improved significantly. The
APP/WHF/PBS and MMT/APP/WHF/PBS did not give horizontal burning rate as the
composites extinguished themselves on removal from the ignition source. In addition,
they obtained V-2 rating for vertical burning test with self-extinguish was less than 30
s. Moreover, melt dripping and ignition of absorbent cotton was still observed for these
composites despite the addition of APP and MMT [190].

Table 9. Flammability properties of PBS and PBS composites.

Sample Vertical Burning Test Horizontal Burning
Rate (mm/min)t1 (s) Dripping Cotton Ignition Rating

PBS >30 Yes Yes NC 16.39 ± 0.34
APP/WHF/PBS <15 Yes Yes V-2 No burning

1MMT/APP/WHF/PBS <30 Yes Yes V-2 No burning
3MMT/APP/WHF/PBS <30 Yes Yes V-2 No burning
5MMT/APP/WHF/PBS <30 Yes Yes V-2 No burning

Subasinghe et al., prepared PP/kenaf composites reinforced with an intumescent flame
retardant (IFR), and two different types of nanofillers which were HNT and MMT to investi-
gate their flammability properties. The neat PP, PP/kenaf composites (KeC), PP/Kenaf/IFR
(KeC-IFR), PP/Kenaf/IFR/HNT (KeC-IFR-HNT) and PP/Kenaf/IFR/MMT (KeC-IFR-MMT)
was studied using a vertical burning tester. From the analysis, they found out that the neat
PP showed an intense dripping starting within 15 s of first flame application and the time
substantially increase with the addition of kenaf (52 s) and IFR (85 s). However, addition of
3% HNT reduced the dripping time to 82 s and lowered the flammability performance. On
the other hand, addition of 3% MMT had increased the flame retardancy properties at which
the flame extinguished during the first 3 s of the first flame and the dripping delayed until 65
s of the second flame application. They deduced that in the presence of MMT, the sample’s
sustained combustion improved significantly. Further, the composites were analyzed by cone
calorimeter and the details are presented in Figure 6. Based on the HRR data on Figure 6a, it
can be seen that neat PP completely burned within 4 min with a value of 1145 kW/m2. Upon
the addition of kenaf fiber (30 wt.%) the HRR value reduced by 36%. Further reduction up
to 67% was observed after the incorporation of IFR. This is due to the presence of a more
stable intumescent char stabilized the unstable lignocellulose ash layer, which is form during
combustion of kenaf. The presence of HNT and MMT nanoparticles enhanced the HRR value
due to the formation of phosphocarbonaceous compound-containing aluminosilicate structures.
As a comparison, KeC-IFR-MMT shows better performance with lower HRR value compare to
the system with HNT. This can be linked to the viscosity and effective particle dispersion of the
nanoparticles. From Figure 6b, the THR value is decreased after the addition of kenaf, IFR, HNT
and MMT. Other important factors in the fire atmosphere for the composites are the amount
of smoke release (SPR) and carbon monoxide production (COP) during combustion process.
Figure 6c shows KeC-IFR-MMT produce the least amount of smoke compare to other system.
Meanwhile, the KeC system produced the least CO during combustion and the addition of IFR
significantly increases CO production as depicted in Figure 6d [191].
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Figure 6. Flammability analysis by cone calorimeter: (a) HRR, (b) THR, (c) SPR, and (d) (COP).
Reproduced from [191].

A study on the thermo-oxidative stability and flammability properties of
bamboo/kenaf/nanoclay/epoxy hybrid nanocomposites was performed by Chee et al. Four
systems were prepared in this study with three types of nanoclay which are HNT, MMT and
organically modified MMT (OMMT). The ratio of bamboo (B) to kenaf (K) was fixed at 50:50
and the amount of nanoclay added is 1 wt.%. Initially, the epoxy/nanoclay was mixed by in situ
polymerization method. Then, the fiber reinforced epoxy/nanoclay was obtained through a
hand lay-up technique. The samples were denoted as B/K/HNT, B/K/MMT and B/K/OMMT.
The control sample (B/K/epoxy) was prepared omitting the nanoclay. The first analysis for
flame retardancy was conducted by using horizontal burning test. All samples did not extin-
guish and were able to pass first and second gauge length. There was also no flame dripping
observed for all samples. They suggest that the mat-form reinforcing fibers provide better
structural integrity to the composites. Besides, addition of nanoclay delays the flame spread.
The flammability rating for all samples were HB 40 indicates that their burning rate is less
than 40 mm/min and they follow the sequence of B/K/epoxy > B/K/HNT > B/K/MMT >
B/K/OMMT. The flame delay was caused by the formation of a protective carbonaceous layer.
This layer acts as a heat and flame insulator that limits the outgoing volatile gases and oxygen
diffusion into the material. The B/K/OMMT composites shows better performance because of
the presence of organic modifier enhances the catalytic effect during charring process; thereby
produced a denser and more cohesive char. The second characterization was conducted to
study the LOI of the nanocomposites. LOI can be defined as the lowest oxygen concentra-
tion needed to support flaming combustion of a material. From this analysis the B/K/epoxy,
B/K/HNT, B/K/MMT and B/K/OMMT recorded LOI value of 19.8%, 22.9%, 22.9% and 27.7%,
respectively. The B/K/epoxy is classified as combustible material as its LOI value is less than
air oxygen content (21%) whereas all the nanoclay hybrid composites are self-extinguished as
they have LOI value greater than 21%. This proves that addition of HNT and MMT nanoclays
improve the flame retardant properties of the composites. This study found out that the LOI
value increase with their ability to yield char. Higher amount of char will reduce the emission
of flammable volatile and thus the oxygen level required to maintain flaming combustion will
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increase [192]. In addition, from the SEM analysis, the presence of filler, agglomerates and large
tactoid particles on the surfaces of MMT/epoxy and HNT/epoxy nanocomposites fractioned
items can be observed, while OMMT/epoxy nanocomposites showed more uniform dispersion.

Dutta and Maji prepared composites from PVC with microcrystalline cellulose (MCC)
from RH and MMT by melt blending process at different MCC and MMT loadings. From
the study, the LOI values for PVC/MCC and PVC/MMT are 44.4% and 46.7%, respectively.
Interestingly, hybrid PVC/MCC/MMT has a higher LOI value (50.0%) compared to the
individual systems. This is due to the formation of carbonaceous-silicate charred layer
on the surface of the composites during combustion that retarded the heat transfer and
thus delayed the decomposition rate. They suggested that the lower LOI value for single
systems could be attributed to the agglomeration and poor dispersion of the components
in the composites [193].

Composites from PLA/recycled bamboo chopstick fiber with multifunctional additive
systems were produced by Wang and Shih. In this study, MMT was added as nanofiller,
while APP and expandable graphene (EG) was used as flame retardants. Prior to mixing,
the chopstick fiber (CF) underwent an alkaline treatment and then was chopped to obtain
an average length of 2–4 mm. Both CF and MMT were treated with a silane coupling
agent to obtain modified fibers and MMT (MCF and MOMMT). The composites were
prepared by varying the amounts of APP and EG. The flammability characteristics were
analyzed by a vertical burner tester. Details of the analysis are presented in Table 10. Based
on the result, PLA can be classified as a flammable material with no rating in the UL94
standard. Similar pattern was found for the PLA containing 13 phr of EG and 4 phr of
APP. A similar composition added with MCF and MOMMT produced a composite that
passed the vertical burning test V-1 rating. Though dripping still occurred, the sample did
not ignite the cotton. This proved that the addition of MCF and MOMMT enhanced the
flammability of the composites. By modifying the amount EG and APP component, both
PLA/23EG-4APP/MCF/MOMMT and PLA/13EG-8APP/MCF/MOMMT passed the V-0
rating, no dripping occurred and the cotton did not ignite.

Table 10. Flame retardance properties of PLA and PLA composites.

Sample Ignite the Cotton Dripping UL-94 Rating

Polylactic acid (PLA) Yes Yes NR
PLA + 13 phr expandable graphite + 4 phr

ammonium polyphosphate (PLA/13EG-4APP) Yes Yes NR

PLA + 13 phr expandable graphite + 4 phr
ammonium polyphosphate + modified chopstick

fiber + modified montmorillonite
(PLA/13EG-4APP/MCF/MOMMT)

No Yes V-1

PLA + 23 phr expandable graphite + 4 phr
ammonium polyphosphate + modified chopstick

fiber + modified montmorillonite
(PLA/23EG-4APP/MCF/MOMMT)

No No V-0

PLA + 13 phr expandable graphite + 8 phr
ammonium polyphosphate + modified chopstick

fiber + modified montmorillonite
(PLA/13EG-8APP/MCF/MOMMT)

No No V-0

Further, photographic images of the composites after combustion process are shown
in Figure 7. It is evident from the image, that the PLA had severe dripping problems.
Char residues formation can be observed for the composites, especially for the PLA/23EG-
4APP/MCF/MOMMT. They deduced that the addition of EG promoted the char yield
in the presence of APP. During burning, EG was the first to degrade and expanded into
a worm-like and loose porous char. This will inhibit oxygen and heat from permeating
the substrate materials. After that, APP decomposed and produced polyphosphoric and
ultraphosphoric acids, which catalyzed PLA to form a dense, continuous, and sealed

29



Coatings 2021, 11, 1355

char layer. This char layer protected the inner materials and limited the degradation of
PLA [194].

Figure 7. Photographic images of char residues after combustion of (a) neat PLA (b)
PLA/13EG-4APP/MCF/MOMMT, (c) PLA/23EG-4APP/MCF/MOMMT, and (d) PLA/13EG
8APP/MCF/MOMMT composites. Reproduced from ref. [194].

The effect of MMT loading on the properties of methacrylic anhydride modified epox-
idized soybean oil (MAESO), wood flour (WF) and divinyl acrylicpimaric acid (DAPA)
was investigated by Mandal et al. The properties of composites with different percent-
ages of nano-clay were investigated and reported. The composites were prepared by
compression molding at loadings of 0, 1, 3 and 5 wt.% of MMT. The flame retardance
characteristic was by determined by the LOI value. Based on the result, the LOI value of
the MAESO/DAPA/WF composites increased with the increase in the MMT loading. The
recorded LOI value for MAESO/DAPA/WF/MMT0, MAESO/DAPA/WF/MMT1, and
MAESO/DAPA/WF/MMT3 were 55%, 57% and 60%, respectively. Beyond the 3 wt.%
level, the LOI value decreased as observed for the MAESO/DAPA/WF/MMT5 with 58%.
Similar like the previously reported study, the MMT produced silicate char on the surface
of the composites and provided a thermal barrier to the oxygen and heat. This resulted to
the improvement of LOI value and the flame retardancy of the composites. However, at
high MMT loading, there is a tendency of the nanoclay to agglomerate and thus decrease
the interactions and barrier properties [195].

8. Biodegradation Properties of MMT/Natural Fiber Reinforced
Polymer Nanocomposites

The incorporation of reinforcement in composite systems could enormously change the
overall degradation characteristics of the resulting polymer composites systems. This is at-
tributed to the superior properties of natural fiber reinforced polymer composites with nanopar-
ticles due to their nano-level characteristics which maximize the interfacial adhesion. The
addition of nanoclays not only can significantly improve the mechanical properties of the
biocomposites, but also enhance the barrier properties and chemical hindrance, which leads to
the reduction of the biodegradation time for the composites [195,196]. In addition, the incorpo-
ration of nanoparticles with antibacterial properties like those that MMTs can possibly affect the
antibacterial properties of biocomposite systems by diminishing the quantity and propagation
of microbes (bacteria, fungi).

The study on the effect of MMT loading in wood/plant oil composites was studied
by Moon et al. [195] with a focus on the biodegradation properties of the composites.
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Composite samples were loaded with 0, 1, 3 and 5 wt.% of MMT and treated with a
cellulolytic bacterial strain in liquid broth culture medium for the biodegradation study.
In general, the addition of MMT resulted in declines in the collapse of wood composites
caused by its antimicrobial activity. The weight loss of the composites was observed after 3
month of incubation. It is started with the bacterial growth of the bacterium Pseudomonas
sp. that initially degraded the lignin part of the wood and continued to degrade cellulose
and pectin after the production of cellulose and pectinase enzymes. Through the evaluation
on the SEM results, the physical breakdown of composite on exposure to microbes were
reported, attributed to the bacterial degradation activity. The degradation also shown to
be prominent for a control sample without addition of MMT. The biodegradation activity
was shown to decrease as the MMT loading increased due to the strong interconnected
network of MMT in the composite which slowed down the accessibility and reactivity of
the microorganisms. The addition of nanoclay also hinders the water absorption process
thus further inhibiting the penetration of microorganisms within the composites.

Another study has been done by Islam et al. [197] to evaluate the effect of MMT addi-
tion on the biodegradability properties of kenaf/coir/PP composites. Similar findings were
also reported as the biodegradability properties decrease as the MMT loading increased in
the composite systems. The enhancement of the mechanical properties of the composites
after the addition of MMT filler was seen to reduce the possibility of the weight loss of
the composites thus diminishing the biodegradation process. These properties are very
important to enhance the quality of the natural fiber-reinforced polymer composites to
make them worthy materials for various applications, especially those that require strength
and high durability.

9. Applications and Potential Use of MMT/Natural Fiber Reinforced
Polymer Nanocomposites

To date, extensive studies has been conducted on lignocellulosic fiber-reinforced poly-
mer composites hybridised with MMT nanoclays and they are growing in popularity in
the development of advanced constructional and structural materials with superior perfor-
mance at a low cost [34]. For instance, Islam et al. [133] revealed that after incorporating
MMT, hybrid coir/wood/PP composites had higher tensile strength and modulus than
wood/PP and coir/PP composites. The nanoclay improved the mechanical properties of
the composites by enhancing interfacial interactions and the adhesion between the fiber and
the polymer matrix. Majeed et al. [32] have studied the hybridization effect of MMT and RH
on the mechanical and thermal properties of PP nanocomposites and discovered that the
tensile and flexural modulus of PP increased by 63% and 92%, respectively, when RH and
MMT were incorporated simultaneously into the PP matrix. The authors also found that
adding solely RH to the PP matrix reduced the thermal stability of the composites. How-
ever, introducing MMT to PP/RH composites enhanced the thermal stability. DSC studies
demonstrated that adding RH and MMT to the PP matrix increased crystallinity while
maintaining melting and crystallization temperatures. Hybrid nanotechnology brings in a
new era in material science, contributing to the development of ultra-high-tech advanced
composites for future engineering applications. In regards to this matter, material scientists
aim to diversify the applicability of MMT/lignocellulosic fiber nanocomposites in various
areas, including electronics, automotive, outdoors, and adsorbents, as discussed in the
subsections that follow.

9.1. Automotive Applications

With significant advances in science and technology, the manufacturing industries
are shifting to more sustainable and environmentally friendly economic production. In
relation to this matter, researchers are focusing their attention on developing novel materi-
als for the benefit of society. Hybridizing lignocellulosic fiber with MMT presently offers
tremendous potential in terms of features that can transcend conventional composites
with the inclusion of only a small amount (5%) of nanoparticles, including superior me-
chanical strength, higher elastic modulus, high thermal stability, and fire resistance [198].
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Hybridised nanocomposites have opened up new possibilities in the automotive industry
due to their hassle-free fabrication and overall property improvements.

According to Galimberti et al. [199], the main driving forces for using clay polymer
nanocomposites in the automotive field can be summarized as follows: (i) lighter weight of
the vehicle, with fuel savings and reductions in CO2 emissions: (ii) greater safety, (iii) better
drivability, and (iv) increased comfort. These aims can be achieved by introducing MMT as
a nanofiller in the polymer nanocomposites of a car. The MMT nanoclay hybridised with
lignocellulosic fiber-reinforced polymer composites can be applied to several parts of a car
such as suspension and braking systems, engines and power train, exhaust systems and
catalytic converters, frames and body parts, paints and coatings, lubrication, tires, electrical
and electronic equipment. By referring to Table 11, several thermoplastic or elastomeric
polymers have been used in hybridised nanocomposites containing about 80% of clay
minerals [199].

Table 11. Parts of a car and polymer matrices for clay polymer nanocomposite application.

Part of Car Polymer

Timing belt/engine cover Nylon-6

Step-assist, doors, center bridge, sail panel, seat
backs and box-rail protector PP, thermoplastic olefin

Rear floor Thermoset polymer matrix (with glass fiber)

Tire SBR

Thread SBR, NBR, BR

Inner liner Isoprene isobutylene copolymer, NBR

Internal compounds NBR
SBR-Styrene butadiene rubber. NBR-Nitrile butadiene rubber. BR- Butadiene rubber.

Another important feature that needs to be highlighted is the flammability properties
of automotive parts. Nowadays, most parts in cars have been replaced with plastic-based
materials for lighter and more fuel-efficient cars. However, for this reason, the severity
of collisions and non-crash auto fires is likely to worsen. Despite the implementation of
rules imposed by the Federal Motor Vehicle Safety Standard and Flammability of Interior
Materials issued by the National Highway Traffic Safety Administration (NHTSA) in 1968
and 1972, respectively, by the US government, fires have continued to be a serious threat.
The combustible plastics in the form of electrical wiring, upholstery, and miscellaneous
components are the most likely parts to ignite in automobile fires (47%) which is worsened
by 27% by the presence of fuel for ignition. Therefore, due to the fire hazard caused by the
plastic materials in motor vehicles and the speed at which plastics spread flames, smoke
and combustion into the passenger compartment, automakers have continued to seek
solutions to reduce the risk of fires occurring rather than relying on rescue efforts once the
fire is initiated [200]. The effectiveness of nanoclay to improve the flammability properties
of the lignocellulosic reinforced polymer composites was studied by Chee et al. [192]
using bamboo/kenaf/epoxy nanocomposites reinforced with different types of nanoclay
viz. MMT and O-MMT. Through the study, all hybrid nanocomposites achieved an HB40
rating in the UL94 horizontal burning test. However, the LOI value of the nanocomposites
was observed to increase from 20% to 28% after the addition of nanoclays. The smoke
generation was also remarkably reduced after the addition of nanoclays. The authors
stated the mechanism of improvement imparted by the addition of nanoclays relies on
the formation of an insulator barrier that provides a better charring effect which limits
the migration of mass and heat between the gas and solid phase during the combustion
process. The authors also found the effectiveness of organically modified MMT (O-MMT)
compared to unmodified nanoclay due to better dispersion level with less agglomeration.
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9.2. Outdoor Applications

Composite materials are generally designed and developed for use outdoors. Var-
ious types of composite technologies have been accessible in the market over the last
few decades, but not all of them are suitable for integration or incorporation in building
envelopes. These materials must be able to withstand temperatures of up to 60 ◦C or higher
in particular to be suited for outdoor applications [201]. Moreover, composites should be
able to meet certain key standards in terms of mechanical stability, fire resistance, sound
insulation, thermal insulation, and other features as building components. Nevertheless,
most polymers used for outdoor applications are light sensitive and frequently subjected
to weathering, making them susceptible to degradation. Weathering aging, or more pre-
cisely photo-oxidation of polymer structures, is another aging mechanism that negatively
impacts the service life of polymer materials under high-temperature conditions or in
outdoor applications [202]. Weathering aging occurs when a polymer absorbs ultraviolet
solar photons and atmospheric oxygen, resulting in discoloration and undesirable loss
of mechanical properties caused by chemical bond scission and chain crosslinking of the
polymer structure with exposure time [203]. Generally, weathering aging begins on the
surface and eventually penetrates all the polymer material, depending on their chemical
composition, environmental conditions, and exposure time [204]. However, it should be
emphasized that degradation can be slowed but not totally avoided. This exposure causes
catastrophic failure or severely jeopardizes the structural integrity of composite materials,
diminishing their overall thermomechanical characteristics [205].

Kord et al. [206] found that exposing weathered samples (virgin polymers) for a longer
time in an accelerated weathering environment elevated color change, lightness and water
absorption. Hybrid nanocomposites, on the other hand, showed minor alterations in
lightness and water absorption. Water cannot penetrate further into the composite because
nanosized MMT could fill micro voids and fiber lumens, providing indirect weathering
protection by reducing water absorption and oxidative activity, which results in less light-
ening [207]. Therefore, they can withstand the impacts of the sun, rain, and other weather
conditions. Zahedi and his co-workers [116] observed a similar finding. The hybridization
of MMT with lignocellulosic fiber also improves the nanocomposites resistance to electricity,
chemicals, heat and flame, allowing these materials to be used as potential components for
building enclosures including roofs, walls, windows, and shadings [51,208].

Most natural fiber reinforced composites (NFRPCs) find usage in outdoor applications,
such as for construction products and building elements to comply with the fire safety
codes such as EN 13501–1-2009 that emphasize fire resistance properties as necessary.
Therefore, it is very important to develop and optimize fire-retardant composite materials
at laboratory scale for evaluation through standard techniques such as TGA, Cone calorime-
try based on ISO 5660-1 standard, limited oxygen index (LOI), burning test (UL 94 vertical
or horizontal burning test) etc. [209,210]. The studies on NFRPC for outdoor applications
as an alternative for conventional materials such as for components like roofs and door
panels have been widely reported. Despite evaluating the mechanical and physical perfor-
mance of the NFRPC, it is necessary to evaluate the flame and thermal resistance of the
fabricated composite in case of any fire accidents. Through a series of laboratory analyses,
Rajini et al. [211] proved the improvement in the thermal and flammability properties
of the coconut sheath (CS) reinforced PE composite. The hybridization of the CS/PE
composite with 5 wt.% of MMT nanoclay was observed to remarkably decrease the heat
release rate and the mass loss rate of the composites by the char formation mechanism.
The char formation acted as a heat barrier, thus lowered the flammability properties of
the composites. Moreover, treated CS fiber also influenced the thermal properties of the
composites by lowering the degradation temperature due to the presence of more hydroxyl
group to attract water. This finding proved the ability of hybrid lignocellulosic/MMT
polymer composites to be applied for outdoor applications.
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9.3. Coating Applications

The integration of filler such as nanoclays, cellulose micro- or nanofibers, and MMT
into coating products is generating a lot of attention in terms of improving general physical
characteristics in plastics and bioplastics. The use of cellulose biofibers in melt blending
and solution casting processing methods to enhance the barrier characteristics to gases
and vapors and to impart new functions to biopackaging plastics has resulted in the
creation of nanocomposites for food packaging applications. It has also been found that
reinforcing biopolymers with organically modified MMT improves their characteristics
significantly. MMT have been used as possible packaging materials in many studies.
Chowdhury [212] investigated the effect of adding mica nanoclay to a PLA matrix vs. using
MMT nanoclay and found that the oxygen barrier was improved. Mohan and Kanny [213]
in their study was found that the MMT-treated fibers have a higher surface area, resulting
in less moisture absorption. They also found that untreated and MMT-treated fibers
have sigmoidal isotherm sorption behaviour, and sorption hysteresis is dependent on
crystallinity and MMT infusion.

10. Environmental Concerns, Health, and Safety Issues of MMT

The inclusion of MMT into polymeric systems improves their barrier, thermal, and me-
chanical resistance, making them ideal for a multitude of industrial applications, including
environmental remediation, engineering and construction, and food industry. Moreover,
MMT has been widely utilized for biological applications since it has demonstrated very
low cytotoxicity both in vitro and in vivo, and owing to its chemical properties, MMT can
intercalate biologically active molecules, resulting in efficient systems for oral or topical
drug delivery [214]. Nevertheless, MMT extraction, development, and application, like
most other materials, are prone to environmental and safety concerns.

There have been relatively few experimental investigations into the exposure and
possible toxicity of MMT to living organisms up to this moment. Even so, there are possibly
two key aspects that should be considered when utilizing MMT: particle size and chemical
composition. Epidemiological research has shown that morbidity and fatality have been
related to an elevation in airborne particles, primarily those within the ultrafine size range
(<0.1 µm) [51]. These nanoparticles have the tendency to penetrate the human body and
circulate via the bloodstream to vital organs, causing toxicity and health issues such as
tissue damage. Based on the findings of Mainasaba et al. [215], it can be inferred that
MMT is potentially genotoxic since it induces the formation of micronuclei at non-cytotoxic
concentrations, and thus poses a threat to human health, particularly when long-term
exposure is considered. Nonetheless, MMT incorporated into bulk materials or polymer
products will not cause these problems.

Till now, there seem to be no experimental investigations into MMT exposure in
natural environments and its potential toxicity. There is virtually no known information
regarding the exposure pathways, the limits of MMT exposure, and their toxicity towards
the environment in occupation-related scenarios all over the world since this data has
not been reported elsewhere. To monitor nanosafety for the environment in the real
world, environmentally aware product design frameworks and life cycle assessment (LCA)
approaches are recommended. The most essential steps in characterizing and evaluating
MMT in the environment are the development of MMT databases to analyze the LCA
of products: gathering real MMT data for the development of exposure limits for MMT
and formulation of advanced models, as well as the implementation of standardized
protocols [216]. These procedures will aid in determining the risks associated with the
application of MMT in the real world, therefore improving worker safety.

11. Conclusions and Future Outlook

The implementation of MMT to modify composites for structural applications is grad-
ually expanding. The inclusion of the nanofillers not only takes place in pure polymer
and synthetic fiber reinforced polymer composites, but moreover in biocomposites which
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are mainly made up of lignocellulosic fibers. Most research studies found that the intro-
duction of MMT enhanced the mechanical and water barrier properties of biocomposites
as well as their thermal capability. These behaviour alterations depend mainly on the
exfoliated/intercalated balance of the nanoclay filler introduced. The review article also
specifies that flexural, tensile, compression, and impact strength were investigated for a
wide range of solutions and uses.

According to the literature, MMT can be a well dispersed in polymer resins with the
aid of mechanical stirrers to improve its homogeneity. Compared with the pure polymer
matrix, the addition of the MMT in composites results in low dielectric permittivity, low
dielectric loss, and enhanced dielectric strength. Moreover, the MMT nanofillers allow the
enhancement in terms of thermal conductivity and stability. These improvement properties
are highly influenced by the compatibility of interfaces between MMT and polymer resin.
Other than that, the MMT modified with chemical treatments such as GPTMS and g-
APTES promote greater influence in improving the interface between the nanoparticles and
polymer matrices, thus causing lower dielectric loss, electric conductivity, lower thermal
conductivity, as well as higher thermal stability and breakdown strength. From this point of
view, it can be concluded that the inclusion of MMT could potentially benefit the structural
industries, especially in the electrical transmission sector, since it promotes good electrical
insulation properties in composites. In conclusion, this review can benefit many composite
structural sectors in order to stimulate lower raw material and manufacturing costs of
composite products with great strength and stiffness.
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The following abbreviations are used in this manuscript:

APTES Aminopropyltriethoxysilane
APP Ammonium polyphosphate (APP)
B Bamboo
BR Butadiene rubber
CF Chopstick fiber
CNF Cellulose nanofibers
CNW Cellulose nanowhiskers
COP Carbon monoxide production
CS Coconut sheath
CS Corn starch

35



Coatings 2021, 11, 1355

DAPA Divinyl acrylicpimaric acid
DMA Dynamic mechanical analysis
DSC Differential scanning calorimetry
DTG Derivative thermogravimetry
E” Loss modulus
E′ Storage modulus
ECAE Equal channel angular extrusion
EP Ethylene–propylene
EVA Ethylene-vinyl acetate
EVOH Ethylene vinyl alcohol
EG Expandable graphene
GPTMS Glicydoxy propyl trimethoxysilane
HDPE High density polyethylene
HDT Heat deflection temperature
HNT Halloysite nanotube
HRR Heat release rate
iPP isotactic PP
IFR Intumescent flame retardant
K Kenaf
KeC Kenaf composites
KF Kenaf fiber
LCA Life cycle assessment
LDPE Low-density polyethylene
LOI Limiting oxygen index
MAESO Methacrylic anhydride modified epoxidized soybean oil
MAH Maleic anhydride
MaPE Maleic anhydride-grafted polyethylene
MAPP Maleated anhydride grafted polypropylene
MCC Microcrystalline cellulose
MCF Modified chopstick fiber
MEP Maleated ethylene–propylene
MLR Mass loss rate
MMT Montmorillonite
MOMMT Modified montmorillonite
NaMMT natural sodium montmorillonite
NBR Nitrile butadiene rubber
NFRPC Natural fiber reinforced composites
NHTSA National highway traffic safety administration
OMLS Organo-modified layered silicates
OMMT Organically modified montmorillonite
OPEFB Oil palm empty fruit bunch
OTR Oxygen transmission rate
PBS Poly(butylene succinate
PEG Poly(ethylene glycol)
PEMA Poly(ethylmethacrylate)
PEO Poly(ethylene oxide)
PHR Peak of release heat
PLA Polylactic acid
PP-g-MAH Maleic anhydride grafted polypropylene
PP Polypropylene
PS Polystyrene
PVA Polyvinyl alcohol
PVC Poly(vinylchloride)
PVP Poly(vinyl pyrrolidone)
RH Rice husk
SBR Styrene butadiene rubber
SiB Silane treated banana fiber
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SPR Smoke release
SEM Scanning electron microscope
TAF Treated aloe vera fiber
TEM Transmission electron microscopy
TKF Treated kenaf fiber
TG Thermogravimetry
TGA Thermogravimetric analysis
THR Total heat release
TPS Tapioca starch
TTI Time to ignition
WF Wood flour
WHF Water hyacinth fiber
WSF Walnut shell flour
WVTR Water vapour permeability rate
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Abstract: In the automotive sector, the use of nonwoven preforms consisting of natural and ther-
moplastic fibers processed by compression molding is well known to manufacture vehicle interior
parts. Although these natural fiber composites (NFCs) have undeniable advantages (lightweight,
good life cycle assessment, recyclability, etc.), the latter release volatile organic compounds (VOCs)
and odors inside the vehicle interior, which remain obstacles to their wide deployment. In this study,
the effect of the compressing molding temperature on the VOCs and odors released by the flax/PP
nonwoven composites was examined by heating nonwoven preforms in a temperature range up to
240 ◦C. During the hot-pressing process, real-time and in situ monitoring of the composite materials’
core temperature has been carried out using a thermocouples sensor. A chemical approach based
on headspace solid-phase microextraction (HS-SPME) coupled with gas chromatography—mass
spectrometry (GC-MS) was used for the VOCs analysis. The olfactory approach is based on the odor
intensity scale rated by expert panelists trained in olfaction. The results demonstrate marked changes
in the VOCs composition with temperature, thus making it possible to understand the changes in
the NFCs odor intensity. The results allow for optimizing the molding temperature to obtain less
odorous NFC materials.

Keywords: Natural Fiber Composite; flax; polypropylene; nonwoven; HS-SPME-GC-MS method;
VOCs; odors; intensity; thermocouple; in situ monitoring

1. Introduction

Facing the challenges of climate change [1], the car manufacturers are forced by the
European Union (EU) to reduce CO2 emissions by 55% among new cars placed on the
market by 2030 and by 100% by 2035 [2]. In the EU, cars represent 12% of total CO2 emis-
sions [3]. Consequently, manufacturers will have to drastically reduce the CO2 emissions
of their new thermal vehicles and quickly switch to electric vehicles. In order to reduce
the carbon footprint both in manufacturing and in use, switching from thermal to electric
motorization is not enough, so it is also necessary to lighten the vehicles [4–6]. Beyond
making less powerful vehicles [7], car manufacturers actually have two action levers for
reducing vehicle weight. The first is by compacting the vehicle as much as possible in order
to reduce the consumption of materials. The second is by manufacturing lighter parts by
optimizing and reducing the thickness, surface and density of its components notably by
using lighter materials. Usually, vehicle interior parts are made from polymer or glass
fibers and polypropylene nonwoven composites. Many original equipment manufactur-
ers (OEMs) and researchers seek to substitute glass fibers with natural fibers [8,9]. Such
a substitution is initially motivated by the low density (around 40% lower than that of
glass fibers) and the interesting specific mechanical properties for a relatively competitive
price [10] compared to glass or synthetic fibers. Then, the use of natural fibers is advanta-
geous because of their availability, their accessibility and their stable supply chain thanks to
a fully structured sector, particularly for flax and hemp [11]. Finally, their renewability and
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low environmental impact are considered overall. In a life cycle assessment, the climate
change indicator of hackled flax fibers production is lower than that of the glass fibers, and
it is also established to be beneficial to acidification, abiotic depletion, terrestrial ecotoxic-
ity, ozone layer depletion, human toxicity as well as non-renewable energy consumption
indicators [12]. With their low density, good specific strength and stiffness, low carbon foot-
print [13,14], good acoustic properties [15–17], proven recyclability [18,19] and reasonable
cost of raw materials [20], the use of natural fiber (NF) and polypropylene (PP) nonwoven
composites as lightweight materials for vehicle interior parts is increasingly widespread in
the automotive sector [21]. There are two types of polymers: thermo-plastic and thermoset-
ting polymers. Thermo-plastic polymers are largely used for car interior parts due to their
processability and their recyclability. In the car interiors, the main parts made from NF-PP
nonwoven composites are: headliners, parcel shelfs, door panels, dashboards and trunk
floors. For a door panel made from NFPP nonwoven composites, a weight gain of 20% can
be achieved compared to a petro-sourced door panel with iso-mechanical performance [14].

Although these NFPP nonwoven composites have undeniable advantages in being
used in vehicle interiors, the latter release volatile organic compounds (VOCs) that are
potentially odorous and can affect the vehicle interior air quality (VIAQ). The World Health
Organization (WHO) has indicated that vehicle interiors are a potential threat to people’s
health [22], as some vehicle interiors may contain up to 250 different VOCs. Among these
VOCs, some can be harmful, causing serious pathologies during long and/or regular
exposure in confined spaces and/or at high concentrations [23,24]. A variety of symptoms
may occur, including, for example, fatigue, headaches or nasal, ocular and respiratory
irritations. Moreover, air quality is also affected by unpleasant and/or intense odors,
causing nausea, insomnia, discomfort and asthma [25]. The main sources of VOCs/odors
are plastics, textiles, leathers, coatings and glues used to make vehicle interior parts.
In the literature, some studies have shown that the lignocellulosic fibers used in NFPP
composites are sources of both VOCs and odors. These VOCs/odors depend on the pre-
treatment of lignocellulosic fibers. Fischer et al. [26] established that the odor concentration
of lignocellulosic fibers is related to the fineness of the fibers. They also showed that
raw fibers contaminated with molds exhibit a higher odor concentration compared to
uncontaminated ones. Finally, they demonstrated that the wide range of textile finishes
greatly increases the odor concentration of the fibers. Moreover, Savary et al. [27] showed
that the chemical composition and the olfactory profile of flax fibers change as a function of
temperature. At 80 ◦C, the olfactory profile is characterized by fatty, green, acid, flowery
and sweet notes, and beyond 215 and 230 ◦C, odors of the roasted, burnt and phenolic type
appear, which can be perceived as unpleasant. Other researchers and original equipment
manufacturers (OEMs) have been interested in reducing the emission of VOCs/odors
emitted by NFPP composites based on lignocellulosic fibers by using different VOCs/odors
removal techniques.

The easier VOCs/odors removal technique consists of decreasing the number of
lignocellulosic fibers in composites, often to the detriment of the mechanical properties.
Bledzki et al. [28] showed that the higher the abaca fiber content, the higher the odor
concentration emitted by PP-abaca fiber composites. Nevertheless, the identification of the
VOCs sources for the corresponding odors was not carried out. Badji et al. [24] showed
that the higher the hemp fiber content in a composite, the greater the quantity of VOCs—
in particular, VOCs from the alcohols, carboxylic acids, aldehydes, ketones and azines
families. Unfortunately, no odor analysis was carried out to establish a link between VOCs
and odors. In order to less significantly deteriorate or increase the mechanical properties
of the composites, the second VOCs/odors removal technique consists of substituting
lignocellulosic fibers with similar fibers emitting less VOCs/odors. Bledzki et al. [28] also
showed that substituting abaca fibers in composites (made by injection molding) with jute
or flax fibers allows for a much lower odor concentration. Fischer et al. [27] have also shown
this in the case of composites made by the compression molding of nonwovens. Indeed,
they showed that substituting contaminated lignocellulosic fibers with non-contaminated
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ones (or with contaminated fibers treated with soda and enzymatic treatment) in NFPP
composites can reduce the odor concentration, whether for composites made in a laboratory
or on an industrial scale. Fischer et al. [26] also showed that substituting contaminated
lignocellulosic fibers with the same fibers treated with soda and enzymatic treatment
allows for reducing the odor concentration threefold. Again, for composites made by
compression molding, Li et al. [29] established that substituting hemp fiber with natural
freezing-mechanical degumming hemp fiber decreases the VOCs monitored in vehicle
interiors in China. Morin et al. [30] showed that substituting flax fibers with flax fibers
pre-treated with deep eutectic solvent (DES) followed by ultrasound treatment efficiently
allowed for reducing the odor intensity, as established through olfactory quality evaluation,
as assessed via a panel following the D42 3109-C standard; in the same study, the authors
were able to demonstrate a decrease in the number of VOCs. Nevertheless, in most
of these studies [26,28–30], the VOCs causing the odor were not identified. The third
VOCs/odors removal technique is to add VOCs/odors adsorbents. As an illustration,
Courgneau et al. [31] prepared a low-odor-emissive cellulose fibers/PLA composite with
PMPS as an adsorbent agent. The results indicate that the odor concentration decreases
twofold by adding the adsorbents, while the odor intensity is only very slightly decreased.
Again, no study of VOCs has been carried out in parallel to identify odorous VOCs.
Additionally, Kim et al. [32] showed that porous inorganic materials were able to reduce
the amount of Furfural, 5-methyl Furfural and hexanal emitted by composite materials
based on PBS and PLA reinforced with bamboo flour or wood floor. Contrary to the
previous study, the odor emitted by these composites was not investigated. The fourth
VOCs/odors removal technique consists of changing the process of shaping the composite
materials based on lignocellulosic fibers. This remediation strategy has the advantage of
not requiring changing the constituents of the composite or adding any compounds such as
odor adsorbents, unlike the previous removal techniques. This is a preventive method for
limiting the formation of odorous or non-odorous VOCs. Faruk et al. [33] investigated the
odor concentration of PP-abaca fiber composites as a function of three shaping processes.
The study shows that the odor concentration emitted by PP-abaca fiber composites shaped
by compression molding is significantly lower than that in the case of injection molding.
Fischer et al. [26] showed that, in moving from a laboratory scale to an industrial scale, the
hot-pressing process reduced the odor concentration of NFPP nonwoven composites. The
laboratory scale thermocompression parameters have been defined (15 min and 180 ◦C).
but those used on the industrial scale have not, which are probably at higher temperatures
(around 200–220 ◦C) and a shorter time (no more than a few minutes) to ensure a good
production rate. One can observe that only very few studies are interested in both odors
and VOCs emitted by NFPP composite materials and the potential link that could unite
them. Moreover, although studies have shown that the odor concentration or odor intensity
of NFPP composite materials could decrease by using different VOCs/odors removal
techniques, no one was interested in optimizing the shaping process of NFPP composites,
especially from NFPP nonwovens.

In this study, the effect of the compressing molding temperature on both the VOCs and
odors released by the NFPP nonwoven composites was examined by heating nonwoven
preforms from 200 ◦C to 240 ◦C. This temperature range corresponds to the temperatures
of the industrial shaping processes for fiber-reinforced composite materials. The heat press
time has been defined according to the time needed to reach very specific temperatures
at the core of the composite during the hot pressing. The first core temperature, 180 ◦C,
corresponds to a temperature above the melting point (163–170 ◦C) of the polypropylene
fibers (PP), allowing it to have the necessary minimum viscosity for the PP to coat and
correctly bind the natural fibers. The second core temperature, 200 ◦C, is a temperature well
above the melting point of PP fibers, ensuring (for sure) the necessary viscosity to produce
composite materials corresponding to automotive specifications. Further core temperatures
correspond to one of a hot plate whose temperature is between 200 and 240 ◦C. In each
configuration, the heat press time is similar to the time of the industrial shaping processes;
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therefore, the effect of the exposure temperature on the NFC materials could be evaluated.
In each configuration, the VOCs were identified and quantified, and the odor intensity was
assessed using a panel of expert olfaction assessors. Finally, a link was established between
the odor intensity and the VOCs emitted by the composites for all configurations.

2. Materials and Methods
2.1. Materials

Flax (Linum usitatissimum L.) tows and scutched fiber from France were used in this
study. The flax was cultivated under normal weather conditions and then dew-retted in
fields and, finally, mechanically scutched. Flax fibers were used as reinforcement in the
nonwoven material combined with PP fibers. Industrial flax/PP commingled nonwovens
were manufactured according to the carding-overlapping-needle-punching technology of
Ecotechnilin SAS (Valliquerville, France). For the nonwovens, the flax/PP ratio is about
50/50 w%, with a mass per unit area around 1500 g/m2.

2.2. Methods
2.2.1. Composite Manufacturing

Flax/PP nonwovens were processed by hot-compression molding on a Dolouets
(Soustons, France) laboratory hydraulic press, with a system of double plates, to obtain
21 × 30 cm2 and 7 × 7 cm2 plates. This press allows for a pressing of the material in
two successive cycles—the first at a high temperature (up to 250 ◦C) and the second at a
low temperature (room temperature). The 7 × 7 cm2 Flax/PP nonwovens were used to
determine the time required to obtain the core temperatures of the different configurations
given in Table 1. Once this time was determined, 21 × 30 cm2 Flax/PP nonwovens were
thermocompressed under the same conditions, without a thermocouple. The sample size is
larger in order to have enough samples to perform further analysis. In order to be consistent
with industrial molding cycles and obtain mechanical properties in accordance with the
specifications of car interior parts, nonwovens were hot pressed at 200, 210, 220, 230 and
240 ◦C under the pressure of 100 bars, with Teflon™ fabric on each side, using a set of shims
whose thickness is 3 mm. The hot pressing is carried out until well-defined temperatures
are obtained at the core of the composite materials. The temperature is measured using a
type K thermocouple whose characteristics are described in Section 2.2.2. The target core
temperatures for nonwovens, hot pressed at 200, 210, 220, 230 or 240 ◦C, are 180 ◦C, 200 ◦C
and that at which the temperature at the core of the composite material is equal to the
temperature of the heating plates of the hot press compression molding. The temperature
parameters and the different configurations are presented in Table 1. Then, the hot-pressed
nonwovens were placed directly between two cooled plates at room temperature under the
same pressure for 40s, with a set of shims whose thickness is 2 mm.

Table 1. Temperature parameters and the different configurations of the natural fiber composite
(NFC) manufactured.

Configuration Molding Temperature (◦C) Core Temperature (◦C)

NFC 200-180 200 180
NFC 210-180 210 180
NFC 220-180 220 180
NFC 230-180 230 180
NFC 240-180 240 180

NFC 200-200 200 200
NFC 210-200 210 200
NFC 220-200 220 200
NFC 230-200 230 200
NFC 240-200 240 200
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Table 1. Cont.

Configuration Molding Temperature (◦C) Core Temperature (◦C)

NFC 210-210 210 210
NFC 220-220 220 220
NFC 230-230 230 230
NFC 240-240 240 240

2.2.2. Temperature Measurement System

During the hot-pressing process, real-time and in situ monitoring of the composite
materials’ core temperature was carried out using a thermocouple coupled to an HH74K
Digital Thermometer (Oméga, Manchester, UK). The Type K thermocouple is widely used
in industry due to the robustness and the simple working principle based on the Seebeck
effect. The temperature measurement range is from −75 ◦C to 250 ◦C. The small size of
the wire allows it to be a non-invasive sensor and induces a very low disturbance of the
manufacture of the composite. The probe has been embedded in the center of nonwoven
samples of 7 × 7 cm2 (Figure 1). In order to measure and display the evolution of the
average core temperature of the nonwovens in real time during the hot-pressing process,
three core temperature measurements are carried out on three different samples for each
configuration.
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Figure 1. Composite manufacturing process by thermocompression and the placement of the ther-
mocouple in the NFPP nonwoven to measure the core temperature in the nonwoven during the
hot-pressing process.

2.2.3. Samples Preparation and Conditioning

From 21 × 30 cm2 plates of flax/PP nonwoven composites, samples of around
1 × 1 cm2 and 150 ± 1 mg were prepared. For the chemical and odor analyses, these
specimens were stored in a climatic oven (Memmert IPP 110, Schwabach, Germany) at
23 ◦C/50% RH for 24 h.

2.2.4. Extraction of Volatile Organic Compounds by the HS-SPME Method

The extraction of volatile organic compounds (VOCs) was performed using the
headspace–solid phase microextraction (HS-SPME) technique for all samples, as described
in Section 2.2.3. Before the GC-MS analysis, the samples were placed into a 20 mL
headspace-vial (HS-vial) and closed with caps integrating a PTFE/Silicone septum (Chro-
moptic, Courteboeuf, France). HS-vials were placed into a sampler tray of the MultiPurpose
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Sampler (MPS) robot (GERSTEL GmbH & Co. KG, Mülheim an der Ruhr, Germany). By
a robotic arm, the vial is picked up from the sampler tray and moved into the MPS Ag-
itators/Incubators (GERSTEL GmbH & Co. KG, Mülheim an der Ruhr, Germany). The
HS-Vial was heated to 80 ◦C for an incubation period of 15 min—to release VOCs into the
headspace—and for an extraction period of 30 min—to extract VOCs into the headspace—
with SPME fiber inserted into the vial. For the extraction period, a silica-based SPME fiber
coated with a 50/30 thickness film of DVB/CAR/PDMS (50/30 µm film thickness, needle
size 23 ga, 2 cm length, Stableflex, Supelco Chromoptic, Courteboeuf, France) was used.
Before using the DVB/CAR/PDMS SPME fiber, the latter was conditioned in the injector
port of the GC at 270 ◦C for 1 h. For each kind of sample described in Section 2.2.3, the
VOCs analysis was carried out in triplicate for three distinct samples.

2.2.5. GC-MS Analysis

VOCs coming from the flax/PP nonwoven composite sample and extracted on the
SPME fiber were desorbed at 250 ◦C for 5 min into a Gestel CIS inlet in a splitless config-
uration. Then VOCs were analyzed—i.e., separated, identified and quantified—by gas
chromatography (GC-2010 Plus, Shimadzu, Kyoto, Japan) coupled with mass spectrometry
with a simple quadrupole mass analyzer (GCMS-QP2010 SE, Shimadzu, Kyoto, Japan). The
gas chromatography oven was equipped with an SLB-5MS fused silica capillary column:
5% diphenyl/95% dimethylpolysiloxane phase, 30 m × 0.25 mm i.d., 0.25 µm film thickness
(Supelco, Sigma-Aldrich, St. Louis, MO, USA). The oven temperature was programmed
as follows: initial hold at 40 ◦C for 3 min, ramp at 10 ◦C/min to 100 ◦C, at 4 ◦C/min
to 190 ◦C and, finally, at 15 ◦C/min to 250 ◦C, held for 5 min. Thus, the total program
time was 40.5 min. The carrier gas was helium gas at a constant flow rate of 1.0 mL/min.
Mass spectrometry (MS) was operated in the electron impact positive ionization (ionization
energy 70 eV; source temperature 200 ◦C). Full-scan data acquisition was registered over a
mass range of 35–550 a.m.u. The instrument was calibrated using standard solutions of
C6 through C16 n-alkanes diluted in ethanol. The standard solution was injected using a
syringe with the same operating conditions. This calibration allows for identifying VOCs
by comparing the MS spectra to the mass spectral coming from the NIST library and also by
calculating the Kovats indices. On the chromatogram, only the peaks with a mass spectra
similarity (similarity index) greater than or equal to 90% and a retention (Kovats) index
difference of less than 50 were retained for identification. For each sample, three GC-MS
analyses were conducted. The quantification of each VOC is expressed as the peak area
units from the chromatograms.

2.2.6. Odor Analysis

For the odor analysis, a panel of six voluntary formed assessors (5 women/1 man)
from 23 to 57 years old (average age: 31) was composed. The sensory analysis took place in
a sensory laboratory composed of a sensory analysis cabin providing optimum analysis
conditions. The assessors evaluated the odor intensity with an n-butanol odor intensity
referencing scale of six levels (from 0 to 5), as described in Table 2 and inspired by the NF
ISO 12219-7 standard. Moreover, the assessors could score with half-levels. Before the
evaluation, the odor intensity scale was smelled by dipping an odorless sniffing paper stick
in each level. The odor intensity scale could be smelled several times by the assessor during
the evaluation.

Once the results of all the assessors are collected, the average value of the odor intensity
is calculated. Since the average odor intensity value does not give any information on the
distribution of values, the results are also presented in a box-plot diagram.
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Table 2. n-butanol odor intensity referencing scale.

Level Odor Intensity n-butanol Aqueous Solution (g/L)

0 No odor 0
1 Very weak 1 × 10−2

2 Weak 5 × 10−2

3 Strong 5 × 10−1

4 Very Strong 2.5
5 Very strong and insupportable 10

Regarding the sample preparation of the flax/PP nonwoven composite sample, the
preparation and conditioning were described in Section 2.2.3. Afterwards, the samples
were placed into a 20 mL amber glass-vial and heated in an oven at 80 ◦C for 45 min; the
same temperature and time compared to the samples were used for the chemical analysis.
Once removed from the oven, the samples were cooled to room temperature for one hour.
Then, the assessors could evaluate them. The vials containing the flax/PP nonwoven
composite samples were presented in different random orders to each assessor. On each
vial, a three-digit number is inscribed. Each sample is smelled twice, on two different
days, in order to characterize the repeatability of the evaluation of the odor intensity by the
assessors.

2.2.7. Statistical Analysis

The experimental results of odor intensity are expressed by the mean value and box
plots representation. Three-way analysis of variance (ANOVA)—for the factor materials,
judge and session—was performed with XLSTAT 2016 to examine the difference between
the NFC materials produced from different heat press temperatures and core temperatures
regarding odor intensity. Each mean was compared with each other, and two results were
considered statistically different if a p-value of less than 0.05 was observed. As ANOVA is
a linear model, assumptions about the residual are verified or assumed: independence: no
obvious relationship between measurements (assumed); normality: verified by Shapiro–
Wilk’s test and the Q-Q plot; equal variance: verified by Levene’s test and not too many
outliers observed among the residual value, i.e., 95% of the residuals are in an interval
(−1.96, +1.96). Finally, the three-way ANOVA was followed by Fisher’s post hoc test, which
is used to determine significant differences between group means in an ANOVA. To help
identify the significant differences between group means, letters are used. If the means
share at least one letter in common, the means are not significantly different. Conversely, if
the means have no letter in common, the means are significantly different.

3. Results and Discussion
3.1. Evolution of the Temperature of the Nonwoven In Situ and in Real Time during the
Compression Molding Process

The evolution of the temperature of the nonwoven in situ and in real time during
the hot-pressing process is presented in Figure 2. Depending on the configuration, the
nonwoven is hot pressed between two heating plates at 200, 210, 220, 230 or 240 ◦C until
the core reaches the same temperature as that of the hot plates. In Figure 2a, for each
configuration, one can observe that the evolution of the temperature is linear for the first
four seconds, with a slope around 20 ◦C/s. Once a temperature of 100 ◦C at the core of
the nonwoven is reached, an inflection of the curves is observed, which is more or less
pronounced depending on the configuration. The higher the heat press temperature, the
lower the inflection of the curve. This inflection point around 100 ◦C may be explained
by the residual water contained in the lignocellulosic fibers [34] and, more generally, in
the lignocellulosic fiber nonwovens [35] that passes from a liquid state to a gaseous state.
This phenomenon is more commonly called the vaporization/evaporation stage and is
also reported for other lignocellulosic materials during thermocompression [36]. This
vapor slows down the increase in temperature. This point of inflection of the temperature
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evolution was reported elsewhere during the hot pressing of the board of the beech veneer
produced at a temperature of 250 ◦C, 4 MPa and 280 s from the thermocouples in the core
of the material [37].
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pate temperature for different target core temperatures.

The higher the heat press temperature, the faster this vapor forms and the quicker it
escapes from the lignocellulosic fiber nonwoven, which would explain the less significant
inflection of the curve when the temperature of the hot plates is increased during thermo-
compression. This phenomenon of vaporization is well known in the literature [38] and by
the industrial sector. It is not uncommon in the industry to have one or more degassing
cycles in order to prevent the water naturally contained in the lignocellulosic fibers from
passing too quickly in the form of vapor and generating defects (blisters and/or cracks)
within the material. Another way to limit vapor generation during the hot pressing of
lignocellulosic matter consists of drying materials prior to hot pressing [39].

Figure 2b is obtained from the curves of Figure 2a. This figure represents the molding
compression time that is necessary to obtain at core 180, 200, 210, 220, 230 and 240 ◦C,
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depending on the temperature of the hot plates. As expected, it is observed that the higher
the heat press temperature, the faster the temperatures of 180 ◦C and 200 ◦C are reached at
the core. To reach 180 ◦C at the core of the nonwoven, a time of 28, 22, 18, 17 and 14 s is
needed for heat press temperatures of 200, 210, 220, 230 and 240 ◦C, respectively. Then, to
reach 200 ◦C at the core of the nonwoven, a time of 50, 29, 23, 19 and 18 s for the same heat
press temperatures is needed, respectively. It should be noted that the time difference in
reaching 180 or 200 ◦C at the core decreases sharply from 22 s to 4 s when going from an
initial temperature of the hot plates of 200 ◦C to 240 ◦C. Finally, to reach core temperatures
of 200, 210, 220, 230 and 240 ◦C for identical heat press temperatures, it takes 50, 42, 36, 38
and 38 s, respectively. In addition, to see the heat press time decrease, it is also observed
that, from 220 ◦C, the heat press time stabilizes around 36/38 s. In all the configurations,
once 180 ◦C is reached at the core, the more the temperature increases, the more the slope
of the curve decreases and tends to be zero.

As a first conclusion, the results make it possible to accurately control the time of
thermocompression necessary to produce an NFC composite according to the heat press
temperature and the target core temperature. Overall, the results show that the higher the
heat press temperature and the lower the target core temperature, the shorter the heat press
time. Whatever the configuration, the thermocompression time remains less than 60 s.

3.2. Evolution of the Odor Intensity Coming from the NFC According to the Molding Temperature
and Core Temperature of the Nonwoven In Situ during the Compression Molding Process

The evolution of the odor intensity coming from the NFC according to the molding
temperature and core temperature of the nonwoven in situ during the compression molding
process is presented with box-pots in Figure 3. A three-way analysis of variances was
performed on the scores given by the assessors. According to Table 3, the “NFC material”
factor has a highly significant effect (p < 0.0001). Therefore, the assessors smelled marked
differences between the intensities of the samples. Notably, the “Judge” factor also has a
significant effect (p < 0.0001). Although formed and trained, it is common to have a “Judge”
effect in sensory analysis. Finally, the “Session” factor has no significant effect (p = 0.50);
this means that there is no difference between the evaluations in session 1 and in session 2.
Still, according to Table 3, the interaction “NFC material × Judge” has a p-value close to
0.05, whereas the “NFC material × session” and “Judge × session” interactions have no
significant effect (p > 0.05).
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Table 3. Results of the three-way analysis of variance (ANOVA) with interaction.

Factors of Variation and Interaction dF MS F p-Value (Pr > F)

Natural Fiber Composite (NFC) material 13 1.63 6.26 <0.0001
Judge 5 3.88 14.87 <0.0001
Session 1 0.12 0.46 0.50

NFC material × Judge 65 0.42 1.62 0.03
Session × NFC 13 0.17 0.66 0.80
Judge × Session 5 0.31 1.19 0.33

dF = degree of freedom; MS = mean square; F = MS factor/MS residual; p-value = statistical significance.

As a result, significant differences were perceived between NFC materials. The asses-
sors were repeatable between both sessions, even if some differences are observed in the use
of the intensity scale due to various sensibilities. This may explain the standard deviations
in Figure 3. Fisher’s post hoc test was used to determine which samples were different from
each other from distinct groups. The results from Figure 3 show that NFC materials with a
core temperature of 180 and 200 ◦C (regardless of the heat press temperature between 200
and 240 ◦C) do not have significantly different means, with odor intensity means between
3.3 and 3.8. The lowest average odor intensity was obtained for the material hot pressed at
200 ◦C, with a core temperature of 180 ◦C. In contrast, NFC 220-220, NFC 230-230 and NFC
240-240 were perceived with the highest intensities, with means between 4.3 and 4.5. NFC
210-210 showed an intermediary odor intensity.

Consequently, to avoid a high odor intensity (>4), the heat press temperature and
targeted core temperature should not exceed 210 ◦C.

3.3. Evolution of VOCs Emission Coming from Fibers of NFC According to the Molding
Temperature and Core Temperature

A large number of VOCs of different natures coming from NFC were detected, iden-
tified and quantified by HS-SPME-GC-MS analysis. Both Tables 4 and A1 and Table A2
(tables in Appendix A, which is more detailed) summarize the main identified VOCs
coming from flax fibers-reinforced hot-pressed NFC, which have also been identified in
other scientific works [24,27]. The study specifically focuses on VOCs from the thermal
degradation of flax fibers, as numerous studies have shown that the odors of composite
materials based on lignocellulosic fibers mainly come from the latter [24,26–28,30].

It is well known that flax fibers consist of cellulose, hemicellulose, lignin and also
a small quantity of lipophilic extractives [40–42], which are mainly present on the fibers’
surface [43,44]. First of all, the evolution of VOCs from the thermal degradation of lipophilic
extractives located mainly on the surface of flax fibers (Section 3.3.1) is presented as a
function of the molding temperature and the targeted core temperature. Then, the evolution
of VOCs from the thermal degradation of holocelluloses, i.e., cellulose and hemicelluloses,
(Section 3.3.2) and lignin (Section 3.3.3), which constitute the main chemical constituents of
flax fibers, was again evaluated depending on the molding temperature and the targeted
core temperature.
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Table 4. Volatile organic compounds coming from flax fibers of NFC shaped for heat press tempera-
tures between 200 and 240 ◦C for different core temperature.

VOCs Families Compounds a,b LRI exp. Odor Descriptors

Aldehyde

Hexenal 806 Green, fatty, aldehyde, herb c,d,e,f,g,h,i

Furfural 831 Almond, baked bread, woody, nut c,j,k,l,i

Heptanal 905 Fatty, citrus, rancid, green c,g,h

2-Heptenal, (Z)- 913 Fatty, fruit/mushroom, soapy h,i

5-Methylfurfural 920 Caramel, almond, burnt sugar c

Benzaldehyde 982 Almond, burnt sugar, sweet, caramel c,h,k,i

Octanal 1005 Fatty, lemon, green, rancid, soap c,d,e,j,f,g,h

2-Nonenal, (E)- 1112 Cucumber, green, fatty c,d,j,f,g,h

Decanal 1204 Fatty, soapy, orange peel, sugar c,e,g,h

Vanillin 1392 Vanilla c,e,f,l

Alcohol 2-Furanmethanol 885 Burnt, sweet, caramel, bread, coffee c,k,l

Carboxylic acid Acetic acid 656 Sour, acid, sunflower seed, cheesy c,e,k

Octanoic acid 1183 Sweat, cheese, rancid c,k

Furan Furan, 2-pentyl- 992 Fruity, green, earthy, orange c,g

Compounds identified by: (a) Mass Spectra Similarity ≥ 90%; (b) Retention Index obtained experimentally not
exceeding ± 50 of the NIST library standard. Odor description was obtained from: (c) [27], (d) [45], (e) [46],
(f) [47], (g) [48], (h) [49], (i) [50], (j) [51], (k) [52] and (l) [53], respectively.

3.3.1. VOCs Coming from Lipophilic Extractives of Flax Fibers

Among the 15 identified compounds (Table 4) coming from the flax fibers of hot-
pressed NFC, most are aldehydes, including: aliphatic aldehydes (hexanal, heptanal, oc-
tanal and decanal), unsaturated aldehydes (2-heptenal, 2-nonenal) and aromatic aldehydes
(benzaldehyde, vanillin) and others (furfural and 5-methylfurfural). According to Figure 4a,
for a targeted core temperature of 180 ◦C, the molding temperatures ranging from 200 ◦C
to 240 ◦C do not drastically change the quantity of aliphatic and unsaturated aldehydes
released by NFC. The same observation was made in the case of thermocompression, in
which the targeted core temperature was 200 ◦C (Figure 4b). Nevertheless, the change in
the core temperature from 180 ◦C to 200 ◦C induced a greater release of each aldehyde,
except for hexanal and 2-heptanal. Finally, when the core temperature and the heat press
temperature are the same, going from 200 ◦C to 240 ◦C (Figure 4c), no change was observed
in the quantity of heptanal, 2-heptanal and decanal. Nevertheless, in the case of octanal
and 2-nonenal, the quantity in the headspace increased with the heat press temperature. In
the case of hexenal, the quantity unexpectedly decreased when the heat press temperatures
increased. It can therefore be assumed that a greater quantity of hexanal was released at
the moment of the hot-pressing process; thus, they are not found in greater quantities in
the final composite. This can be justified because hexanal is the more volatile compound
among the aldehydes of this study.
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Aliphatic aldehydes (hexanal, heptanal, octanal and decanal), unsaturated aldehy-
des (2-heptenal, 2-nonenal) and 2-pentylfuran are well known as secondary lipid oxida-
tion/degradation products, especially for unsaturated fatty acid. Flax fibers mostly consist
of cellulose, hemicellulose, lignin and also lipophilic extractives up to 1.8% [40–42], mainly
on the surface of the fibers [43,44]. The main constituents of lipophilic extractives (i.e., lipid)
are long chain fatty acids, long chain aldehydes, fatty alcohols and wax esters. Among
the fatty acids, unsaturated fatty acids are found, such as 9-octadecenoic acid (oleic acid)
and 9,12-octadecadienoic acid (linoleic acid) [41,42]. Hexanal is a secondary degradation
product of linoleic acid generally formed due to the β-cleavage of the first degradation
product (hydroperoxides) [54–56]. Hexanal can be used as an indicator of the degradation
of lipid oxidation [54]. Hexanal can be described by green, fatty, aldehyde odorous facets
(Table 4). Heptanal is also well known to be a secondary degradation product of fatty
acid [57,58]. Nevertheless, the fatty acid source of heptanal has not been clearly identified.
Some authors suggested that it is a breakdown product of oleic acid [59]. Heptanal was
also detected as a volatile oxidation compound from linoleic acid [60,61], as in the case of
2-pentylfuran [60,62,63]. Grebenteuch et al. [57] showed that 2-pentylfuran and 2-nonenal
can be precursors of heptanal. These two compounds have been identified in this article.
Heptanal can be described by fatty, citrus, rancid odorous facets (Table 4). 2-nonenal is
derived from linoleic acid acyl group oxidation [64], whose fragrant facets can be described
as cucumber and green. Octanal, nonanal (not quantified in this study because its peak
was co-eluted with a peak of VOC from PP) and decanal can be produced from oleic acid
oxidation [55,64]. The odor descriptors of octanal, nonanal and decanal are in Table 4.
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Therefore, aliphatic and unsaturated aldehyde compounds from lipophilic extractives
of flax fibers globally increase with the temperature and give globally fatty, green, aldehyde
odor facets of the NFC odor profile.

3.3.2. VOCs Coming from the Dehydration of the Primary Holocellulose
Decomposition Products

Among the identified compounds (Table 4) coming from flax fibers of hot-pressed
NFC, furan compounds such as furfural, 2-furanmethanol and 5-methylfurfural were
identified. Such compounds have already been identified elsewhere as decomposition
products of lignocellulosic fibers in NFC [24,27,65]. According to Figure 5a, in the case
of thermocompression in which the targeted core temperature is 180 ◦C, a switch from
a temperature of 200 ◦C to 240 ◦C does not change the emitted quantity of furfural and
2-furanmethanol. The same observation was made in the case of thermocompression in
which the targeted core temperature is 200 ◦C (Figure 5b). However, one can note the
appearance of 5-methylfurfural in small quantities. It should also be emphasized that
furfural and 2- furanmethanol were released 1.5 to 2 times more when the temperature
increased from 180 ◦C to 200 ◦C.
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Furfural, 2-Furanmethanol and 5-methylfurfural, as a function of molding temperature conditions
for a core temperature of (a) 180 ◦C, (b) 200 ◦C and (c) going from 200 ◦C to 240 ◦C.

Finally, when the core temperature is at the heat press temperatures, going from a
temperature of 200 ◦C to 240 ◦C, the results in Figure 5c show that the higher the heat
press temperatures, the greater the presence of 2-methylfurfural, 2-furanmethanol and
furfural. Between a thermocompression at 200 ◦C and one at 240 ◦C, the quantities of
2-methylfurfural, 2-furanmethanol and furfural emitted by the NFC were multiplied by
8.7, 8.8 and 4.8, respectively. One can also notice that the amounts of furfural and 2-
furanmethanol at 210 ◦C are close to the amount of decanal, which is the aliphatic aldehyde
in the largest quantity. Then, from 220 ◦C, the amount of furfural and 2-furanmethanol
is well beyond the decanal. Qualitatively, the odor of 5-methylfurfural is described by
notes of caramel, almond or even burnt sugar. Furfural is described by notes of almond,
baked bread, sweet, woody and nut. Finally, 2-furanmethanol is described by sweet, burnt,
caramel, baked bread and coffee notes (Table 4). Consequently, the increase in these VOCs
may cause an increase in these different olfactory notes. The odor profile of hot-compressed
NFC is more complex, with a pyrogenic (burnt smell) and phenolic smell. This evolution of
odor has also been observed in the case of flax fibers heated between 200 and 230 ◦C [30].
Therefore, there seems to be a strong correlation between the increase in odor intensity
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and the increase in VOCs coming from the degradation of holocelluloses when NFPP
nonwovens are thermocompressed at temperatures above 200 ◦C and up to 240 ◦C.

Flax fibers are lignocellulosic fibers composed of 60 to 85% cellulose, 14 to 20.6%
hemicelluloses and 1 to 3% lignin [66]. It is well established that the thermal degradation
of holocelluloses [67], i.e., cellulose [67–71] and hemicelluloses [68–70,72,73], genders
thermal decomposition products such as furfural, 2-furanmethanol and 5-methylfurfural.
A great difference was shown between the pyrolysis behaviors of hemicellulose, cellulose
and lignin [70,73,74]. The pyrolysis TGA and DTG curves [70] show that the thermal
degradation of hemicelluloses mainly occurred in the temperature range from 200 to
340 ◦C, with a maximum degradation temperature from 240 to 285 ◦C, while cellulose
degradation is more pronounced between 300 and 400 ◦C, with a maximum degradation
temperature at 355 ◦C. Finally, the thermal degradation of lignin mainly occurred between
138 and 780 ◦C and takes place in three stages (first step: <138 ◦C; second step: from 138 to
285 ◦C; third step: from 285 to 780 ◦C), with very low thermal degradation compared to
hemicelluloses and cellulose. The primary products issued from the thermal decomposition
of hemicelluloses and cellulose are considered here, whereas the products from lignin
will be studied in the next section. The cell walls of flax fibers are made up of different
types of hemicelluloses depending on the cell walls. The middle lamella and primary
cell wall, lying on the surface, contain xyloglucans and xylans hemicelluloses, while
the secondary/G-layer cell walls contain mannans/heteromannans hemicelluloses [75].
Xyloglucans (hexosans) are polysaccharides made up of a D-glucose main chain with
pendant xylose residues. Xylans (pentosans) are also polysaccharides whose main chain
consists of D-xylose monomers linked to each other by the β-(1,4)-glycosidic bonds, on
which short-side chains are grafted. Furfural formation can be described in the literature
as a simple, successive two-step reaction. The first step is the xylans hemicelluloses (acid-
catalyzed) hydrolysis into xyloses (pentose sugars), and the second step is the dehydration
of xyloses [76–78]. The evaporation of water (moisture content in NFC) in the beginning
of thermocompression must be attributed to the xylans (contained in hemicelluloses)
hydrolysis into xylose [78] and the byproduct acetic acid [74,77,79]. Under uncontrolled
conditions such as pH and temperature, water can act as a weak acid and engender the
acid-catalyzed hydrolysis of xylans into xylose. In parallel, water reacts with acetyl groups
of hemicelluloses (xylans) and product acetic acid, which is present in our study [77]. The
dehydration reaction within xylans takes place between 150 and 240 ◦C (breaking of a less
stable linkage) and becomes significant from 200 ◦C [80]. Nitu et al. [81] showed, by the
chemical analysis of a jute stick particleboard thermocompressed between 180 and 220 ◦C,
that the higher the heat press temperatures, the greater the degradation of hemicellulose.
Additionally, the decrease in pentosans and xylose may indicate their conversion to furfural.
Cristescu et al. [37] showed that furfural appears after a thermocompression of pressed
lignocellulosic boards at 200, 225 and 250 ◦C. Moreover, both 2-furanmetanol and 5-
methylfurfural can be obtained by the thermal dehydration of cellulose [82]. Beyond heat
press temperatures of 200 ◦C, the water (in a subcritical state) content in cellulose fibers
migrates, and hydrolysis amorphizes cellulose. During thermocompression, compression
(pressure) decreases the degree of polymerization (DP) of cellulose fibers due to the harsh
friction between cellulose fibers and engenders the cleavage of the β-1,4-glycosidic bonds
binding the D-glucopyranose monomer [77,82,83]. The dehydration of D-glucopyranose
generates furfural and 2-furanmethanol, and two successive dehydrations generate 5-
methyl-furfural [84].

Therefore, furan compounds (Furfural, 2-Furanmethanol and 5-methylfurfural) com-
ing from the dehydration of the primary holocellulose decomposition products of flax
fibers increase when the heat press temperature increases. Furan compounds give globally
burnt sugar, baked bread, caramel and woody odor facets of the NFC odor profile.
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3.3.3. VOCs Coming from the Primary Degradation of Lignin

Among the identified compounds (Table 4) coming from the flax fibers of hot-pressed
NFC, aromatic aldehydes such benzaldehyde and vanillin were identified. These aro-
matic aldehydes have already been identified as lignocellulosic fibers decomposition
products [24,27] in NFC. According to Figure 6, in the case of thermocompression with
a targeted core temperature of 180 ◦C, increasing the temperature from 200 ◦C to 240 ◦C
does not drastically change the emitted quantity of benzaldehyde and vanillin. The same
result was observed in the case of thermocompression with a targeted core temperature
of 200 ◦C. However, it should be underlined that the switch from a core temperature of
180 ◦C to 200 ◦C induced a more important release of benzaldehyde and vanillin from
the composite in the headspace. As previously established in the case in which the core
temperature is the same as the heat press temperature, going from 200 ◦C to 240 ◦C, the
results reported in Figure 6 indicate that the higher the heat press temperature, the greater
the released quantities of benzaldehyde and vanillin. Indeed, the amount of benzaldehyde
and vanillin is almost four times higher for NFC 240-240 compared to that for NFC 200-200.
On average, there is 2.6 times more benzaldehyde emitted compared to vanillin for each
thermocompression temperature. A comparison of these results was made with the results
of 2-furanmethanol (Figure 5). This compound is the most important VOC originating
from the degradation of holocelluloses. This analysis underlined much smaller quanti-
ties of benzaldehyde and vanillin compared to 2-furanmethanol. Therefore, VOCs from
the thermal degradation of holocelluloses may play a much more important role in the
increase in NFC odor than VOCs issued from the thermal degradation of lignin. This may
be explained by the amount of lignin in flax fibers being between 1 and 3% [66], with a
complex aromatic polymer structure composed of three phenylpropane units (H, G and S)
cross-linked to each other with a variety of chemical bonds. Therefore, lignin has a much
wider thermal degradation temperature range of 138–780 ◦C, with a maximum degradation
temperature around 350 ◦C [70], which is far from the heat press temperature range used
in the present work. Additionally, it should be noted that, in the nonwoven, there always
remains a residual quantity of flax shives (the central part of a flax stem) with a significant
amount of lignin (around 25%) [39]. Thus, some of the VOCs from lignin degradation may
also come from flax shives.
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Benzaldehyde and substituted benzaldehydes are commonly evidenced as degrada-
tion products from the pyrolysis of lignin [85]. Vanillin has already been identified as a
compound emitted from composite materials reinforced with lignin and hot pressed at
235 ◦C [86]. According to Badji et al. [24], two distinct pathways could allow for the release
of vanillin from ferulic acid. One pathway is the decarboxylation of ferulic acid, forming
4-vinylguaiacol, followed by the oxidation of 4-vinylguaiacol. Another pathway is the
hydrolysis of ferulic acid, followed by deacetylation. According to Badji et al., the latter
pathway seems to be more likely than the first one.

Therefore, aromatic aldehyde compounds, such as benzaldehyde and vanillin, coming
from the dehydration of the primary holocellulose decomposition of lignin increase when
the heat press temperature increases. Benzaldehyde and vanillin globally give the almond,
burnt sugar and vanilla odor facets of the NFC odor profile.

4. Conclusions

In this study, the effects of compressing molding temperature on VOCs and odors
released from the NFPP nonwoven composites were examined by heating nonwoven
preforms from 180 ◦C to 240 ◦C. Moreover, during the thermocompression process, different
core temperatures were targeted: 180 ◦C, 200 ◦C and until the temperature at the core of
the composite material was equal to the temperature of the heating plates of hot press
compression molding. The measurements of the core temperature of the nonwoven in
situ and in real time during the thermocompression allowed for evidencing that the time
required to reach 180 ◦C or 200 ◦C at the core decreased from 200 ◦C to 240 ◦C. The time
difference needed to reach 180 or 200 ◦C at the core sharply decreased, from 22 s to 4 s,
when going from an initial temperature of the hot plates of 200 ◦C to 240 ◦C. The results
demonstrated a change in the odor intensity and VOCs composition with temperature.
The odor approach based on the odor intensity scale rated by a trained panel allowed for
establishing that:

- For a target core temperature of 180 and 200 ◦C, heat nonwovens from 200 ◦C to
240 ◦C did not drastically change the odor intensity of NFCs. It is noteworthy that the
lowest average odor intensity was obtained for material hot pressed at 200 ◦C.

- For a target core temperature equal to the temperature of the heating plates of the
hot press compression molding, heating nonwovens from 200 ◦C to 240 ◦C increased
the odor intensity of NFCs. The lowest odor intensity is obtained for the heat press
temperature of 200 ◦C and the targeted core temperature of 180 ◦C. Moreover, to avoid
a high odor intensity (>4), the heat press temperature and targeted core temperature
should not exceed 210 ◦C.

In addition, the chemical approach based on headspace solid-phase microextraction
(HS-SPME) coupled with gas chromatography–mass spectrometry (GC-MS) revealed that:

- Some VOCs come from lipophilic extractives of flax fibers and are mainly aliphatic
aldehydes (hexanal, heptanal, octanal and decanal) and unsaturated aldehydes (2-
heptenal, 2-nonenal) associated with fatty and green odors.

- Some VOCs come from the dehydration of the primary holocellulose decomposition
products and are furan compounds (2-furanmethanol, furfural and 5-methylfurfural)
associated with burnt sugar, baked bread and burnt odors.

- Some VOCs come from the primary degradation of lignin, which are aromatic alde-
hydes (benzaldehyde and vanillin) associated with almond, burnt sugar and vanilla
odors.

- Switching from a target core temperature of 180 to 200 ◦C and heat nonwovens from
200 ◦C to 240 ◦C slightly increases all VOCs coming from flax fibers of NFC.

- For a target core temperature equal to the temperature of the heating plates of hot
press compression molding, heat nonwovens from 200 ◦C to 240 ◦C do not change
the VOCs quantity coming from the lipophilic extractives of flax fibers but drastically
increase the VOCs coming from the degradation of holocellulose and lignin.
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Finally, on the basis of the original results obtained in the present work, a correla-
tion between the increase in odor intensity and the increase in VOCs coming from the
degradation of holocelluloses and lignin was established. To go further, analyses by gas
chromatography–mass spectrometry (GC-MS) coupled with an olfactometer (O) would
make it possible to clearly identify odorous VOCs and to follow their evolution according
to the compression molding temperature.
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Appendix A

Table A1. Volatile organic compounds coming from flax fibers of NFC shaped for heat press tempera-
tures between 200 and 240 ◦C for different core temperatures (1/2).

Odor
Descriptors

Quantification
(Mean Peak Area Units × 103 ± SD)

Core Temperature: 180 ◦C

VOCs
Families

Compounds
a,b MSS(%) RT exp. LRI exp. LRI lit.

NFC
200-180

NFC
210-180

NFC
220-180

NFC
230-180

NFC
240-180

Aldehyde

Hexenal 98 6.37 806 804
Green, fatty,

aldehyde, herb
c,d,e,f,g,h,i

2142 ± 288 2383 ± 154 2466 ± 174 2253 ± 92 2233 ± 229

Furfural 98 7.00 831 836
Almond, baked

bread, woody, nut
c,j,k,l,i

1349 ± 116 1349 ± 116 834 ± 191 1912 ± 419 856 ± 115

Heptanal 90 8.33 905 904
Fatty, citrus,

rancid, green c,g,h 583 ± 98 581 ± 93 522 ± 56 631 ± 94 496 ± 185

2-Heptenal,
(Z)- 92 9.38 913 960

Fatty,
fruit/mushroom,

soapy h,i
161 ± 38 195 ± 59 162 ± 28 215 ± 53 154 ± 39

5-
Methylfurfural 94 9.46 920 964 Caramel, almond,

burnt sugar c / / / / /

Benzaldehyde 96 9.52 982 967
Almond, burnt

sugar, sweet,
caramel c,h,k,i

209 ± 56 214 ± 79 241 ± 35 307 ± 72 223 ± 7

Octanal 97 10.24 1005 1005
Fatty, lemon,

green, rancid, soap
c,d,e,j,f,g,h

908 ± 76 802 ± 115 950 ± 46 1105 ± 49 1031 ± 82

2-Nonenal,
(E)- 95 13.74 1112 1162

Cucumber, green,
fatty c,d,j,f,gh 251 ± 42 254 ± 34 244 ± 39 384 ± 38 259 ± 29

Decanal 96 14.88 1204 1208
Fatty, soapy,

orange peel, sugar
c,e,g,h

2071 ± 200 1680 ± 57 1750 ± 80 1801 ± 128 1873 ± 53

Vanillin 91 20.23 1392 1402 Vanilla c,e,f,l 90 ± 2 105 ± 9 104 ± 16 129 ± 7 109 ± 23

Alcohol 2-
Furanmethanol 98 7.43 885 858

Burnt, sweet,
caramel, bread,

coffee c,k,l
860 ± 59 860 ± 59 1118 ± 138 1873 ± 249 1466 ± 72
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Table A1. Cont.

Odor
Descriptors

Quantification
(Mean Peak Area Units × 103 ± SD)

Core Temperature: 180 ◦C

VOCs
Families

Compounds
a,b MSS(%) RT exp. LRI exp. LRI lit.

NFC
200-180

NFC
210-180

NFC
220-180

NFC
230-180

NFC
240-180

Carboxy-
licacid

Acetic acid 98 3.44 656 576
Sour, acid,

sunflower seed,
cheesy c,e,k

7545 ± 677 7480 ±
1119 7584 ± 977 8800 ± 217 71761 ±

214

Octanoic acid 94 14.27 1183 1173 Sweat, cheese,
rancid c,k 3318 ± 397 3106 ± 590 3585 ± 632 4555 ± 81 4099 ± 450

Furan Furan,
2-pentyl- 97 9.99 992 1040 Fruity, green,

earthy, orange c,g 3006 ± 70 3136 ± 354 3137 ± 461 3605 ± 203 3215 ± 130

Compounds identified by: a Mass Spectra Similarity ≥ 90%; b Retention Index obtained experimentally not
exceeding ± 50 of the NIST library standard. “/” signifies no quantified compounds. Odor description was
obtained from: c [28], d [46], e [47], f [48], g [49], h [50], i [51], j [52], k [53] and l [54], respectively.

Table A2. Volatile organic compounds coming from flax fibers of NFC shaped for heat press tempera-
tures between 200 and 240 ◦C for different core temperature (2/2).

Compounds a,b

Quantification
(Mean Peak Area Units × 103 ± SD)

Core Temperature: 200 ◦C Core Temperature: From 210 to 240 ◦C

NFC
200-200

NFC
210-200

NFC
220-200

NFC
230-200

NFC
240-200

NFC
210-210

NFC
220-220

NFC
230-230

NFC
240-240

Hexenal 1735 ± 102 2198 ± 165 2319 ± 132 1910 ± 261 1891 ± 117 1983 ± 52 1148 ± 104 942 ± 128 898 ± 261
Furfural 1814 ± 507 2847 ± 404 2731 ± 553 2419 ± 531 2118 ± 173 4518 ± 232 6898 ± 1025 7586 ± 672 13,777 ± 572
Heptanal 656 ± 52 809 ± 108 790 ± 102 712 ± 74 611 ± 65 707 ± 130 592 ± 122 543 ± 39 584 ± 34

2-Heptenal, (Z)- 170 ± 11 244 ± 65 225 ± 50 196 ± 10 150 ± 48 314 ± 5 247 ± 68 260 ± 53 376 ± 36
5-Methylfurfural 104 ± 9 138 ± 33 131 ± 47 119 ± 24 109 ± 15 296 ± 55 536 ± 132 507 ± 66 1230 ± 65

Benzaldehyde 279 ± 14 434 ± 50 434 ± 50 291 ± 25 267 ± 51 630 ± 29 765 ± 143 861 ± 111 1424 ± 41
Octanal 1445 ± 106 1557 ± 102 1420 ± 79 1353 ± 119 1355 ± 131 1663 ± 33 1843 ± 187 1678 ± 158 2045 ± 422

2-Nonenal, (E)- 398 ± 51 490 ± 61 452 ± 83 415 ± 78 279 ± 83 580 ± 29 923 ± 67 772 ± 169 1104 ± 102
Decanal 3343 ± 332 2788 ± 213 2692 ± 195 2629 ± 289 3288 ± 519 2726 ± 136 3702 ± 208 3054 ± 201 944 ± 194
Vanillin 107 ± 6 205 ± 23 205 ± 23 151 ± 42 116 ± 16 261 ± 30 296 ± 80 326 ± 55 505 ± 90

2-Furanmethanol 2214 ± 352 2596 ± 377 3063 ± 312 2531 ± 163 2123 ± 482 4744 ± 159 10,918 ± 1024 15,019 ± 598 20,480 ± 2001

Acetic acid 8523 ± 1719 9880 ± 219 8895 ± 1845 7893 ± 761 6458 ± 682 8579 ± 275 10,664 ± 1240 8,748 ± 1297 13,552 ± 1545
Octanoic acid 5986 ± 637 5821 ± 422 5078 ± 1188 5590 ± 2052 5678 ± 782 7059 ± 275 8378 ± 1031 7228 ± 995 14,051 ± 2381

Furan, 2-pentyl- 3375 ± 249 4148 ± 246 40,153 ± 81 3908 ± 121 3618 ± 348 4675 ± 149 4096 ± 530 4263 ± 619 4639 ± 324

Compounds identified by: (a) Mass Spectra Similarity ≥90%; (b) Retention Index obtained experimentally not
exceeding ± 50 of the NIST library standard. “/” signifies no quantified compounds.
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Abstract: Cellulose is one of the most abundant, widely distributed and abundant polysaccharides
on earth, and is the most valuable natural renewable resource for human beings. In this study, three
different particle sizes (250, 178, and 150 µm) of Neosinocalamus affinis cellulose were extracted
from Neosinocalamus affinis powder using bio-enzyme digestion and prepared into nanocellulose
(CNMs). The cellulose contents of 250, 178, and 150 µm particle sizes were 53.44%, 63.38%, and
74.08%, respectively; the crystallinity was 54.21%, 56.03% and 63.58%, respectively. The thermal
stability of cellulose increased gradually with smaller particle sizes. The yields of CNMs for 250, 178,
and 150 µm particle sizes were 14.27%, 15.44%, and 16.38%, respectively. The results showed that the
Neosinocalamus affinis powder was successfully removed from lignin, hemicellulose, and impurities
(pectin, resin, etc.) by the treatment of bio-enzyme A (ligninase:hemicellulose:pectinase = 1:1:1)
combined with NH3·H2O and H2O2/CH3COOH. Extraction of cellulose from Neosinocalamus
affinis using bio-enzyme A, the smaller the particle size of Neosinocalamus affinis powder, the
more cellulose content extracted, the higher the crystallinity, the better the thermal stability, and
the higher the purity. Subsequently, nanocellulose (CNMs) were prepared by using bio-enzyme B
(cellulase:pectinase = 1:1). The CNMs prepared by bio-enzyme B showed a network structure and
fibrous bundle shape. Therefore, the ones prepared in this study belong to cellulose nanofibrils
(CNFs). This study provides a reference in the extraction of cellulose from bamboo using bio-enzymes
and the preparation of nanocellulose. To a certain extent, the utilization of bamboo as a biomass
material was improved.

Keywords: Neosinocalamus affinis; cellulose; nanocellulose; bio-enzymes; particle size

1. Introduction

Bamboo is a woody perennial plant of the Gramineae family. It is a potential sus-
tainable biomass energy feedstock. Bamboo includes 75 genera and 1250 species, most of
which have a short growth period, reaching maturity in about 5 years [1]. There are about
1000 species of bamboo in Asia. China alone has 44 genera and about 300 species, covering
about 33,000 km, accounting for 2%–3% of the total forest area of the country. Neosinocala-
mus affinis is one of the most planted and cultivated bamboo species in southwest China.
It has long internodes, a high cellulose content (close to that of wood), and a large fiber
length. The growth cycle is much shorter than that of wood. Scientific management of
bamboo forests can be used forever without damaging the ecological environment. This is
a characteristic that no other gramine has.

Cellulose is the main component of the cell wall of higher plants. It is the most
abundant and important organic polymer, naturally renewable. It is a very high-demand
alternative energy source worldwide, with the molecular formula (C6H10O5)n. It is a
polysaccharide, consisting of hundreds to thousands of glucose unit chains, and is found in
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abundance on the earth, with varying amounts of cellulose in different plants. Research
shows that cellulose is a promising renewable and sustainable chemical raw material [2,3].
It is widely used in paper, pharmaceuticals, packaging, textiles, automobiles, environmental
management, and other fields [4,5].

With globalization and sustainable development, there is an increasing demand for
biodegradable nanomaterials for nanotechnology. Pathak et al. prepared polycrystalline
silver indium selenide films on Si (100) substrates by vacuum evaporation at high tem-
peratures using chemometric powders. AIS nanorods were successfully synthesized by
infrared radiation with incident 200 MeV Ag+ ions at a flux of 5 × 10 ions/cm2 on Si (100)
substrates [6]. Sagadevan et al. completed the controlled synthesis of TiO2/SiO2/CdS-
nanocomposites by the hydrothermal-assisted method. Optical properties were obtained
by UV-Vis absorption spectroscopy. The optical band gap of the nanocomposites was found
to be 3.31 eV [7]. Pathak et al. prepared organic semiconductor films on glass substrates
and annealed them at 55 ◦C. The engineered band gaps of the synthesized films were
2.18, 2.35, 2.36, 2.52 and 2.65 eV. This indicates that it can be used as a new lightweight
and environmentally friendly carbon-based material for photovoltaic devices such as solar
cells [8]. Hosseini synthesized MgAl2O4/NiTiO3 nanocomposites for the removal of MeO
dyes from water by the sol-gel method. The prepared nanocomposites showed excellent
photodegradation of MeO under UV light. The photodegradation efficiency of MeO was
84% [9].

Biomass is considered an ideal alternative to fossil energy due to its low price, wide
range of sources, and renewable and sustainable characteristics [10]. Therefore, research
and development on the use of biomass energy have become a priority in many countries
around the world. The global demand for new sustainable materials has grown rapidly
in recent years, as evidenced by the UN 2030 Agenda [11]. A raw material with the
potential for many new materials is wood and cellulose pulp fibers derived from wood.
By separating the nanostructures that make up the fibers, it is possible to obtain materials
with highly interesting properties—such as nanocellulose. As the most promising biomass
nanomaterials. Nanocellulose has many advantages: biodegradable, low composite energy
consumption, good processable type, good heat resistance, strong tensile properties, high
specific surface area, high adsorption, non-cytotoxic and biocompatible. It is widely used
in biomedical, energy storage, biosorption, food packaging, electronic devices and other
fields [12,13]. There are many kinds of nanocellulose preparation methods, such as acid
hydrolysis, physical-mechanical method, enzymatic method and solvent method. Seta
et al. used a ball mill to pretreat the bamboo fibers and added maleic acid to hydrolyze the
bamboo fibers to obtain CNC. A control sample without maleic acid was also prepared.
The results showed that the CNC yields were 10.55%–24.50%. It was much higher than the
control 2.80% [14]. Mahmud et al. prepared different forms and multiple morphologies
of CNC by acid hydrolysis of medical cotton in sulfuric, hydrochloric and phosphoric
acids [15]. OKsman et al. added DMF to 0.5 wt% lithium chloride solution as a swelling
agent for cellulose, placed microcrystalline cellulose into the solution, stirred at 70 ◦C for
12 h then ultrasonically separated. The final nanocellulose with a width of about 10 nm
was obtained [16]. Chen et al. used cellulase to hydrolyze cotton pulp fibers to prepare
ribbon-shaped CNC. The results showed that when the concentration of cellulase was
low, ribbon-shaped CNCs with a length of about 250–900 nm were prepared. When the
concentration of cellulase increased at 300 µ/mL, the prepared CNCs were all granular [17].
Zhang et al. used the steam blasting method to pretreat poplar wood and then prepared
nanocellulose by bio-enzymatic-assisted ultrasonication. Its width ranged from 20 to
50 nm and had a high aspect ratio and network entanglement structure [18]. Hayashi et al.
enzymatically digested the microcrystalline cellulose of the algae of setae in a solution
of cellulase at 48 ◦C and pH 4.8. Nanocellulose with an average length of 350 nm was
obtained after 2–3 days [19]. Beltramino et al. investigated the effect of different cellulase
doses and reaction times on NCC. The results showed that the yield of NCC exceeded
80% under optimal enzymatic conditions (20 U, 2 h). Moreover, the different intensities of
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enzyme treatment resulted in a decrease in fiber length and viscosity [20]. Currently, there
are few studies related to the effect of particle size on the extraction of cellulose and the
preparation of nanocellulose. However, in other fields, the particle size is equally important
for the performance of the samples. Huang et al. prepared four different particle sizes of
beet pulp powder by ultra-fine grinding and ordinary crushing methods. The effect of beet
pulp particle size on the extraction and properties of pectin was investigated. The results
showed that as the particle size of beet pulp decreased, the extraction rate and content
of pectin gradually increased. Moreover, the viscosity showed a negative correlation
with particle size [21]. Meng et al. investigated the effect of different particle sizes of
nano-SiO2 on the properties and microstructure of cement paste. The results showed that
50 nm nano-SiO2 provided higher compressive strength than 15 nm nano-SiO2. The 15
nm nano-SiO2 provided a denser microstructure than the 50 nm nano-SiO2 [22]. Cheng
et al. prepared nano, micron and micron/nano ZnO/LDPE by melt blending using LDPE
as matrix polymer and ZnO particles with diameters of 30 nm and 1 µ as inorganic fillers.
The experimental results showed a tendency to reduce the AC breakdown field strength of
all composites. However, the reduction in micron ZnO/LDPE is lower than that in nano
ZnO/LDPE [23].

There are many reports on the preparation of nanocellulose by bio-enzymatic methods.
However, there are fewer reports on the extraction of cellulose from bamboo using bio-
enzymatic methods. Moreover, the range of cellulosic raw materials selected for the
preparation of nanocellulose is relatively narrow, mainly including wood, pulp fibers
and bacterial cellulose [24]. In comparison with other traditional methods, biological
enzymes have specificity, mild enzymatic process conditions, and enzyme reagents are
renewable resources. The bio-enzymatic method greatly reduces energy consumption,
reduces the use of chemicals, and avoids problems such as pollution of the environment
during the experimental process. It is of great significance to ecologically sustainable
development. However, the reaction conditions (amount of enzyme, reaction time and
reaction temperature, etc.) for the extraction of cellulose by bio-enzymatic methods and the
preparation of nanocellulose are more demanding. The preparation efficiency is relatively
slow. The presence of these factors hinders the industrialization of cellulose extraction by
bio-enzymatic methods and the preparation of nanocellulose.

In this study, three different particle sizes (250, 178, and 150 µm) of Neosinocalamus
affinis powder were selected, following the single variable principle. Cellulose was ex-
tracted by using bio-enzyme A (ligninase:hemicellulose:pectinase = 1:1:1) in combination
with NH3·H2O and H2O2/CH3COOH, and characterized and analyzed using Fourier
Transform infrared spectroscopy (FTIR), X-ray Diffraction (XRD), Thermogravimetric anal-
ysis (TG) and Carbon nuclear magnetic resonance spectra (13C-NMR). The nanocellulose
was prepared by bio-enzyme B (cellulase:pectinase = 1:1), and characterized and analyzed
for morphology and structural dimensions. The results of this study will help to improve
the utilization of bamboo materials, expand the sources of cellulose as well as nanocellulose
raw materials and explore greener methods of cellulose extraction and preparation of
nanocellulose.

2. Materials and Methods
2.1. Materials and Reagents

Material: Neosinocalamus affinis (Kunming, China). Neosinocalamus affinis was
crushed through a high-speed multifunctional crusher, passed through 60 mesh sieve
(250 µm particle size), 80 mesh sieve (178 µm particle size) and 100 mesh sieve (150 µm
particle size). 105 ± 2 ◦C oven dried for 24 h and stored for spare.

Chemical reagents: Ammonia solution (NH3·H2O), Hydrogen peroxide (H2O2) and
Glacial acetic acid (CH3COOH) were purchased from Yunnan Shuoyang Biological Com-
pany, Ltd, Shuoyang, China. Pectinase (CAS: 9032-75-1), hemicellulose (CAS: 9025-56-3),
ligninase (CAS: 80498-15-3) and cellulase (CAS: 9012-54-8) were purchased from Aladdin
Biotechnology Co., Ltd. (Shanghai, China). The pectinase activity was 100,000 U/g, hemi-
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cellulase activity was 30,000 U/g, ligninase activity was 500 U/g and cellulase activity was
10,000 U/g. Analytical purity-grade reagents were used in all experiments.

2.2. Experiment Equipment

Constant temperature magnetic stirrer (C-MAG HS 7, Hangzhou Aipu Instruments
Company Limited, Hangzhou, China). High-speed Multi-functional Crusher (XY-100,
Yongkang Songqing Hardware Factory, Yongkang, China). Electric Heat Blast Dryer
(DHG-9003, Shanghai Yiheng Scientific Instruments Company Limited, Shanghai, China).
Electronic balance (BSM220, Shanghai Zhuojing Electronic Technology Company Limited,
Shanghai, China). Thermostatic water bath (B220, Shanghai Yarong Biochemical Instrument
Factory, Shanghai, China).

2.3. Cellulose Extraction

The method of extracting cellulose is shown in Figure 1. Take the above particle size
of 250, 178, and 125 µm of Neosinocalamus affinis powder (10 g) first add the appropriate
amount of NH3·H2O pretreatment 25 ◦C soaked for 24 h, using distilled water rinse filter
to neutral, 105 ± 2 ◦C constant temperature drying. The purpose of this is to soften the
Neosinocalamus affinis pellets and to treat the sample with alkali to remove some of the
hemicellulose and lignin. Then, an appropriate amount of H2O2/CH3COOH (1:1) was
added to the pretreated cichlid pellets for bleaching and partial removal of lignin in a
constant temperature water bath at 70 ◦C for 10 h. After acid treatment, the samples
were filtered and washed with distilled water until the filtrate was neutral and dried at
105 ◦C ± 2 ◦C. Finally, 10% ligninase solution, 5% hemicellulase solution and 5% pectinase
solution were configured and calibrated. Add an appropriate amount of 10% ligninase
solution, 5% hemicellulase solution, and 5% pectinase solution (1:1:1) to the sample after
ammonia pretreatment and acid treatment and put it into magnetic stirring. The samples
were treated at a constant temperature of 50 ◦C and stirring speed of 800–1200 r/min for
240 min to remove residual lignin, hemicellulose and impurities (e.g., resins, pectin, etc.).
Afterward, the filtered samples were rinsed with plenty of distilled water until clean and
dried at a constant temperature of 105 ± 2 ◦C.
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2.4. Preparation of Nanocellulose (CNMs)

Nanocellulose was prepared using a bio-enzyme method [24] with slight modifications,
as shown in Figure 2. Take the above cellulose (0.5 g) extracted from different particle sizes
into a beaker and add 20 g of zirconia grinding beads (0.1 mm diameter). Configure and
fix the volume of 5% cellulase solution and 5% pectinase solution, and add 15 mL each
of cellulase solution and pectinase solution to the beaker. Then place it in a 100 ◦C water
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bath for 20 min and sonicate for 30 min. The purpose of this is to inactivate bio-enzymes.
Afterward, the precipitate was collected and diluted with distilled water by centrifugation
at 8000 r/min for 10 min to wash away the biological enzyme impurities and repeated five
times. Finally, stir (800–1200 r/min) at room temperature for 30 min, sonicate for 30 min
and repeat several times until the suspension is formed. The suspension was freeze-dried
into a powder to obtain Neosinocalamus affinis nanocellulose (CNMs).
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2.5. Material Characterization

The chemical composition was determined and the extracted cellulose was character-
ized using Fourier transform infrared spectroscopy (FTIR), X-ray diffractometry (XRD), ther-
mogravimetric analysis (TGA), and 13C-NMR. Morphological characterization of nanocel-
lulose (CNMs) was performed using field emission scanning electron microscopy (SEM)
and transmission electron microscopy (TEM).

2.5.1. Determination of Chemical Composition

Lignin content was determined according to the Chinese standard GB/T2677. 8-94
(Determination of acid-insoluble lignin content of paper raw materials). Holo-cellulose
content was determined according to the Chinese standard GB/T2677. 10-1995 (Determina-
tion of Holo-cellulose content of paper raw materials). α-cellulose content was determined
according to the Chinese standard GB/T744-1989 (Determination of α-cellulose of pulp).
The hemicellulose content was calculated according to Equation (1), and the experiment
was repeated three times, and the results were averaged.

Hemicellulose content (%) = Holo-cellulose content (%) − α-cellulose content (%) (1)

2.5.2. FTIR

The samples were dried with KBr, mixed at a mass ratio of 1:100 and then ground
and pressed. The samples were examined by a Varian 1000 Fourier transform infrared
spectrometer (FTIR, Varian, Palo Alto, CA, USA) with a scan range of 400–4000 cm−1 at a
resolution of 4 cm−1 and the spectra were collected for an average of 32 scans. The main
absorption peaks were determined using ORIGIN (2018) software.

2.5.3. XRD

XRD was used to study the crystallinity of the samples. The samples were scanned
using a LabX6000 X-ray diffractometer from Shimadzu, Kyoto, Japan, at 40 kV and 30 mA
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current and in the diffraction angle range of 10◦–60◦. Equation (2) [25] was used to calculate
the crystallinity index (CrI) of the samples:

CrI (%) =
I200 − IAm

I200
× 100% (2)

CrI is the crystallinity index. I200 is the intensity of the diffraction peak near 2θ = 22◦

on the 200-crystal plane, which is the diffraction intensity of the crystalline region. IAm is
the intensity of the lattice diffraction peak near 2θ = 15.7◦, which is the diffraction intensity
of the amorphous region.

2.5.4. TGA

The samples were analyzed by TGA using a Pyris Diamond thermogravimetric an-
alyzer from Pekin-Elmer, Waltham, MA, USA. The thermogravimetric (TG) curves and
derivative thermogravimetric (DTG) curves were recorded from 30 to 600 ◦C at a constant
heating rate of 10 ◦C/min under nitrogen gas.

2.5.5. 13C-NMR

A small amount of cellulose was dissolved in deuterated dimethyl sulfoxide, and
13C-NMR spectra of the samples were recorded using Bruker (Billerica, MA, USA) MSI400
spectroscopy at 25 ◦C and 62.9 MHz with a MAS rate of 3 kHz. Each spectrum was obtained
by accumulating 5000 scans. The delay time was 60 s with a proton 90 (pulse width of
9 mm and contact time of 2 ms for cross-polarization).

2.5.6. Calculation of CNMs Yield and Viscosity Determination

The CNMs suspension was prepared by stirring, sonication and centrifugation by
homogeneous dispersion of CNMs in water. The CNMs yield was determined by weight
analysis and Yield (%) was calculated according to Equation (3) [26]:

Y (%) =
(m1 − m2)V1

m3V2
(3)

In Equation (3), Y-yield of CNMs, %; m1-total mass of the sample and sealed bag after
freeze-drying, g; m2-mass of the sealed bag, g; m3-mass of Neosinocalamus affinis cellulose,
g; V1-total volume of CNMs suspension, mL; V2-volume of CNMs suspension used for
freeze-drying, mL.

The viscosity of CNMs suspension was measured at 25 ◦C using an SNB-2 digital
viscometer (Shanghai Heng ping Instrument Factory, Shanghai, China). The measurement
was performed according to Chinese standard GB/T 14074-2017 (Test method for adhesives
and their resins for the wood industry). The experiment was repeated three times, and the
results were averaged.

2.5.7. TEM

The microstructure of nanocellulose was studied by transmission electron microscopy
(TEM, JEM 2100, Japan Electronics Co., Ltd., Tokyo, Japan) at an accelerating voltage of
200 kV. A drop of nanocellulose suspension (0.1 wt%) was placed on a copper grid and
dried at room temperature. CNMs powder was prepared from the CNMs suspension and
homogeneously mixed with KBr.

2.5.8. SEM

The samples were placed on a copper grid, sprayed with gold by an ion sputterer, and
then analyzed, observed and photographed by field emission scanning electron microscopy
for sample morphology images. The samples were characterized using an SEM instrument
(JEOL JSM-7100 F, Tokyo, Japan) at a voltage of 15 kV.
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3. Analysis and Discussion
3.1. Chemical Composition

Table 1 shows the cellulose content extracted from three different particle sizes of
Neosinocalamus affinis powder. Table 1 shows that the cellulose content of 250, 178 and
150 µm of Neosinocalamus affinis was 53.44%, 63.38% and 74.08%, respectively. The results
showed that the highest cellulose content was extracted from 150 µm of Neosinocalamus
affinis powder. This is because the smaller particle size has a larger surface area and thus
a larger surface area is exposed. This allows smaller particle sizes to react more readily
with bio-enzymes than larger particle sizes, resulting in the easier removal of lignin and
hemicellulose [27].

Table 1. Content of cellulose extracted from different particle sizes of Neosinocalamus affinis powder.

Chemical Compound 250 µm 178 µm 150 µm

Celluloses (%) 53.44 63.38 74.08
Hemicellulose (%) 14.72 10.62 7.59

Lignin (%) 7.60 4.35 3.55

3.2. FTIR Spectra of Cellulose

FTIR spectroscopy can visually determine the structural changes of the sample mate-
rial. The FTIR spectra of cellulose extracted from three different particle sizes of Neosinocala-
mus affinis powder are shown in Figure 3. The attribution of some peaks of FTIR absorption
is summarized in Table 2. The infrared spectra showed that almost all absorption peaks of
the Neosinocalamus affinis powder were present in the spectrum of the extracted cellulose.
There are wider and stronger absorption bands near 3370 cm−1 in the spectra of cellulose
extracted from different particle sizes in Figure 3, which is the stretching vibration peak of
O–H in cellulose. The C–H induced stretching vibration peak near 2900 cm−1 [28,29]. Near
1640 cm−1 is the stretching vibration peak caused by –OH, which is the signal absorption
peak of water molecules in cellulose [30]. The absorption peak near 1500 cm−1 is the
stretching vibration peak caused by C=C in lignin [31]. The absorption peaks of curves b,
c, and d here gradually weaken and disappear. The absorption peak near 1114 cm−1 is a
stretching vibration peak caused by C–O–C in pyranose. The peak near 890 cm−1 is the
absorption peak of the β-D glucosidic bond in cellulose, which is a characteristic peak of
cellulose [32,33]. The cellulose characteristic peaks in curves b, c, and d were increased due
to the removal of lignin and hemicellulose compared with curve a. The cellulose content of
Neosinocalamus affinis was increased due to the removal of lignin and hemicellulose. The
intensity of the cellulose characteristic peaks was relatively enhanced. FTIR spectroscopy
showed that bio-enzyme A combined with NH3·H2O and H2O2/CH3COOH could effec-
tively remove lignin and hemicellulose from Neosinocalamus affinis. It disintegrates the
strong surface structure of Neosinocalamus affinis and releases cellulose. It is favorable for
the resource utilization of Neosinocalamus affinis cellulose.

Table 2. Characteristic peaks of some groups in the infrared spectrum.

Wave Number (cm−1) Attribution of Characteristic Absorption Peaks References

3370 O–H stretching vibration (hydrogen bonding) [28]
2290 CH2 asymmetric stretching vibration [29]
1640 O–H bending vibration (absorption of H2O), conjugated to C=C [30]
1500 C=C stretching vibration [31]
1162 C (1)–O–C (4) symmetric stretching vibration (sugar ring linkage bond characteristic peak) [34]
1114 C (1)–O–C (5) intra-face pyranose ring asymmetric stretching vibration [32]
1087 C (3)–OH stretching vibration [35]
1030 C (6)–OH stretching vibration [35]
890 C (1)–H asymmetric stretching vibration outside the face β-D glucosidic bond characteristic [33]
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cellulose; (d) 150 µm cellulose.

3.3. XRD Spectral Characteristics of Cellulose

Cellulose consists mainly of crystalline and amorphous regions formed by intra- or
intermolecular (hydrogen bonding, van der Waals forces) interactions [36]. The crystallinity
indices of cellulose extracted from three different particle sizes of Neosinocalamus affi-
nis powder were analyzed by XRD. The crystallinity of cellulose affects its mechanical
properties. Moreover, high crystallinity is more effective in enhancing the properties of
cellulose in composites [37]. The XRD diffraction pattern is shown in Figure 4. Three
distinct crystalline peaks are observed in the cellulose diffraction pattern, all samples have
diffraction peaks at 2θ = 15.7◦, 2θ = 22.2◦, 2θ = 34.7◦. The diffraction peaks out of 22.2◦

and 34.7◦ are attributed to (200) and (004) reflections. It is shown that all samples have a
typical cellulose type I crystal structure [38,39]. Although a series of chemical treatments
did not destroy the crystalline structure of the cellulose, its crystallinity was altered. In
Figure 4, it can be seen that curve c has a steeper diffraction peak for I200 compared with
curves a and b. After the calculation of Equation (2) and Table 3, it is known that the
crystallinity of 250 µm is 54.21%, 178 µm crystallinity is 56.03%, and 150 µm crystallinity is
63.58%. XRD further demonstrated that the combination of bio-enzyme A with NH3·H2O
and H2O2/CH3COOH successfully removed the most difficult to remove lignin from the
biomass, and also removed hemicellulose and impurities (such as gum, resin, etc.). Thus,
the crystallinity of cellulose is improved. The XRD results showed that the reaction contact
area of the Neosinocalamus affinis powder became larger as the particle size became smaller.
This has more degradation of cellulose non-crystalline region by using bio-enzymes, which
makes cellulose crystallinity increase.

74



Coatings 2022, 12, 1734

Coatings 2022, 12, x FOR PEER REVIEW 9 of 17 
 

 

destroy the crystalline structure of the cellulose, its crystallinity was altered. In Figure 4, 
it can be seen that curve c has a steeper diffraction peak for I200 compared with curves a 
and b. After the calculation of Equation (2) and Table 3, it is known that the crystallinity 
of 250 μm is 54.21%, 178 μm crystallinity is 56.03%, and 150 μm crystallinity is 63.58%. 
XRD further demonstrated that the combination of bio-enzyme A with NH3·H2O and 
H2O2/CH3COOH successfully removed the most difficult to remove lignin from the bio-
mass, and also removed hemicellulose and impurities (such as gum, resin, etc.). Thus, the 
crystallinity of cellulose is improved. The XRD results showed that the reaction contact 
area of the Neosinocalamus affinis powder became larger as the particle size became 
smaller. This has more degradation of cellulose non-crystalline region by using bio-en-
zymes, which makes cellulose crystallinity increase. 

5 10 15 20 25 30 35 40 45 50 55 60

004

c

b
In

te
ns

ity
 (c

ou
nt

s)

2θ (°)

a

200

 
Figure 4. XRD spectra: (a) 250 μm cellulose; (b) 178 μm cellulose; (c) 150 μm cellulose. 

Table 3. The crystallinity of cellulose extracted from different particle sizes of Neosinocalamus af-
finis powder. 

Particle Size 
(μm) 

CrI 
(%) 

250 54.21% 
178 56.03% 
150 63.58% 

3.4. Thermal Characterization of Cellulose 
Thermal analysis was performed on cellulose extracted from different particle sizes 

of Neosinocalamus affinis. Figure 5 shows the TG and DTG curves of cellulose extracted 
from different particle sizes. Near the first stage (0~110 °C), 250, 178, and 150 μm have 
about 6.28%, 7.50%, and 4.66% thermal weight loss, respectively. This is due to the evap-
oration of water from the sample [40]. In the second stage, between approximately 
200~400 °C, the glycosidic bonds of cellulose begin to break and a large amount of cellu-
lose begins to be cleaved [41]. The heat loss rate of 250, 178 and 150 μm at this stage is 
about 70%, 75% and 68%, respectively. The DTG curve shows that the weight loss rate of 
150 and 178 μm is less than that of 250 μm, so the heat resistance of 250 μm is worse. The 
third stage starts from about 400 °C to the completion of pyrolysis [42]. The residues de-
composed slowly, and the residues were mainly non-decomposable ash, with residual 
amounts of 13.09%, 11.15%, and 14.03%, respectively. The above pyrolysis-related param-
eters can be combined to assign a composite index D to characterize the ease of pyrolysis 
of cellulose. The smaller the composite index D, the better its thermal stability [43]. 

Figure 4. XRD spectra: (a) 250 µm cellulose; (b) 178 µm cellulose; (c) 150 µm cellulose.

Table 3. The crystallinity of cellulose extracted from different particle sizes of Neosinocalamus affinis
powder.

Particle Size
(µm)

CrI
(%)

250 54.21%
178 56.03%
150 63.58%

3.4. Thermal Characterization of Cellulose

Thermal analysis was performed on cellulose extracted from different particle sizes of
Neosinocalamus affinis. Figure 5 shows the TG and DTG curves of cellulose extracted from
different particle sizes. Near the first stage (0~110 ◦C), 250, 178, and 150 µm have about
6.28%, 7.50%, and 4.66% thermal weight loss, respectively. This is due to the evaporation
of water from the sample [40]. In the second stage, between approximately 200~400 ◦C,
the glycosidic bonds of cellulose begin to break and a large amount of cellulose begins to
be cleaved [41]. The heat loss rate of 250, 178 and 150 µm at this stage is about 70%, 75%
and 68%, respectively. The DTG curve shows that the weight loss rate of 150 and 178 µm is
less than that of 250 µm, so the heat resistance of 250 µm is worse. The third stage starts
from about 400 ◦C to the completion of pyrolysis [42]. The residues decomposed slowly,
and the residues were mainly non-decomposable ash, with residual amounts of 13.09%,
11.15%, and 14.03%, respectively. The above pyrolysis-related parameters can be combined
to assign a composite index D to characterize the ease of pyrolysis of cellulose. The smaller
the composite index D, the better its thermal stability [43].

D =
(dw/dt)max(dw/dt)meanV∞

TsTmax∆T1/2

(4)

In addition, the following main parameters of the reaction pyrolysis characteristics
commonly used are known from the TG/DTG curves and related calculations: pyroly-
sis initial temperature Ts; maximum pyrolysis weight loss rate (dw/dt)max; peak temper-
ature Tmax corresponding to (dw/dt)max; average pyrolysis weight loss rate (dw/dt)mean;
maximum pyrolysis weight loss rate V∞; temperature interval ∆T1/2 corresponding to
(dw/dt)/(dw/dt)max = 1/2 of the temperature interval ∆T1/2. The D values are calculated by
Equation (4) (Table 4) and the above data show that the D values of 250, 178, and 150 µm
cellulose are 5.82 × 10−6, 5.56 × 10−6, and 4.87 × 10−6, respectively. The TG/DTG curves
further demonstrated the effective removal of hemicellulose and lignin by the treatment
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with bio-enzyme A combined with NH3·H2O and H2O2/CH3COOH. Cellulose content
was increased. In other words, the thermal stability of cellulose is improved due to the
removal of lignin and hemicellulose, which have poor thermal stability. The results show
that as the particle size becomes smaller, the overall index D value also becomes smaller. It
indicates that the purity and thermal stability of cellulose are higher and better.
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Table 4. Pyrolytic properties of cellulose.

Particle Size
(µm)

(dw/dt)max
(%/◦C)

(dw/dt)mean
(%/◦C)

V∞
(%)

TS
(◦C)

Tmax
(◦C)

∆T(1⁄2)
(◦C) D

250 −17.30 −1.53 86.913 309.36 339.60 37.61 5.82 × 10−6

178 −19.99 −1.57 88.850 312.58 340.30 47.18 5.56 × 10−6

150 −17.31 −1.51 85.965 316.87 337.40 43.19 4.87 × 10−6

3.5. 13C-NMR Characterization of Cellulose

The cellulose was further analyzed in combination with 13C-NMR because of its more
complex structure. Based on the above series of characterization, the best Neosinocalamus
affinis cellulose (150 µm particle size) was selected and characterized by 13C-NMR. Figure 6
shows the 13C-NMR spectra of 150 µm Neosinocalamus affinis cellulose. The peak at
63.11 ppm is caused by the C6 glucopyranose repeat unit in cellulose. Peaks around 72.54,
73.91 and 75.35 ppm are caused by C2, C3 and C5. The peak at 84.4 ppm is caused by C4
in the non-crystalline region of cellulose. No significant characteristic peak appears at
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84.44 ppm in Figure 6. It indicates that the 150 µm Neosinocalamus affinis cellulose was
preferentially degraded in the non-crystalline region after the treatment. The resulting in-
crease in crystallinity of the cellulose is in general agreement with the XRD characterization
results. The absorption peak at 101.66 ppm belongs to C1 of glucose in cellulose [44].
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3.6. CNMs Yield and Viscosity Analysis

To study in-depth the preparation of nanocellulose using bio-enzymes, the extracted
cellulose was prepared into nanocellulose by bio-enzyme B. Figure 7 shows the preparation
of CNMs from cellulose extracted from different particle sizes by bio-enzyme B. The yield
of CNMs was calculated by Equation (3). The figure shows that the yield of CNMs was
14.27% for 250 µm, 15.44% for 178 µm and 16.38% for 150 µm, respectively. It was clearly
shown that the yield of CNMs gradually increased as the particle size of Neosinocalamus
affinis cellulose decreased and the contact area of the reaction became larger. Owing to the
small particle size, the reaction contact area is large. By the synergistic action of pectinase
and cellulase, the endonuclease in cellulase effectively promotes the breakage of molecular
chains in the amorphous region of cellulose [45].

Figure 8 shows the CNMs suspensions prepared from three different particle sizes of
Neosinocalamus affinis cellulose. The CNMs suspensions were in translucent colloidal form
with concentrations of about 0.097 wt%, 0.102 wt%, and 0.119 wt%. The concentration of
the nanocellulose suspension affects its dispersion state, from stable suspension to gel state
as the concentration increases [46]. The CNMs suspensions prepared in this experiment
were relatively low in concentration and presented a relatively stable suspension state.

From Table 5, it can be learned that the viscosities of the prepared CNMs suspensions
were 18.79, 20.21, and 22.64 mPa·s. The viscosity of CNMs suspension was found to increase
with the increase in concentration. Moreover, the viscosity was negatively correlated with
the particle size. This may be due to the relatively high yield and concentration of CNMs
with a particle size of 150 µm, which makes the viscosity of the suspension relatively large
as well. Then the CNMs suspension was left at room temperature for a certain period. It
was found that there was no significant change in the suspension of CNMs with 150 µm
particle size (e.g., precipitation, stratification, etc.), and the suspension was still relatively
turbid. The results showed that the suspension of CNMs with 150 µm particle size had
better stability and the highest ratio of nano/microfibrils in the suspension [47,48].
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Figure 8 shows the CNMs suspensions prepared from three different particle sizes of 
Neosinocalamus affinis cellulose. The CNMs suspensions were in translucent colloidal 
form with concentrations of about 0.097 wt%, 0.102 wt%, and 0.119 wt%. The concentra-
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periment were relatively low in concentration and presented a relatively stable suspen-
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Table 5. The viscosity of CNMs suspensions with different particle sizes.

Particle Size
(µm)

Concentration
(wt%)

Viscosity
(mPa·s)

250 0.097 18.79
178 0.102 20.21
150 0.119 22.64

Due to the relatively high concentration, yield and viscosity of the CNMs prepared
at 150 µm particle size, the CNMs suspension was more stable and had the highest ratio
of nano/microfibrils. Therefore, the CNMs prepared at 150 µm particle size were further
analyzed (TEM, SEM) for their morphological characteristics and dimensions.

3.7. TEM Analysis

Figure 9 shows the transmission electron microscopy images of CNMs prepared from
150 µm particle size of Neosinocalamus affinis powder using bio-enzyme B. Figure 9 shows
that the CNMs prepared in this study were in the form of fibrous bundles and cross-twisted
with each other. It is due to the amorphous region in the internal structure of cellulose,
which causes CNMs to exhibit aggregation [49]. Figure 9 shows that the CNMs prepared in
this study are cellulose nanofilaments (CNFs).
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3.8. SEM Analysis

Figure 10 shows the electron micrographs of CNFs prepared from Neosinocalamus
affinis powder with a particle size of 150 µm. CNFs in Figure 10 show irregular fibrous
bundles. It is because the hemicellulose outside the microfiber inhibits the cleavage and
cleavage of the microfiber by cellulase [50]. The average diameter of the CNFs measured
and calculated by Image J software was 74 nm. The microstructure of the prepared CNFs
can be seen in Figure 10 as a network structure. The nanofibers entangle the fibers in the
network structure. It is caused by the interaction between the hydroxyl groups [51]. This
network formation capability is an important feature of nanocellulose. This structure greatly
increases the regional interface for bonding with the composite and plays a toughening role
in the composite [52]. The analysis showed that the prepared CNFs were in the nanoscale
range. They can be added to the composites as a toughening component to improve the
properties of the composites.
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Figure 10. SEM of CNMs.

4. Conclusions

In this study, cellulose was extracted and nanocellulose was prepared from three
different particle sizes (250, 178, and 150 µm) of Neosinocalamus affinis using a bio-
enzyme method. The results showed that the highest cellulose content (74.08%), the highest
crystallinity (63.58%), the highest purity and the best thermal stability were extracted
from the Neosinocalamus affinis powder with a particle size of 150 µm. The highest
yield (16.38%) of nanocellulose was prepared from Neosinocalamus affinis powder with a
particle size of 150 µm. The concentration (0.119 wt%) and viscosity (22.64 mPa·s) of the
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nanocellulose suspension were relatively the highest. The nanocellulose exhibits a network
structure. This network structure can play a toughening role. As a toughening component,
it can be compounded with other materials to improve the toughness of the composite
material.

Studies have shown that the smaller the particle size of Neosinocalamus affinis, the
easier it is to react with bio-enzymes. The higher the content and purity of the extracted
cellulose, the better the thermal stability and the higher the crystallinity. The smaller the
particle size, the higher the yield of the prepared nanocellulose. The concentration and
viscosity of the nanocellulose suspension are also relatively higher. The results illustrate the
feasibility of cellulose extraction and preparation of nanocellulose from bamboo using the
bio-enzyme method. The source of raw materials for cellulose extraction and preparation
of nanocellulose using the bio-enzyme method was expanded to improve the utilization of
bamboo as a biomass material.
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Abstract: Wood is an organic renewable natural resource. Cellulose, hemicellulose and lignin in
wood are used in tissue engineering, biomedicine and other fields because of their good properties.
This paper reported that the possibility of wood fiber gel material molding and the preparing of gel
material were researched based on the wood fiber gel material as a 3D printing material. A five-degree
of freedom hybrid three nozzle 3D printer was designed. The structural analysis, static analysis,
modal analysis and transient dynamic analysis of 3D printers were researched, and the theoretical
basis of the 3D printer was confirmed as correct and structurally sound. The results showed that the
5-DOF hybrid 3-nozzle 3D printer achieved the 3D printing of wood fiber gel material and that the
printer is capable of multi-material printing and multi-degree-of-freedom printing.

Keywords: gel material; wood material; 3D printer; design and analysis

1. Introduction

3D printing is an additive manufacturing technology used in aerospace, biomedicine,
food, construction, industrial manufacturing, new materials and other fields [1]. As one
of the technologies of the third industrial revolution, it has started to enter the consumer
market after continuous development and research from the beginning of its development
to the present day [2]. These 3D printers also have different structures and functions accord-
ing to different materials. Currently, there are three main types of 3D printing materials,
non-metallic materials, metallic materials and biomaterials. Among them, non-metallic
materials mainly include photosensitive resins, polylactic acid, plastics, ceramics and so on.
In pursuit of a green, low-carbon and sustainable development concept, researchers are
also looking for natural materials for 3D printing. Wood, as a natural renewable resource,
has attracted the attention of researchers. Through the rational use of tree resources, it
can solve the material problem and add a way of wood utilization, which has important
significance and good development prospects [3].

Wood is composed of primarily organic matter and a small amount of inorganic matter.
The former includes mainly cellulose, hemicellulose and lignin, which may amount to
over 90% of its biomass [4]. Cellulose, one of the main components of plants, is also
the most naturally abundant and sustainable polymeric raw material. Due to its various
excellent properties and wide range of sources, cellulose is already used in the commercial
production of products. In the field of 3D printing, cellulose is also present in solid printing
as a structural reinforcement [5], binder [6,7] and thickener [8].

Hemicellulose is a naturally occurring polysaccharide polymer, second only to cellu-
lose, which is a branched amorphous heteropolysaccharide, consisting of five main types
of xylan, glucomannan, arabinoglycan, galactan and dextran [9]. Despite being one of the
most abundant natural polymers, hemicellulose is underutilised. Although hemicellulose
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has great potential in the field of 3D printed condensation, there is currently very little
3D printing of hemicellulose. The main hemicellulose materials used for 3D printing are
in their derivative form with other polymers for 3D printing [10] and require extensive
chemical modification and various post-printing processes [11].

Like cellulose and hemicellulose, lignin is a natural polymer with reproducibility,
biodegradability and biocompatibility. Lignin, a major component of chemical pulp black
liquor, is the world’s second most abundant natural polymer and the only renewable raw
resource that contains considerable amounts of aromatic hydrocarbons [12]. The structural
properties of lignin facilitate the synthesis of useful chemicals, fuels and low mass molecules
and are also consistent with sustainable development and a reduced carbon footprint. It
is attracting increasing global attention and is showing great economic potential for a
variety of high-value bioproducts, including the 3D printing of biomaterials [13]. In terms
of current research on the use of lignin and its derivatives as biomass materials for 3D
printing, lignin can be physically or chemically blended with other components, such as
polylactic acid (PLA) [14], to take advantage of the strengths of each material component
after material compounding to achieve excellent 3D printing. Through chemical cross-
linking, physical cross-linking and interpenetrating polymer network methods, wood gel
materials are prepared for direct ink 3D printing and the complete printing of wood fiber
gel materials. This is a new means of utilizing wood resources, which not only extends
the range of 3D printing materials but also provides a new way to diversify the use of
wood [15].

Due to the different properties of wood fiber gel materials, the forming mechanism
of 3D printing and the structure and function of 3D printers are also different. In this
study, wood fiber extracted from a branch, waste wood and wood scraps of Cunninghamia
lanceolate. Using wood fiber gel material as the base material for 3D printing, the basic
characteristics of wood fiber gel material printing and forming are studied, and a 3D
printer corresponding to wood fiber gel material is designed according to the material
characteristics, providing a way to use the wood resources. The 3D printer also has the
ability to print three materials on the same platform with different printheads and is
complemented by five degrees of freedom of movement for print versatility. Finally, it
also provides equipment support for the subsequent wood fiber composite printing of
biomimetic wood.

2. Materials and Methods
2.1. Materials and Equipment

Cellulose, hemicellulose and lignin were extracted from cedar wood powder. Sodium
hydroxide (AR analytical purity-flakes, purity ≥ 96.0%), Chengdu Jinshan Chemical
Reagent Co. Chitosan (AR analytical purity—off-white powder or flakes, purity ≥ 96.0%),
Sinopharm Chemical Co. Acetic acid (AR analytical purity, purity ≥ 99.5%), Shanghai
Aladdin Biochemical Technology Co. Urea (AR analytical purity—pellets, purity ≥ 99.0%),
Sinopharm Chemical Co. Epichlorohydrin (AR Analytical purity, purity≥ 98.0%), Shanghai
Aladdin Biochemical Technology Co. Hydrochloric acid (AR analytical purity—liquid, pu-
rity ≥ 36.0%~38.0%), Shan Dian Pharmaceutical Co. Colouring agent (green), Guangdong
Timothy Colour Food Colour Technology Co. Distilled water, homemade.

Collective thermostatic heating magnetic stirrer, Type DF-101S, Henan Province Yuhua
Instruments Co. Rheometer: MARS III type, Germany HAAKE company. Vacuum drying
oven: type DZF, Beijing Kewei Yongxing Instruments Co.

2.2. Cellulose Gel Material Preparation

An aqueous base system of sodium hydroxide, urea and distilled water (7:12:81
by mass) was used as the solvent, to which cellulose was added while stirring with an
electromagnetic centrifugal stirrer until all the cellulose powder was dispersed in the
solution and a milky-white solution without visible powder aggregates was formed. The
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prepared cellulose suspension was stored in a refrigerator at −10 ◦C for 4–6 h and removed
to obtain a clear cellulose gel [16,17] as shown in Figure 1a.
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2.3. Hemicellulose Gel Material Preparation

Mix hemicellulose and chitosan in a ratio of 6:4 in deionized water and add hydrochlo-
ric acid to adjust the pH value to 4. Heat the solution to 95 ◦C and keep it for 20 min to form
a suspension of hemicellulose powder dissolved without cellulose suspension, then put it
in the refrigerator at −12 ◦C for 4–6 h and take it out to prepare hemicellulose gel [18,19] as
shown in Figure 1b.

2.4. Lignin Gel Material Preparation

Chitosan solution was prepared by dissolving 2.5 g of chitosan in 100 mL of 2.5 v/v %
acetic acid, and lignin solution was prepared by dissolving 1 g of alkaline lignin in 10 mL
of water. The chitosan solution and lignin solution were then mixed and chilled in a
refrigerator at −10 ◦C for 5 h, and then removed and stored at 20 ◦C for half an hour to
form a lignin gel [20] as shown in Figure 1c.

2.5. Rheology Tests

Using a HAAKE MARS III rheometer at a constant shear rate, cellulose gels (using
a temperature ramp of 2 ◦C/min with a start temperature of 10 ◦C and measurements
stopped at 80 ◦C) and hemicellulose gels (using a temperature ramp of 5 ◦C/min with a start
temperature of 20 ◦C and measurements stopped at 140 ◦C), the pattern of viscosity change
and maximum gelling temperature were measured. The gelling point was determined
using Thermo Scientific HAAKE RheoWin software. (version 4.63.0004, Germany HAAKE
company).

3. Results and Discussion
3.1. Gelation Point Analysis

The structural design of 3D printers is closely related to the forming materials, and the
forming and curing mechanisms of different materials vary. For the analysis of wood gel
material properties, the rheological properties of the material were experimented with the
data obtained from the experiments and analyzed to obtain the characteristics of the wood
fiber gel material, as shown in Figure 2.

Both cellulose and hemicellulose gels show a reduction in viscosity at the beginning of
the test, which is a shear thinning characteristic and fits well with the printing characteristics
of direct ink technology. This is a shear thinning characteristic that is very much in line with
the printing characteristics of direct ink writing technology. It can also be seen that the wood
fiber gel material shows a tendency to increase in viscosity with higher temperatures, and
the graph shows that cellulose produced a mutation condition near 52 ◦C and hemicellulose
produced a mutation near 80 ◦C. The reason for the mutation is due to the curing and
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molding of the wood fiber gel material [21,22]. Therefore, in the process of designing 3D
printers of wood fiber gel materials, the molding process needs to be designed around the
material properties.
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3.2. Printer Type Selection

Currently, the main technologies applicable to the additive manufacturing of wood
materials are FDM technology, which is used for hot-melt cold-set wood–plastic compos-
ites [22], and DIW technology, which is used for direct forming or externally formed flowing
materials [23]. As the wood component prepared the printing material like a gel while
combining different printing consumables, the researchers explored the use of external
effects to assist the 3D printing process, such as light [23], rotation [24]. In addition, it can
enable the 3D printing of materials, such as cyclopentadiene titanium [23] and short carbon
fiber epoxy composites [24]. Those can further increase the additive technology applica-
bility [25]. In Figure 3, 3D printer-assisted devices are shown. Based on the experimental
data in Figure 2, it is also known that the prepared wood fiber gel materials have shear
thinning properties. It is suitable for the DIW mode of printing. At the same time, based on
the advantages of the DIW type of printing technology, assisted by the external action and
the characteristics of the printing materials that we have studied, this type of wood fiber
gel material can be extruded using an external laser to accelerate the curing of the wood
fiber gel material. In addition, according to the study, the design of 3D printers should
be biased towards the DIW type. For the design of 3D printers, multiple printheads are
required to meet the design goals for cellulose gel materials, hemicellulose gel materials
and lignin gel materials printed on the same model and on the same platform. The more
common five-degree-of-freedom configuration was chosen to meet the development needs
of 3D printers with multiple degrees of freedom.
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4. Structural Design and Description
4.1. Overall Structure

A 5-Degree of Freedom (DOF) hybrid three-nozzle 3D printer was designed based on
the performance feature of wood fiber gel material. Its structure mainly includes a printing
nozzle mechanism, a nozzle moving mechanism, a z-axis moving mechanism, a printing
platform and a support frame. Wood fiber gel material was printed with three nozzles. The
3D printers that have multiple degrees of freedom and multiple nozzles have attracted
increasing attention to meet the printing needs of a variety of materials [26,27]. Multi-nozzle
3D printers should be designed in such a way to ensure a smooth nozzle switch, smooth
and accurate plane movement, accurate positioning of the nozzle, accurate platform control,
etc. The structure of the 5-DOF hybrid three-nozzle 3D printer is illustrated in Figure 4.
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Figure 4. The 5-DOF hybrid three-nozzle 3D printer.

The movement of 3D printer nozzles mainly relies on the cross axis to realize the x and
y axis movement in the plane, and the rotation of the screw rod is controlled by the stepper
motor to drive the z-axis movement. Three nozzles are designed in the nozzle mechanism,
which squeezes cellulose gel, Hemicellulose gel and lignin gel accurately, according to the
computer structure diagram of the molding structure to a certain range; it can be a reduced
material forming support structure by controlling the printer platform to move between
+45◦ and −45◦. The outer frame is the base that supports all mechanisms.

4.2. Design of Nozzle Mechanism

The nozzle mechanism is a core mechanism for the 3D printing of wood fiber gel
material. Nozzle head mechanism includes nozzle head bracket, printer nozzle head,
nozzle head switching motor and nozzle head switching gear group (Figure 5).

In the mechanism, the screw is driven by the motor and gear to move the three printer
nozzles independently to make the print. The gear group of nozzle head switching is
installed on the gearbox. The gear and shaft in the nozzle head switching gear group
are made of non-magnetic materials. The output shaft of the nozzle switching motor is
connected with the driving gear shaft through the telescopic shaft and matched with the
spline. The electromagnet device comprises an electromagnet arranged on a driving gear
and a magnet arranged in a gearbox. When the driving gear rotates, it drives the first gear to
rotate and the second gear to rotate reversely, simultaneously, and then the screw connected
to the two printer nozzles will rotate at the same time, but in the opposite direction. In
addition, the two printer nozzles can move up and down in opposite directions. When
the third print nozzle is needed, the first gear will rotate and the second switchgear will
control the printer nozzle position to adjust to the central position. The electromagnet
switch gear locates its axial position to make sure that the driving gear and the third
switchgear will mesh, and starting the nozzle switch motor will engage the third printer
head. By controlling the switch motor and electromagnetic mechanism of the nozzle, the
three printer heads can be switched freely and can improve the printing efficiency and
avoid the interference between the nozzles and the fixing frame while allowing the rapid
switching of the three nozzles.
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4.3. Design of Printer Platform Mechanism

The printer platform mechanism makes the printing plate flip and tilt through a three-
branch parallel mechanism and has two degrees of freedom of rotation in the x and y axis.
It uses three stepping motors to drive the matching bevel gears, and then the bevel gear
controls the platform screw to move, push and pull, and to drive the printer platform,
so that the printing plate will complete the flip tilt. The parallel mechanism has three
branches that are evenly distributed at 120◦ angle. Each branch of the parallel mechanism
is driven by an independent motor that drives the screw to the required deflection of the
printed platform. The printer platform mechanism can reduce the center of gravity of the
3D printer and can minimize the impact of vibration on the printing accuracy during motor
operation, reduce the lateral force of the screw nut mechanism and effectively avoid screw
deformation due to long-term stress, so that the printing accuracy is not affected (Figure 6).

The 3D printer is capable of increasing printing efficiency, reducing structural support
and making prints of various types of materials.
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5. Structural and Mechanical Analysis
5.1. Degree of Freedom Analysis

The 3D printer is composed of the printing nozzle of a series of mechanisms and the
printing platform of a parallel structure to form a 5-DoF motion. There are virtual constraints
and local DoFs in its structure, and the modified CGK general DoF formula is used.

F = d(n− g− 1) +
g

∑
i=1

fi + µ− ζ (1)

where F is the degree of freedom of the mechanism; d is the order of mechanism (space
mechanism d = 6); n is the number of components including the frame (the base included);
g is the number of motion pairs; fi is the degree of freedom of the i-th motion pair; µ is the
virtual constraint number of mechanism; ζ is the local degree of freedom.

The parameters of the 3D printer were put into the Formula (1), and the freedom degree
of the motion mechanism of the 5-DOF hybrid three-nozzle 3D printer was calculated to be
five. The five DoFs are the xy plane DoF of the nozzle part and the cross axis structure, the
vertical DoF of z-axis direction (3T), and the x and y axis rotation movement DoF of the
derivative structure of Delta parallel structure of the printer platform part (2R), respectively.
The 5-DoF hybrid three-nozzle 3D printer has 5 DoFs (3T-2R).

5.2. Statics Analysis

The equation of the deflection curve [28] is obtained based on the structural form of
simply supported beams, and the maximum deflection is determined. The structure is
simplified as a mass–spring system, and the cross-arm slides are simplified as a uniform
cross beam (Figure 6).

The differential equation of the flexural function equation is established according to
the structural reaction force (Formulas (2)–(4)). The quadratic integration is carried out,
and the value of the constant term is obtained according to the boundary conditions, and
the maximum deflection is finally obtained, as follows.

EIw′′1 (x) = − F(L−l)
L

EIw′′2 (x) = − F(L−l)
L x + F(x− l)x



 (2)

EIw′1(x) = − F(L−l)
2L x2 + C1

EIw′2(x) = − F(L−l)
2L x2 + 1

2 F(x− l)2 + C2



 (3)

EIw1(x) = − F(L−l)
2L x3 + C1x + D1

EIw2(x) = − F(L−l)
2L x3 + 1

6 F(x− l)3 + C2x + D2



 (4)

where E is the elastic coefficient of the material, I is the moment of inertia of the section, L
is the length of the transverse guide rod, l is the position of the nozzle at the guide rod, F
is the force the rod received, w′′i and w′i are the second and first-order derivatives of the
deflection, respectively.

The further calculation is made according to boundary conditions and continuous con-
ditions. Because both ends of the guide rod are supported, the boundary conditions mainly
consider both ends of the guide rod and its central position. Under continuous conditions,
the left and right ends of the second and first order deflection differential equations are equal,
respectively, in the central position, and the value of the constant is obtained.

Boundary condition,

l = 0; w = 0; l =
1
2

L; w1 = w2; l = L; w = 0;
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Condition of continuity,

EIw′1(l) = EIw′2(l); C1 = C2 = F(L−l)
6L (2Ll − l2);

EIw1(l) = EIw2(l); D1 = D2 = 0

EIw1(x) = − F(L−l)
2L x3 + F(L−l)

6L (2Ll − l2)x

EIw2(x) = − F(L−l)
2L x3 + 1

6 F(x− l)3 + F(L−l)
6L (2Ll − l2)x



 (5)

Given the proportional relationship between l and L, the maximum deflection can be

obtained. When l = 1
2 L, Wmax = FL3

48EI ; When l > 1
2 L, Wmax = F(L−l)

9EIL

√
2Ll−l2

3 .

5.3. Modal Analysis

ANSYS software modal analysis function is used to analyze the dynamic characteristics of
the 3D printer system. The structure dynamic characteristics of the 3D printer were analyzed
and evaluated to ensure printing accuracy. The use of different materials for different parts
of the structure will further affect the rationality of the 3D printer. The 3D printer‘s support
and printing platform uses a 6063 aluminum alloy, while 45 steel is used for the guide, slider
and screw. The 3D model of the 3D printer was constructed in Solid Works, and the structural
model was imported into ANSYS analysis software to divide the mesh and optimize the mesh
quality. The average quality index of grid elements is greater than 0.80, and the average aspect
ratio is 1.93, which meets the requirements of structural field analysis (Figure 7).

Coatings 2022, 12, x FOR PEER REVIEW 10 of 15 
 

 

5.3. Modal Analysis 
ANSYS software modal analysis function is used to analyze the dynamic character-

istics of the 3D printer system. The structure dynamic characteristics of the 3D printer 
were analyzed and evaluated to ensure printing accuracy. The use of different materials 
for different parts of the structure will further affect the rationality of the 3D printer. The 
3D printer`s support and printing platform uses a 6063 aluminum alloy, while 45 steel is 
used for the guide, slider and screw. The 3D model of the 3D printer was constructed in 
Solid Works, and the structural model was imported into ANSYS analysis software to 
divide the mesh and optimize the mesh quality. The average quality index of grid ele-
ments is greater than 0.80, and the average aspect ratio is 1.93, which meets the require-
ments of structural field analysis (Figure 7). 

 

 

Figure 7. Meshing of kinematic mechanism of the ANSYS model. 

The modal analysis of 3D printers is relatively fixed. The order of modal analysis is 
determined according to the modal calculation quality of each DoF and needs to be opti-
mized and adjusted multiple times. The first eight order modal frequencies and the defor-
mations of the 3D printer’s motion mechanism are shown in Table 1. 

  

Figure 7. Meshing of kinematic mechanism of the ANSYS model.

90



Coatings 2022, 12, 1061

The modal analysis of 3D printers is relatively fixed. The order of modal analysis
is determined according to the modal calculation quality of each DoF and needs to be
optimized and adjusted multiple times. The first eight order modal frequencies and the
deformations of the 3D printer’s motion mechanism are shown in Table 1.

Table 1. Modal frequency and deformation of the moving mechanism.

Order Freque-
ncy/Hz

Deformation Behavior
of XYZ Kinematic
Mechanism Model

Order Freque-
ncy/Hz

Printer Platform
Mechanism Model

Deformation

1 56.891 Pillar bent and
deformed 1 74.119 Parallel branches move

longitudinally

2 58.225 Pillar bent and
deformed 2 74.317 Parallel branches move

longitudinally

3 71.416 Guide rod deformed 3 74.327 Parallel branches move
longitudinally

4 71.437 The guide rod deformed 4 74.602 Parallel branches move
laterally

5 79.567
Overall torsion

deformation occurred in
the structure

5 74.982 Parallel branches move
laterally

6 90.275 Guide rod deformed 6 75.162 Parallel branches move
laterally

7 90.328 Guide rod deformed 7 103.57 Printer platform rotates
along the z-axis

8 105.42 Guide rod deformed 8 133.76 Printer platform swings
longitudinally

The results show that the deformation and natural frequency of models with differ-
ent orders are different, which provides theoretical data support for subsequent design
and manufacturing.

6. Transient Dynamics Analysis

3D printing is to drive each part to move by the motor, so as to drive the nozzle to
move. In combination with the nozzle material extrusion and laser curing, the model
printing molding is completed. In planning the printing paths and model slice processing,
the reciprocating motion of the nozzle is inevitable, and the vibration generated therefrom
will affect the printing accuracy. ANSYS Workbench software was used for the transient
dynamics analysis of 3D printers, and structural deficiencies were improved to ensure
structural stability and printing accuracy.

For nozzle movement, the influences of the x-axis and y-axis alone and the linkage of
the two axes on the structure were analyzed. For z-axis, only the influence of its independent
motion on the structure was analyzed. According to the motion characteristics, the total
load step number was set to three in the software. The end times of the 1st, 2nd and
3rd load steps were 0.25 s, 0.75 s, and 1 s, respectively. The load was applied to the z-axis
and analyzed in linkage with the x and y axis with added load. Since the motion of the x, y
and z axes and the printing platform were independent, the single chain and multi-chain
motion of the printer platform were simulated and the results analyzed.

(1) When z-axis moved, other motion axes were static or do not interfere with z-axis
motion, and transient motion simulation was carried out when the z-axis moved indepen-
dently. The results showed that the maximum displacement in the z-axis direction was
close to the average displacement, and the motion accuracy in the z-axis direction was
sufficient (Figure 8a). The movement displacement in the x and y axis directions was far
less than the nozzle diameter, which secured accurate movement (Figure 8b,c). The motion
displacement curve of the z-axis mechanism is shown in Figure 8.
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(2) The nozzle head was linked with the x-axis and y-axis to analyze its motion
precision and its influence on the z-axis when moving in the x and y directions. The nozzle
moved along the x and y axes simultaneously. By moving 8 mm in the positive direction
of the x-axis first, then moving 3 mm in the opposite direction and 10 mm in the positive
direction of the y-axis, the final linkage effect was evaluated. The displacement curves
of the x-axis and y-axis are shown in Figure 9a. The results show that the first two axes
moved at the same time in 0.75 s and were relatively stable. At 0.75 s~1 s, there was an
instantaneous reverse movement of x-axis, which had a certain influence on the interaction
between the two axes. When the x and y axis was linked, the moving displacement of the
nozzle in the z-axis direction is shown in Figure 9b. At the maximum displacement, it was
still not sufficient to pose significant impact on the overall printing.
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(3) The printing platform drives the reversal of the platform through a parallel struc-
ture. Below the printer platform were three branches of the power sources distributed at
120◦. Due to the limitation of freedom, it only rotated along the x or y axes. In transient
analysis, the independent branch drive and multi-branch simultaneous drive were ana-
lyzed (Figure 10). The rotation and movement of the platform were transformed into the
displacement represented at the x, y and z directions. The results showed that the printer
platform ran smoothly without interference, and the moving displacement was consistent
with the theoretical value.
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7. Conclusions

Based on the 3D printing of the wood fiber gel material, cellulose, hemicellulose
and lignin gel materials from a branch, waste wood and wood scraps of Cunninghamia
lanceolata that can be used for 3D printing were analyzed and prepared. The results showed
that cellulose produced a mutation condition near 52 ◦C and hemicellulose produced
a mutation near 80 ◦C. The structure of a 5-DoF hybrid three-nozzle 3D printer was
designed based on the material temperature of mutation condition, and a 3D solid model
was established to analyze the structural properties, mechanical properties and motion
mechanics. The results showed that the 5-DoF hybrid three-nozzle 3D printing mechanism
can realize the 3D printing of wood fiber gel materials. Through the analysis of the structure
performance and kinematics, the correctness of the theoretical basis was verified. At the
same time, the motion simulation of the structure was realized in the transient motion
analysis, which confirmed the rationality of the structure.

This study is a 3D printer design and analysis for wood gel material. The wood
fibers mainly contain cellulose, hemicellulose and lignin, which correspond to the three
printheads of the printer, and through subsequent studies aim to achieve the solid printing
of bionic wood through this type of printer. Meanwhile, the design and implementation of
purely multi-jet and multi-degree-of-freedom printers can provide a reference or a direction
and idea for the 3D printing industry.
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Abstract: Three-dimensional printing technologies are mainly used to build objects with complex
shapes and geometry, largely prototypes, and thanks to the possibility of building very thin layers
of material with small pores, electrospinning technology allows for the creation of structures with
filtration properties, in particular very small particles. The combination of these technologies creates
new possibilities for building complex-shape composites that have not been comprehensively tested
so far. The article describes the results of research on composites manufactured by combining samples
prepared with two 3D printing technologies, Fused Filament Fabrication (FFF) and Photo-Curing
of Liquid Polymer Resins (PJM) in combination with electrospinning (ES) technology. The surface
morphology of composites manufactured from biocompatible materials was investigated using
confocal laser scanning microscopy (CLSM) and contact angle measurements, and chemical composi-
tion analysis was studied using Fourier transform infrared spectroscopy (FTIR). This approach to
creating composites appears to be an alternative to developing research for filtration applications.
The article presents basic research illustrating the quality of composites produced by combining
two unconventional technologies: 3D printing and electrospinning (ES). The analysis of the research
results showed clear differences in the structure of composites produced with the use of various
3D printing technologies. The CLSM analysis showed a much better orientation of the fibers in
the MED610 + PAN/gelatin composite, and the measurement of the contact angle and its indirect
interpretation also for this composite allows for the conclusion that it will be characterized by a higher
value of adhesion force. Moreover, such composites could be used in the future for the construction
of filtering devices and in medical applications.

Keywords: quality; electrospinning; 3D printing; PJM; FFF; bio-materials; filtering

1. Introduction

The production of complex objects using conventional technologies requires the use
of numerous technological processes and a large number of tools (injection molds, cast-
ing molds, dies, and cutting tools) [1] and thus the production of objects becomes time-
consuming. The use of 3D printing technology to produce complex objects, e.g., freeform
objects [2], especially prototypes, in the era of industrial transformation 4.0, is a natural
choice and fits perfectly into the realities of such issues as lean manufacturing and LPPD
(lean process and product development) [3], where the main objective is to produce struc-
tures with a minimum weight and maximum fulfillment of product quality requirements [4]
while maintaining an optimal manufacturing process. These technologies are successfully
used wherever the time of product implementation is a key competitive parameter. Un-
conventional technologies include 3D printing, but also electrospinning, electro-erosion,
electrochemical, laser, and ultrasonic processing and modern coating methods [5–7].
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Due to the necessity of reducing the mass of the manufactured objects or increasing the
strength and utility properties, composite materials manufactured of plastics are increas-
ingly used in industrial applications. In the case of conventional technologies, there are
known polymeric materials with additives of carbon and glass fibers, with molybdenum
disulfide, with additives improving lubricating properties, etc. [8]. Three dimensional print-
ing technologies also have some possibilities of using composite materials [9,10], especially
technologies such as Selective Laser Sintering—SLS, Fused Filament Fabrication—FFF, also
commercially known as Fused Deposition Modeling—FDM® [11].

It seems that the SLS technology is well suited for manufacturing objects from com-
posite materials, while the FFF technology is more appropriate for creating objects that are
only made after combining with new material, e.g., using electrospinning technology. In
many applications, however, the use of a composite material alone is not sufficient in order
to achieve appropriate properties. The use of a composite material may increase strength
and wear resistance, for example tribological [12] or rheological [13,14], but it does not
necessarily provide the required properties, such as filtration.

An interesting solution may be a combination of two technologies, for example 3D
printing and electrospinning [15,16], or 3D printing and textile object [17,18]. The combi-
nation of 3D printing and electrospinning allows for the production of objects with very
complex geometric shapes and high strength, and thanks to the use of electrospinning
technology and nanofibers, such objects can exhibit filtration properties. The production of
objects from biocompatible materials using 3D printing and electrospinning opens up new
possibilities in medicine, e.g., in the field of implantology, where the use of 3D printing
is increasing. In addition, 3D printing of metals, in particular, is used because of their
high mechanical properties, as they are far more durable than human bones. By using
electrospinning technology, the functional properties of the 3D objects produced can be
improved and new properties can be added.

The use of 3D printing is very widespread and concerns such industries as rapid
prototyping, foundry [19], injection molding, architecture, medicine [20], aviation, auto-
motive [21], food, and flexible (lean) production series. The most important 3D printing
technologies include SLS (Selective Laser Sintering), SLM (Selective Laser Melting), FFF
(Fused Filament Fabrication), SLA (Stereolithography), Photo-Curing Technologies: PJM
(polyjet matrix), PJ (polyjet), DoDjet (Drop on Demand Jetting Technology), and MJP
(multijet). Due to the low initial cost of the machines with FFF-technology in contrast to
other 3D printing technologies such as Selective Laser Sintering (SLS) or Selective Laser
Melting (SLM), FFF technology includes the advantages of very low material costs, easy
handling, and a wide range of materials for the production of composite materials. When
choosing the combination of 3D printing and electrospinning technology, FFF technology
seems to offer the optimal solution due to the above-mentioned advantages. With this FFF-
technology, many interesting materials are available such as acrylonitrile butadiene styrene
(ABS), poly(lactic acid) (PLA), PLA + carbon fiber, PET, Nylon, TPU, and PC, which are also
reinforced with additives. Although the FFF technology can use composite materials, they
cannot be easily modified independently, as is the case with SLS technology. In FFF, these
materials can be treated both thermally and chemically, which improves the quality of the
manufactured objects [22,23]. PLA material, being the cheapest and the most important due
to its very good functional features, is a good solution for the construction of prototypes
with filtration properties [24] combined with electrospinning technology. Comparing both
technologies, it can be clearly stated that the big disadvantage of the PJM technology is
the high cost of the model material (liquid resin) compared to the filament in the FDM
technology, which costs only a few dollars per kilogram. However, its great advantage is
its high manufacturing accuracy, especially in the Z axis, due to the very small thickness
of the layer being built (as small as 16 µm). Many studies have aimed at determining the
influence of technological parameters on the properties of the manufactured objects [25–30]
and the influence of measurement methods on the reliability of the test results [31].
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The electrospinning technique is the most widely used, simplest, and most cost-
effective method to produce nanofibers from a wide range of bio-based and synthetic
polymers as well as admixtures, such as particles [24].

For nanofiber fabrication, it is possible to use nontoxic or low-toxicity solvents such as
dimethyl sulfoxide (DMSO) and polymers soluble in it [32,33]. The polymer polyacryloni-
trile (PAN) is often used for nanofiber mat fabrication because it can be spun from DMSO,
has no cell toxicity and is water resistant [34,35]. Moreover, by adding other polymers, such
as gelatin or magnetic particles to the PAN solution, nanofiber mats for defined purposes
are easily prepared by simply adding these compounds to the polymer electrospinning
solution [36,37]. PAN nanofiber mats are flexible and become even more flexible when wet,
and can be easily stretched and draped without any problems [38]. In addition, PAN is
often used for the production of carbon material due to its high carbon yield [39]. Gelatin is
a biobased polymer which is often used in biotechnological fields due to its biocompatibility
and is also used for the production of nanofibers.

With 3D printing technology, the available range of materials is wide, which allows for
selection of the appropriate material depending on the field of application, for example in
medicine. As a result, these technologies can be used, among others, as medical dressings,
scaffolding in tissue engineering or controlled drug delivery systems. Despite the long time
that has passed since the first papers on electrospinning technology were published, they
are still in the testing phase due to the production of new electrospinning devices and new
materials with improved properties. Research work largely focuses on the study of new
materials [32,37,40], including composites [41], and the properties [42] of the produced
objects, such as filtration, as well as composites obtained by combining electrospinning
technology and, for example, 3D printing. Moreover, the electrospinning technology can
also be used for the production of nanofibers and in the construction of composite materials,
e.g., by conventional methods [43].

Our previous research works in this field [15,16] focused on composites using combina-
tion of FFF technology and needle-free electrospinning technology. The novelty of this study
is that in the present work, two technologies were used to produce composites, namely
PJM and FFF 3D printing technologies in combination with needle-based electrospinning
technology for use in filter applications in medical filed, and the variable technological
parameters were studied in more detail. For use in filtering areas, final composite consists
of 3D printed structure that incorporates the robustness and thus supports the fine and
fragile nanofiber mats, which has excellent filtering properties and requires mechanical
protection. The printing direction in relation to the XZ build platform and the filling level
with the model material were analyzed. In addition, 3D objects were fabricated from two
biocompatible materials such as PLA and MED610, which show a high potential for use in
the medical industry due to their biocompatibility. These 3D objects were electrospun using
two different types of nanofiber mats, such as pure polyacrylonitrile (PAN) nanofibers and
a combination of PAN and gelatin. PAN nanofiber mats are often used in medical and
filter areas and the PAN polymer is valued for its water-resistant properties. In addition,
it should be mentioned that the nanofiber mats were produced using the low-toxicity
solvent dimethyl sulfoxide (DMSO) and there are few studies in this area, because mostly
highly toxic solvents such as dimethylacetamide (DMAc) and dimethylformamid (DMF)
are widely used in the production of nanofiber mats. The combination of 3D materials
such as PLA and MED610 with nanofibers with PAN and gelatin show a high potential
for effective application in the medical industry for filtration applications. The fabrication
of such novel composite models by combining two different technologies (3D printing
and electrospinning) is important for many reasons, but the most important is the one
concerning the geometrical possibilities of the created models. In addition, the use of
these two methods and indirect assessment of the diameter of the fibers, their orientation,
and contact angle measurements will allow the initial assessment of the quality of the
produced composites also in the context of filtration, where the distribution of the fibers,
their diameter, and directionality depend on the material, 3D printing technology and
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parameters and material in the electrospinning technology.. This is why the purpose of this
research is to conduct a preliminary comparative analysis. In the case of 3D printing, the
use of biodegradable PLA material in FFF technology and PJM technology allows the use
of MED610 material with biocompatible properties, which are beneficial for some medical
applications. The preliminary research results presented below require further research,
but they can provide a valid basis for further, expanded research that considers the body’s
response to such composites.

2. Materials and Methods

The test samples were designed in Solidworks re-SolidWorks (Dassault Systèmes
SolidWorks Corp., Waltham, MA, USA), in the shape of a rectangular prism with the
dimensions of 50 × 50 × 0.5 mm3. The SolidWorks objects were written as STL files
(stereolithography language), mapping the objects as a mesh of triangles. The translation
accuracy was in the so-called fine record mode, but in this case, due to the simplicity of
the object, each form of notation maps the object in the same way, i.e., with 12 triangles.
These designed objects were sent to internal 3D printer systems, manufactured using two
3D printing technologies—FFF [44] and PJM, and then removed from the platform and
cleaned: FFF—manually, PJM—with water under pressure. After completing the printing
process and cleaning, the objects were subjected to the electrospinning process, which,
using high-voltage electrical discharges, applied a layer of material on a surface with the
dimensions of 50 × 50 mm2 (see Figure 1).
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Figure 1. 3D CAD sample, dimensions in mm.

2.1. 3D printing Methods

Two 3D printing machines with FFF and PJM technologies were used to build the
objects and later coated with nanofibers. In the case of the photo-curing technology
of liquid polymer resins—PJM (Objet Geometries Ltd., Rehovot, Israel), a Connex 350
machine by Object (currently Stratasys, Ltd., Eden Prairie, MN, USA) was used, and in
the case of the Fused Filament Fabrication—FFF (also known as FDM) technology, the
Makerbot Replicator 5th generation machine was used. In the FFF technology, polylactide
(PLA) material (trade name—EASY PLA, Fiberlogy company, Poland) was used to build
the samples, and in the PJM technology, the biocompatible material MED610 (Stratasys
company, Ltd., Eden Prairie, MN, USA). MED610 material is a material that is approved
for contact with the human skin for a period of 30 days and for contact with the mouth for
24 h, making it very attractive in medicine, such as an element of medical devices, filtering
masks, prototypes of orthoses, as well as in the field of dental interests, such as dental
appliances [45]. MED610 has been evaluated and deemed acceptable for the following
biological risk [45]: Cytotoxicity—EN ISO 10993-5: 2009 [46]; Irritation—EN ISO 10993-10:
2013 [46] Delayed-type hypersensitivity—EN ISO 10993-10: 2013 [46]; Genotoxicity—EN
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ISO 10993-3: 2014 [46]; Chemical characterization—EN ISO 10993-18: 2009 [46]; USP Plastic
Class VI—USP 34 <88> [47].

Table 1 and Figure 2 show the chemical composition of the materials used in the
construction of samples with 3D printing technologies.

Table 1. Composition of MED610 material [45].

Information on Ingredients

CAS# Component Percent (%)

5888-33-5 Isobornyl acrylate 15–30
Proprietary Acrylic monomer 15–30
Proprietary Urethane acrylate 10–30
Proprietary Acrylic monomer 5–10; 10–15
Proprietary Epoxy acrylate 5–10; 10–15
Proprietary Acrylate oligomer 5–10; 10–15
Proprietary Photoinitiator 0.1–1; 1–2
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Figure 2. Structural model of PLA material [48].

The test specimens were manufactured in three predetermined orientations relative
to the 0◦, 45◦, and 90◦ build platform. The overview of samples orientation on the build
platform prepared for FFF process is shown in the Figure 3. Moreover, in the FFF technology,
samples 1–9 (see Figure 3a) were manufactured with a layer thickness of 0.2 mm, samples
10–18 (not shown here) with a layer thickness of 0.3 mm and both types with 95% filling,
and samples 19–27 (see Figure 3b) with a layer thickness of 0.2 mm and a filling of 50%.
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Figure 3. Overview of samples orientation on the build platform prepared for FFF process: (a) samples
1–9, (b) samples 19–27.

Samples in the PJM technology were manufactured in two variants: 28–36 (see
Figure 4a) with a layer thickness of 0.032 mm, i.e., in the High Speed mode and 100%
filling, and the samples 37–45 (see Figure 4b) were manufactured in the so-called High Qual-
ity mode with a set layer thickness of 0.016 mm and also 100% filling. A total of 45 samples
were manufactured, but the total number of different types of samples is only 15, because
three pieces of each type were made in order to statistically evaluate the repeatability of
the measurement results, so there are no differences between samples 1, 2, and 3, and in
subsequent batches after 3 pieces. Figures 3 and 4 show the location of samples on virtual
platforms of working machines.

99



Coatings 2022, 12, 48

Coatings 2022, 12, x FOR PEER REVIEW 6 of 19 
 

 

Samples in the PJM technology were manufactured in two variants: 28–36 (see Figure 
4a) with a layer thickness of 0.032 mm, i.e., in the High Speed mode and 100% filling, and 
the samples 37–45 (see Figure 4b) were manufactured in the so-called High Quality mode 
with a set layer thickness of 0.016 mm and also 100% filling. A total of 45 samples were 
manufactured, but the total number of different types of samples is only 15, because three 
pieces of each type were made in order to statistically evaluate the repeatability of the 
measurement results, so there are no differences between samples 1, 2, and 3, and in 
subsequent batches after 3 pieces. Figures 3 and 4 show the location of samples on virtual 
platforms of working machines. 

 
(a) (b) 

Figure 4. Overview of samples orientation on the build platform prepared for PJM process: (a) 
samples 28–36, (b) samples 37–45. 

Figure 5a shows 3D-printed sample prepared from PLA using FFF technology and 
Figure 5b shows the sample prepared from MED610 using PJM technology. 

  
(a) (b) 

Figure 5. Overview of 3D printed samples: (a) 3D printed samples prepared from PLA by FFF 
technology and (b) from MED610 by PJM technology. 

2.2. Electrospinning 
The nanofibers were produced by the needle-based electrospinning machine 

(Spinbox—HS service GmbH, Bionica Fluidnatek SLU, Valencia, Spain) (see Figure 6). 

Figure 4. Overview of samples orientation on the build platform prepared for PJM process: (a) sam-
ples 28–36, (b) samples 37–45.

Figure 5a shows 3D-printed sample prepared from PLA using FFF technology and
Figure 5b shows the sample prepared from MED610 using PJM technology.
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2.2. Electrospinning

The nanofibers were produced by the needle-based electrospinning machine (Spinbox—
Bioinicia S.L., Paterna, Valencia, Spain) (see Figure 6).
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Figure 6. Electrospun 3D printed sample in the electrospinning device.

The applied spinning parameters in the manufacturing process were as follows: high
voltage 8–18 kV, temperature in the chamber 20–23 ◦C, relative humidity in the chamber
35–40%, a 20 cm distance from the needle tip to the nanofiber collector, and the flow rate
of polymer solution 300–500 µL/h. The polymer nanofibers were produced using an
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18-gauge needle (1.23 mm outer diameter). Spinning duration was approximately 15 min,
which was also used as 3D printing material on non-woven polypropylene (PP) substrates
(Elmarco, Czech Republic). Polyacrylonitrile (PAN) (X-PAN, Dralon, Dormagen, Germany)
polymer and dimethyl sulfoxide (DMSO, min 99.9%, purchased from S3 Chemicals, Bad
Oeynhausen, Germany) solvent were used for production of all nanofiber mats.

The polymer solutions were mixed by magnetic stirring for 2 h at room tempera-
ture. Two types of nanofiber mats were used based on polymer properties for biolog-
ical/medical/chemical purposes to create composites with biocompatible materials as
composites for filtration applications (see Table 2). The first spinning solution is the mixture
of 13% PAN and 87% DMSO. The second spinning solution contained 13% PAN and 8%
gelatin powder (Abtei OP Pharma GmbH, Marienmünster, Germany) and 79% DMSO.

Table 2. Overview of the 3D printed samples.

3D Printed Sample No. 3D Material Nanofiber Mats

1–6 PLA PAN 13% + DMSO 87%
7–18 PLA PAN 13% + gelatin 8% + DMSO 79%
19–27 PLA PAN 13% + gelatin 8% + DMSO 79%
28–36 MED610 PAN 13% + gelatin 8% + DMSO 79%
37–45 MED610 PAN 13% + gelatin 8% + DMSO 79%

The aim of this research was the preliminary assessment of polymer composites
produced by 3D printing and electrospinning technologies in the application of filtering
and medical purpose. For this purpose, several types of samples were selected for the
comparative tests and are presented in Table 2.

The 3D printed objects were vertically attached and electrospun. Figure 7a shows
PLA sample prepared using FFF and coated with PAN nanofiber mat and Figure 7b shows
MED610 sample prepared using PJM and coated with PAN/gelatin nanofiber mat.
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Figure 7. (a) Sample No. 3—prepared from PLA using FFF and coated with PAN nanofiber mat and
(b) sample No. 29—prepared from MED610 using PJM and coated with PAN/gelatin nanofiber mat (b).

2.3. Research Methods

Fourier transform infrared spectroscopy (FTIR) is a tool that provides significant
information about chemical bonding, molecular structures, and component miscibility. In
this study, the chemical study was performed with an Excalibur 3100 fourier transform
infrared spectroscope (FTIR) (Varian Inc., Palo Alto, CA, USA). The spectra were recorded
between 4000 and 650 cm−1 frequency ranges.

The optical evaluation of the morphology of the samples was performed with the use
of a confocal laser scanning microscope (CLSM) VK-8710 (Keyence, Osaka, Japan).

The water contact angle was measured using the contact angle goniometer OCA
15 Pro (Dataphysics, Filderstadt, Germany). The measurements were performed with 5 µL
water droplets at the inner surface of the polystyrene well plates in ambient conditions.
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Eight measurements were performed for each material. For contact angles below 90◦, the
surface is considered as hydrophilic. Contact angles greater than 90◦ are considered as
hydrophobic.

The diameters of the nanofibers were evaluated using the ImageJ 1.51j8 program.

3. Results

The results of testing are presented below. In Section 3.1, the analysis of fourier
transform infrared spectroscopy is investigated. Then, the results of surface measurements
are described using confocal laser scanning microscopy (CLSM) in Section 3.2. The analysis
of the contact angle is presented in Section 3.3.

3.1. FTIR Results

FTIR was used to show that the nanofiber mats were electrospun onto the printed
samples. Figure 8a shows electrospun PAN/gelatin nanofiber mats on PAN nanofiber
mats on PLA and Figure 8b shows MED610 and PAN/gelatin nanofiber mats electrospun
on MED610. The electrospun nanofiber mats on PLA and MED610 are advantageous for
cell growth and also for numerous filter applications, which presents new manufacturing
possibilities for medical applications, especially in implant production.
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Figure 8. FTIR results: (a) PAN/gelatin nanofiber mats on PLA sample, PAN nanofiber mats on PLA
sample, PLA sample without coating with nanofiber mat, pure gelatin, and PAN nanofiber mat; (b)
MED610 sample without coating with nanofiber mat, PAN/gelatin nanofiber mats on MED610, pure
gelatin, PAN nanofiber mat.

The overview of typical spectra of used materials can be seen in Table 3. In Figure 8a,b,
typical and characteristic FTIR peaks of the materials used. In addition, these peaks are
shown again in Table 3 for clarity. When looking at Figure 8a, it can be seen that some
peaks occur continuously at the marked locations with a crossed-out line, and thus it is
not easy to distinguish between the characteristic peaks for a specified material. However,
some peaks, such as PLA of 1452 cm−1, also occur in PAN and can be seen in all three FTIR
spectra (see Figure 8a).
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Table 3. Overview of the typical FTIR spectra of gelatin, PLA, PAN and MED610.

Polymers FTIR Spectra Reference

Gelatin

Gelatin spectra bands:
2700–3600 cm−1—amides A and B
3400 cm−1—amide A
1640, 1540 and 1240 cm−1—C=O stretching of amide I, N-H bending of
amide II and N-H bending of amide III
900–1900 cm−1—amides I, II and III
900 cm−1—amide IV
700 cm−1—amide IV

[37,49,50]

PLA

1745 cm−1—C=O group
1452 cm−1—CH3 asymmetric group
1361 cm−1—CH3 symmetric group
1080 cm−1—C–O group
695–760 cm−1 and 1740–1750 cm−1–C=O group

[51]

PAN
2240 cm−1—C≡N nitrile stretching vibration mode
1732 cm−1—carbonyl (C=O) stretching vibration mode
2938, 1452 and 1380 cm−1—CH2 stretching vibrations

[52]

MED610

2870 cm−1—C–H stretching vibration mode
1724 cm−1—C=O stretching vibration mode
1247 cm−1—C–H stretching vibration mode
1193 cm−1—C–O stretching vibration mode
2870 cm−1

1724 cm−1

1638 cm−1

1247 cm−1

1193 cm−1

846 and 947 cm−1

[53,54]

Looking at the Figure 8a, it becomes visible that the characteristic FTIR spectra of 1732,
1745, 1452, 1380 and 1361 cm−1 occur in PLA, PAN/gelatin, and PAN nanofiber mats (see
Table 3). At this point, it is not possible to say precisely that these peaks belong only to a
particular material.

Moreover, it is assumed that 3D-printed PLA materials shine through the layer of
nanofiber mat (see Figure 8a) and even the characteristic peak for PLA at 1080 cm−1 is also
slightly visible for PAN/gelatin and PAN nanofiber mats.

When looking at Figure 8b, some peaks, such as 1724 cm−1 of MED610 and 1732 cm−1

of PAN/gelatin nanofiber mats, are in a narrow range and at this point overlap slightly.
The peaks at 1638 cm−1 of MED610 and at 1640 cm−1 of PAN/gelatin nanofiber mat are in
a narrow range, and the peaks at 1451 cm−1 of MED610 and at 1452 cm−1 of PAN/gelatin
nanofiber mat are also in a narrow range and can be detected in the Figure 8a by all three
FTIR spectra.

3.2. CLSM Results

CLSM images of composites are depicted in Figures 9–14. Figure 9 shows the PAN
nanofiber mats on PLA object. In addition, Figure 10 shows the surface of PLA object
without nanofiber mats. Figure 11 presents the PAN/gelatin nanofiber mats on PLA object.
In addition, Figure 12 shows the 3D printed side of PLA. Figure 13 presents CLSM images
of the PAN/gelatin nanofiber mats MED610 object. In addition, Figure 14 shows the surface
of MED610 object without nanofiber mat.
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bars indicate 20 μm. 

Figure 9. Confocal laser scanning microscope (CLSM) images of PAN nanofiber mats on PLA object.
PLA object is covered with nanofibers and is not visible: (a) sample—1, (b) sample—2. Scale bars
indicate 20 µm.
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PLA object. PLA object is covered with nanofibers and is not visible: (a) sample—7, (b) sample—8.
Scale bars indicate 20 µm.
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Figure 11 shows CLSM images of the PAN/gelatin nanofiber mats on PLA object. In 
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Figure 13. Confocal laser scanning microscope (CLSM) images of PAN/gelatin nanofiber mats on
PJM object. PJM object is covered with nanofibers and is not visible: (a) sample—37, (b) sample—38.
Scale bars indicate 20 µm.
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The surface morphology was analyzed using CLSM. Figure 9 shows CLSM images
of the PAN nanofiber mats on PLA object. Here the nanofibers show mostly straight
orientation with some tangled parts. Thicker nanofiber strands can also be observed.
Figure 10 shows the 3D-printed side of PLA object. The PLA filament clearly shows distinct
distances to other PLA filaments; the surface is not fused together and does not form a
closed unit. In addition, the shape of the printed filaments is not linear and straight, but
partly curved and not uniform. This could stem from discontinuous material release in the
nozzle of the 3D printer, or from the temperature partially being too low in the upper layer
of filament compared to the filament layer below.

Figure 11 shows CLSM images of the PAN/gelatin nanofiber mats on PLA object.
In these samples, it is clearly visible that the fiber diameter has increased significantly
compared to pure PAN nanofibers without gelatin (see Figures 9 and 15b). This parameter
can be analyzed in terms of using the test results to build devices with filtering properties.
That the addition of gelatin to PAN significantly increases the fiber diameter compared
to pure PAN nanofibers, is an effect known from previous studies [37]. Figure 12 shows
results for the 3D-printed side of PLA object. Compared to Figure 10, the filaments here
form a closed unit with straight linear shapes and the layers of filament are close and fused
to each other. Figure 13 shows CLSM images of the of PAN/gelatin nanofiber mats on
MED610 object. Interestingly, at this point the nanofibers show much smaller diameters
compared to the samples in Figure 11 (see Figure 15c), even though the nanofibers contain
gelatin, which is known to increase the diameter of the nanofibers according to a previous
study [37]. In this case, the nanofibers are on average much smaller and show strict straight
alignment without tangles (see Figure 15c). It seems that the 3D material MED610 plays a
major role here, in that the behavior of the nanofibers is completely different compared to
that of the nanofibers with the same content of PAN and gelatin parts in Figure 11 that were
electrospun on the PLA 3D object. This effect is unexpected and should be followed up. It
should be noted that the material used for 3D printing has a clear influence on the filtering
properties of the manufactured objects due to the filtering capabilities of nanofibers created
during the electrospinning process. The production of fibers with a specific diameter affects
the possibilities of filtration and materials separation. It should be stated that depending
on the given 3D printing technology and materials, the control-process analysis of the
electrospinning technology should be subjected to the appropriate selection of process
parameters in order to obtain the composite structure and nanofiber diameters with a
specific degree of filtration.

The diameter distributions of the PAN and PAN/gelatin nanofiber mats are presented
in Figure 15.

The fiber diameter of PAN nanofibers on PLA resulted in a diameter distribution of
(241 ± 84) nm. The PAN nanofibers with gelatin admixture resulted in a diameter distribu-
tion of (528 ± 157) nm on PLA and (388 ± 178) nm on MED610. Figure 14 shows the 3D
printed side (MED610) with 200 and 20 µm enlargement respectively. It can be seen that the
resin MED610 is completely melted without visible defects and voids. Figures 10, 12 and 14
show the surface of samples viewed from the side of the printed material. With the FFF
technology, the vertically distributed lines of PLA material are clearly visible, whereas in
Figure 10 two successive, crossing layers of the material are visible. A completely different
structure is presented for samples made of MED610 material and PJM technology. In
Figure 14 there is no clear view of the layers, which is undoubtedly an advantage affecting
the mechanical properties and the quality of the composites produced. In Figure 14a,
uniformly distributed cylindrical geometric features (with a diameter of less than 200 µm)
are visible, which correspond to the characteristics of the object building process using the
PJM technology, where the visible traces correspond to thin sprayed drops of material.
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Figure 15. Diameter distribution of (a) PAN nanofiber mats on PLA object; (b) PAN/gelatin nanofiber
on PLA object and (c) PAN/gelatin on MED610 object.

3.3. Contact Angle Results

The results of the contact angle measurements are presented in Tables 4 and 5 and in
Figure 16. Tables 4 and 5 show the mean value of the contact angle measurement for 3D
printed samples. The measurement of the contact angle of nanofiber mats was not possible
because the droplet was immediately absorbed into the nanofiber mat due to the capillary
effect.

Table 4. Contact angle measurement results for sample—18, PLA object.

Calculated Feature Image in Print Direction Image Perpendicular
to Print Direction

Mean values and standard
deviation of contact angle (◦) 86.8 (±3.4) 62.7 (±2.8)

Table 5. Contact angle measurement results for sample—29—PJM, MED610 material.

Calculated Feature Image in Print Direction Image Perpendicular
to Print Direction

Mean values and standard
deviation of contact angle (◦) 54.7 (±5.5) 45.2 (±4.0)
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The samples were examined in ‘printing direction’ and ‘perpendicular to printing
direction’, because due to the 3D printing technology, the layers are built on top of each
other, and the surface morphology as seen, for example, in Figure 11, has an impact on the
contact angle measurement results (see Tables 4 and 5 and Figure 16). By analyzing the
results of the contact angle measurement presented in Tables 3 and 4 for PLA and MED610
materials, it can be concluded that for two completely different production technologies
there are clear differences in the values of the measured parameters. The highest values of
86.8◦ on average were obtained for FFF and image in print direction technologies. In the
case of PJM technology and MED610 material, the highest contact angle values are 54.7◦ also
for image in print direction. In the case of the PJM technology, a greater dispersion of the
measurement results is clearly visible, amounting to SD—5.5 in the presented case image
in ‘print direction’. Based on the SD parameter, it can be concluded that the distribution
of the results is relatively small and that the results are repeatable for both 3D printing
technologies.

4. Discussion

The analysis of the results leads to the conclusion that 3D printed objects have an
influence on the orientation of the nanofibers as well as on the nanofiber diameters, as
shown by the results of this study. Generally, it is known that the addition of gelatin
increases the nanofiber diameters compared to pure PAN nanofibers, which is observed
for nanofiber mats electrospun on PLA. This conclusion has direct implications for the
analysis of composites in terms of their filtration and medical applications. However, when
the nanofibers are electrospun with gelatin on MED610, the morphology changes. In this
case, the nanofibers are straighter and more oriented, and the fiber diameters decrease
rapidly compared to PLA 3D printed objects. Moreover, with the increase in the diameter
of nanofibers and their improper/unplanned arrangement, the filtration properties of the
composite decrease due to the impossibility of filtration of small fractions of materials.
When considering the engineering applications of the test results, it can be concluded that
the MED610 material in combination with PAN/gelatin shows much better engineering
properties (fibers’ orientation), which may have influence into better quality control of the
production of composite models with filtration properties. The analysis of the contact angle
measurement results in real applications which allow us to conclude that the MED610
material will have a much better adhesion force. In addition, in the case of FFF technology
and samples made on the basis of PLA, local densities and areas with lower fiber density
are clearly visible, which can have a huge impact on the strength of the composite as can be
seen in the Figures 9 and 10. It can be noticed, especially in Figure 9, Figure 11 (for PLA)
and Figure 13 (for MED610), that the distribution of nanofibers in the areas of lower density
generates gaps up to 1–2 µm in size, enabling the permeability of media such as liquids
and gas/air in filtration applications. It seems that the next research effort should focus on
an in-depth analysis of the sizes of gaps in order to determine the filtration capabilities of
the composite and also on the distribution of the gaps in the composites that may also have
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an influence on the mechanical properties. In addition, the PLA object surface morphology
clearly shows gaps in the layers, which in the case of the MED610 Object can hardly be
discovered and the surface is not permeable.

Due to the structure of the samples, it is not possible to determine the adhesion force
between the 3D printed part of the composite and the electrospinning technology. As the
research results have shown [52,55], there is, however, a certain relationship between the
contact angle and the adhesion force. As the results of previously conducted research work
have shown, the contact angle has a significant impact on the adhesion force [52,55]. The
results of the work showed that as the contact angle adhesion force increases, its value
decreases. The contact angle results in the case of PLA material and FFF technology are
characterized by the value for Image in print direction—86.8◦ (SD—3.4), and for Image
perpendicular to print direction—62.7◦ (SD—2.8). Nevertheless, in the case of the PJM
technology and the MED610 material, the mean value of the contact angle for the tested
surface takes a much lower value, respectively: Image in print direction—54.7◦ (SD—5.5),
and for Image perpendicular to print direction—45.2◦ (SD—4.0). Based on the results of the
research presented in the literature, where the impact of the contact angle on adhesion
force was analyzed in an indirect manner, it can be concluded that in the case of composites
produced with the PJM and electrospinning adhesion force technology, it should show a
higher value compared to the samples made with the 3D printing technology—FFF and
electrospinning technology.

As numerous research studies show, the technological parameters of 3D printing affect
the strength and quality of the surface; in the case of combining the printed objects with the
electrospinning technology, however, there was no effect on the quality of the connection
after the above-mentioned tests were carried out.

5. Conclusions

The article presents the results of research on composites manufactured with two
3D printing technologies: FFF from PLA material and PJM technology—MED610, and
electrospinning technology from PAN and gelatin that also have medical uses. The analyzed
parameters included print parameters such as the printing direction, layer thickness, and
degree of filling (in FFF) with 3D printing material, and electrospinning process parameters
such as electricity voltage, humidity, and chamber temperature. The analysis of the quality
of the produced composite was based on the results of the surface morphology research
using confocal laser scanning microscope (CLSM), fourier transform infrared spectroscopy
(FTIR), and contact angle analysis.

It can also be concluded that a lower value of the contact angle will positively affect
the adhesion force of the composite. In this study, it is shown that with variations of the
applied 3D printing technology, such as FFF or PJM, the printing material, such as PLA
and MED610, the polymers used for electrospinning for the production of nanofibers, such
as PAN nanofibers or PAN combined with gelatin, versatile composites with different
properties for defined medical applications can be produced. The influence of 3D printed
materials on nanofibers has been observed here, allowing for the production of denser
nanofibers with larger diameters or a denser matrix, etc. For example, depending on the
defined filtration needs, smaller nanofibers with tighter interstitial spaces can filter out
more particles, and a denser matrix of 3D printed layers can filter out coarser particles
while protecting the sensitive nanofiber layer from mechanical influences. These variations
of composites with denser or more flexible nanofibers are diverse. There is a need for
further research in this area.

It seems that the use of both composite materials characterized by a high degree of
biocompatibility, confirmed by ISO standards and preliminary analyzes of the structure of
nanofibers and their orientation, dimensions, allows us to conclude that by selecting 3D
printing technology and electrospinnning materials, we are able to control the production
process of composites of a specific quality in order to ensure appropriate the desired
degree of filtration and the biomedical application results from the fact that the analyzed
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biomedical materials allow for the creation of durable models with desirable properties, in
this case filtration.

In conclusion, compare these two methodology of manufacturing composite it could
be stated that the PLA and MED610 materials have an influence on the nanofiber diameter
in different way. The CLSM images look different from the surface morphology of the
3D printed objects made of PLA and MED610. In the case of PLA, the spaces between
the individual strands of the PLA material are clearly visible. There is a denser surface
morphology of MED610 compared to PLA. This means that, depending on the defined
purpose, with variations of materials, different surface morphologies can be produced,
which is advantageous for defined filter applications.
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Abstract: This work addresses environmental problems connected with biowaste management, the
chemical industry, and agriculture. These sectors of human activity cause greenhouse gas (GHG)
emissions in the air, climate change, leaching of excess mineral fertilizers applied to soil into ground
water, and eutrophication. To mitigate this problem in agriculture, controlled release fertilizers
(CRFs) are made by coating mineral fertilizers granules with synthetic polymers produced from the
fossil-based chemical industry. This strategy aggravates GHG emission. In the present work, six
formulations containing sunflower protein concentrate (SPC) and a new biopolymer (BP) obtained
from sunflower oil cake and by hydrolysis of municipal biowaste, respectively, and commercial urea
were tested as CRFs for spinach cultivation against the control growing substrate Evergreen TS and
commercial Osmocote®. The results show large differences in plants’ nitrate concentration due to the
different treatments, although the same nitrogen amount is added to the substrate in all trials. BP is
the key component mitigating nitrate accumulation in plants. The plants grown in the substrates
containing BP together with SPC and/or urea, although exhibiting relatively high total N uptake
(47–52 g kg−1), have significantly lower nitric to total N ratio (9.6–12.0) than that (15.3–16.5) shown
by the plants grown in the substrates containing SPC and/or urea, but no BP. The data confirm that
all composites containing BP yield the safest crop coupled with high biomass production. Replication
of BP effects for the cultivation of different plants will contribute to the development of a biobased
chemical industry exploiting biowastes as feedstock.

Keywords: biopolymers; municipal bio-waste; spinach; agriculture; nitrates

1. Introduction

The augmentation of human population, along with its concentration in cities and
increasing consumption habits, is causing several problems connected with biowaste
management, the chemical industry, and agriculture. For example, municipal biowaste
(MBW) production in Europe is 100 Mt yr−1 [1], with more than half still landfilled releasing
25,000 Mm3 yr−1 GHG [2]. To satisfy the food demand, crop production is boosted by
applying mineral fertilizer doses higher than those adsorbed by soil and plants. Excess
nutrients accumulate in soil, leach into ground water, and cause eutrophication [3]. In this
context, for a long time the Universities of Torino and Toulouse focused their research on
the valorization of biowaste from urban (MBW) and agro-industrial sources as feedstock
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for the production of value added biobased chemical specialties and materials to use in
place of commercial products obtained from fossil sources [4].

With specific reference to the agriculture sector, very recently the authors of the present
work have reported the manufacturing and thermomechanical properties of a composite
material made by twin-screw extrusion followed by injection-molding for use as controlled
release fertilizer (CRF) [5]. This material contains urea and two polymers, herein after
named sunflower proteins concentrate (SPC) and biopolymer (BP). These are obtained
from sunflower oil cake and by hydrolysis of the anaerobic fermentation digestate of
municipal unsorted food wastes, respectively. All three components contain nitrogen, have
soil fertilizing power, have different solubility in water and, therefore, can release nitrogen
in soil. Their fertilizing properties depend on the nitrogen release rate. In addition to the
fertilizing property, SPC is well known for its good processability and is suitable to be
used as a thermoplastic matrix for manufacturing the CRF composite pellets by twin-screw
extrusion followed by injection-molding [5].

To test and assess the performance of the SPC and BP biopolymers, the experimental
plant reported in the present work included three key elements, i.e., urea as widely used
fertilizer, spinach as a sensitive probe to measure SPC/BP effects, and Osmocote® as
a reference of widely used commercial CRF, representing a typical material made by
conventional coating technology. Urea is one of the most important N-fertilizers. Its world
consumption is 51 Mt yr−1 [6]. Urea has environmental drawbacks deriving from the
release of excess nitrogen over the plant uptake rate. Urea is highly soluble in water. In soil,
it is hydrolyzed to ammonia [7,8] and then, transformed into nitrates. These are adsorbed
by the plant roots and transferred to the leaves. Nitrates in leaves are reduced to ammonia
and then converted to proteins. In the presence of excess ammonia, proteins’ production is
slowed down. Nitrates accumulate in leaves and soil. They may impact the environment
negatively, leaching from soil into ground water and causing eutrophication [9]. Nitrates in
food plants may also have carcinogenic effects for humans [10]. In the human body, nitrate
can be reduced to nitrite, which may cause methemoglobinemia, and the possibility of
gastric cancer and other diseases [11,12].

Leaves of spinach are a typical food that can exhibit the nitrates’ accumulation ef-
fects [13]. Spinach is a high value crop that requires sufficient N fertilizer to ensure optimal
growth and to meet high quality criteria [14]. It absorbs NO3− from the soil efficiently but
is known to be relatively inefficient in NO3− reduction [15]. The European Commission
issued the regulation No. 1258/2011, stating the maximum acceptable concentration of
nitrates in spinach [16]. These are 3.5 g kg−1 in fresh spinach, 2 g kg−1 in preserved, frozen
spinach, and 0.2 g kg−1 in baby food. Spinach leaves should have high nutritional value
from protein content and no toxicity from nitrates.

Commercial Osmocote® is a typical material belonging to the family of CRFs con-
taining urea granules coated with synthetic polymers [17,18]. These are used to mitigate
nitrate accumulation and effects in the environment [19]. The drawbacks of these CRFs are
those typical of the fossil-based chemical industry. To substitute synthetic organic materials
derived from fossil sources with natural or biobased materials [20], other CRFs have been
investigated, based on natural polymers derived from plants [21]. No CRF is known to
contain biopolymers derived from biowastes as SPC and BP.

In the previous work [5], the mechanical properties’ advantages of the injection-
molding technology, compared to conventional coating processes, were discussed. The
inclusion of Osmocote® in the experimental plan of the present work has allowed the
vis-à-vis direct comparison of the twin-screw extruded/injection-molded SPC composite
and the coated Osmocote® composite for their performance as CRF for the cultivation
of spinach.
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2. Materials and Methods
2.1. Materials

The components to fabricate the SPC composites were available from previous work [5].
SPC was obtained by sieving a sunflower oil cake (SOC) using a Ritec (Signes, France)
600 vibrating sieve shaker fitted with a 1 mm grid. The undersize (SPC) was enriched with
the smaller particles coming from the kernel of the seed, thus having a high protein content
(51%, in proportion to the SPC dry weight). The rest (oversize) was constituted mainly by
particles from the seed hull, and it was therefore rich in lignocellulosic fibers and minerals.
BP was obtained by hydrolysis at pH 13 and 60 ◦C of the anaerobic digestate of MBW [4].
The anaerobic digestate was collected from the MBW waste treatment plant owned by the
Acea Pinerolese Industriale SpA (ACEA) company in Pinerolo (TO). This plant processes,
by fermentation, urban food wastes from separate source collection to produce biogas and
solid anaerobic digestate containing the recalcitrant lignocellulosic fraction of the pristine
MBW. To prepare the BP, the ACEA anaerobic digestate was taken up in water to yield a
slurry at 4 water/digestate (w/w) ratio. Potassium hydroxide was added to the slurry until
it reached pH 13. The alkaline slurry was heated up to 60 ◦C for 4 h. Afterwards, the slurry
was allowed to settle until the liquid hydrolysate separated from the insoluble phase. The
liquid hydrolysate was filtered through a 5 kDa polysulphone membrane to separate the
retentate containing BP and the permeate containing the excess unreacted alkali reagent.
The retentate was finally dried at 60 ◦C to yield the solid BP, which was used in the present
work. Major components of BP were 45% protein, 13% lignin, and 15% minerals. Urea was
a common commercial product.

2.2. Fabrication and Composition of SPC Composites

The SPC composites were fabricated and characterized for their elemental composition
(Table 1) in the previous work [5]. Granules containing urea and/or BP dispersed into the
SPC matrix were made by twin-screw extrusion. These were converted into dense dark
pellets, all having the same (10 mm × 10 mm × 4 mm) dimension, by injection-molding.
The tested SPC composites had the following compositions: neat SPC, SPC-U containing
10% urea, SPC-BP containing 10% BP, and SPC-BP-U containing 5% BP and 5% urea. For
the neat components and the composite materials, Table 1 reports the C and soil/plant N, P,
and K nutrient contents.

Table 1. Total C, N, P, and K concentrations (%, w w−1) in neat SPC, BP, urea (U), and in the SPC
pellets’ samples 1.

Formulation C N P2O5 K2O

BP 39.6 6.6 1.1 5.5
U 20.0 46.6 - -

SPC 38.7 ± 5.2 a 6.9 ± 0.9 a 2.5 ± 0.1 a 1.5 ± 0.1 a

SPC-U 37.7 ± 0.2 a 10.5 ± 0.1 c 2.3 ± 0.1 a 1.3 ± 0.1 a

SPC-BP 39.5 ± 2.6 a 7.0 ± 0.6 a 2.6 ± 0.3 a 1.8 ± 0.1 b

SPC-BP-U 38.6 ± 0.4 a 8.5 ± 0.0 b 2.1 ± 0.1 a 1.5 ± 0.1 a

1 Values in the same column followed by different letters are significantly different (p < 0.05).

2.3. Plant Growth Trials

Spinacia oleracea L. “Gigante d’inverno” seedlings, purchased from Beltrame Roberto
nursery, strada Sanda, Moncalieri, Italy, were transplanted on the commercial growing sub-
strate Evergreen TS (Turco S.a.s, Moncalieri, Italy) in 2 L pots with 13 cm × 13 cm × 13 cm
size (5 plants per pot, and 5 pots per trial). The plants were grown during November and
December 2019 in an unheated greenhouse at an average temperature of 18 ◦C and 90%
relative humidity under natural lighting conditions. Surface irrigation was performed
manually every three days. After three days, the neat components and the composites were
added to the substrate in the following amounts:
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• Trial 0: control (growing substrate) containing 25 mg organic N.
• Trial 1: growing substrate + SPC (4.1 g per pot, 283 mg N).
• Trial 2: growing substrate + SPC-U (2.7 g per pot, 284 mg N).
• Trial 3: growing substrate + SPC-BP (4.0 g per pot, 280 mg N).
• Trial 4: growing substrate + SPC-BP-U (3.3 g per pot, 281 mg N).
• Trial 5: growing substrate + urea (0.6 g per pot, 280 mg N).
• Trial 6: growing substrate + BP (4.3 g per pot, 284 mg N).
• Trial 7: growing substrate + urea (0.3 g per pot, 140 mg N) + BP (2.2 g per pot,

145 mg N).
• Trial 8: Osmocote® (1.8 g per pot, 282 mg N).

The trials’ plan included the control (trial 0) without added N fertilization, trials 1–7 in
the presence of added SPC, BP, and urea products, and trial 8 in the presence of commercial
slow-release N, P, K fertilizer Osmocote® [22], which was used as reference material. The
amount of SPC materials (trial 1–4) and of urea and BP (trial 5–7) added in each pot was
calculated to provide, in each pot, nearly the same total N amount (280–285 mg N) as in
trial 8. After 55 days, the shoots and roots were collected, and their respective fresh weights
were measured. Two plants per pot were dried at 60 ◦C for 3 days for the determination of
the dry weight of leaves and roots.

2.4. Analyses

Total N was determined by the flash combustion method (i.e., “Dumas method”)
with thermal conductivity detection using the UNICUBE elementar analyzer (Elementar,
Langenselbold, Germany) according to the CSN EN 13654-2 standard method. Nitrate
concentrations in leaves and roots at the end of the trial have been analyzed on the fresh
material. For each plant, 100 mg of fresh tissue was ground in liquid nitrogen and sus-
pended in 10 mL of deionized water. Suspensions were incubated for 1 h at 45 ◦C and then
centrifuged at 5000 rpm for 15 min. The extract was filtered, and the nitrate N concentration
was determined spectrophotometrically by the Griess reaction [23]. The determination of
chlorophyll a and b and of carotenoids was performed on each plant by extraction of 300 mg
fresh foliar tissue ground in liquid nitrogen with 10 mL 96% (v/v) ethanol. The samples
were kept in the dark for 2 days at 4 ◦C, and the extracts were filtered and then analyzed
by spectrophotometry using a Hitachi (Tokyo, Japan) U-2000 spectrophotometer. The ab-
sorbance readings were performed at 665 nm for chlorophyll a, at 649 nm for chlorophyll b,
and at 470 nm for total carotene. Chlorophyll a, b, and total carotenoid concentrations were
calculated according to the literature [24].

2.5. Statistical Treatment of Data

The data were evaluated by one-way ANOVA (p < 0.05 or 0.01) followed by the Tukey’s
test for multiple comparison procedures.

3. Results

For the spinach cultivated in the different trials, Table 2 reports the fresh and dry
weights of leaves and roots. At the end of the experiment, the plants were healthy and
reached the marketable size without apparent differences between the trials, except for
the fresh weight of the leaves as higher values were recorded in trials 2 and 3, compared
to trial 6. Overall, the experimental values suggest that the control substrate provides a
sufficient amount of nutrients to allow a regular and constant growth of the plants.

Table 3 reports the chlorophyll a, chlorophyll b, and carotenoids concentrations in the
fresh spinach leaves. It shows that the chlorophyll a content in the plants fertilized with SPC
and urea (trials 1 and 5) is significantly higher than that of the control (trial 0). The plants
fertilized with SPC and SPC-U (trials 1 and 2) exhibit significantly higher concentrations of
chlorophyll b than the control (trial 0). The treatments appear not to significantly affect the
carotenoid concentration compared to the control (trial 0).
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Table 2. Fresh and dry weight of spinach leaves and roots (mean value ± standard deviation) 1

cultivated in trials 0–8.

Trial
Leaves Roots

Fresh Weight (g) Dry Weight (g) Fresh Weight (g) Dry Weight (g)

0 18.7 ± 3.2 ab 1.6 ± 0.55 a 0.86 ± 0.29 a 0.11 ± 0.04 a

1 25.6 ± 5.3 ab 2.3 ± 0.56 a 1.16 ± 0.22 a 0.13 ± 0.02 a

2 27.3 ± 4.5 a 2.4 ± 0.39 a 1.08 ± 0.23 a 0.12 ± 0.03 a

3 27.7 ± 6.1 a 2.3 ± 0.61 a 0.99 ± 0.26 a 0.10 ± 0.03 a

4 23.5 ± 5.1 ab 2.2 ± 0.54 a 0.99 ± 0.18 a 0.11 ± 0.03 a

5 24.5 ± 5.0 ab 2.3 ± 0.60 a 0.98 ± 0.16 a 0.12 ± 0.03 a

6 18.1 ± 1.9 b 1.8 ± 0.20 a 0.89 ± 0.10 a 0.12 ± 0.02 a

7 23.2 ± 3.4 ab 2.3 ± 0.54 a 1.08 ± 0.14 a 0.13 ± 0.03 a

8 22.8 ± 2.7 ab 2.2 ± 0.27 a 1.04 ± 0.08 a 0.13 ± 0.01 a

1 Within columns, mean values followed by the same letter are not significantly different (p < 0.01).

Table 3. Chlorophyll and carotenoids content in spinach leaves expressed as mg kg−1 fresh weight
(mean value ± standard deviation) 1 cultivated in trials 0–8.

Trial Chlorophyll a Chlorophyll b Carotenoids

0 242 ± 49.0 a 123 ± 28.9 a 19 ± 0.9 a

1 330 ± 32.3 b 176 ± 11.0 b 8 ± 0.3 a

2 323 ± 46.6 ab 172 ± 15.0 b 8 ± 0.4 a

3 258 ± 41.0 ab 125 ± 26.9 a 16 ± 0.8 a

4 321 ± 29.4 ab 158 ± 11.0 ab 7 ± 0.3 a

5 341 ± 29.9 b 172 ± 34.1 ab 18 ± 0.6 a

6 241 ± 55.4 a 138 ± 23.3 ab 24 ± 0.7 a

7 309 ± 22.1 ab 158 ± 19.4 ab 11 ± 0.4 a

8 289 ± 42.2 ab 168 ± 34.5 ab 17 ± 0.6 a

1 Within columns, mean values followed by the same letter are not significantly different (p < 0.01).

Table 4 reports the total N concentration in the plants. The experimental data in Table 4
show that the nitrogen uptake per plant is much lower in roots than in leaves. This is
expected since most of the nitrate absorbed by the roots is transported in the xylem to the
leaves for further reduction to ammonia, which is then used to synthesize the leaf proteins.
The results also point out some significant differences between the trials. In trials 1–5, and
7 and 8, the total N concentration in both leaves and roots is higher than that for the control
(trial 0). The highest total N concentration values are shown in the leaves of the plants
grown on SPC-based fertilizers (trials 1–4) and urea (trial 5).

The data in Table 5 point out large differences in nitrate concentration among the
trials, although the same nitrogen amount was added to the substrate in all trials. In all
trials, the nitrate concentration in fresh spinach is well below the 3.5 g kg−1 safe limit
recommended by the European Commission [18]. The highest concentration is found in
the spinach fertilized with urea (2816 mg kg−1 in trial 5) and in the spinach fertilized with
the sunflower proteins-based fertilizer (1890–2559 mg kg−1 in trials 1, 2, and 4). The lowest
nitrate concentration is found in the plants grown on the control substrate (101 mg kg−1 in
trial 0) and in the plants fertilized with BP (247 mg kg−1 in trial 6). However, these plants
exhibit a rather low total nitrogen concentration (Table 4), probably due to the low level of
nitrogen mineralization in the substrate. This is confirmed by the low nitric to total N ratio
(1.0 and 2.2 in trial 0 and trial 6, respectively), which suggests that most of the absorbed
inorganic nitrogen is promptly transformed into amino acids and proteinaceous matter. In
all other cases, the nitric to total N ratio ranges from 9.6 to 16.5.
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Table 4. Total nitrogen concentration and N uptake for spinach plants (mean value ± standard
deviation) 1 cultivated in trials 0–8.

Trial
Total N (g kg−1 Dry Matter) N Uptake (mg Plant−1)

Leaves Roots Leaves Roots

0 34.0 ± 1.82 a 20.9 ± 2.15 a 54.4 ± 21.6 a 2.3 ± 1.01 a

1 51.9 ± 1.32 bcd 29.8 ± 1.72 bc 117.6 ± 32.0 b 3.7 ± 0.88 a

2 52.7 ± 1.31 bd 30.4 ± 2.09 bc 128.3 ± 23.6 bc 3.6 ± 1.09 a

3 48.5 ± 2.04 bce 28.2 ± 0.81 bcd 113.0 ± 34.3 ab 2.9 ± 1.01 a

4 52.1 ± 2.99 bcd 29.1 ± 1.77 bc 114.5 ± 34.5 b 3.3 ± 1.12 a

5 55.5 ± 1.71 d 30.7 ± 2.36 b 129.7 ± 37.4 bc 3.6 ± 1.20 a

6 34.3 ± 3.44 a 20.7 ± 3.44 a 63.1 ± 13.3 ab 2.6 ± 0.87 a

7 47.2 ± 2.55 ce 26.9 ± 2.14 bc 106.2 ± 31.1 ab 3.5 ± 0.96 a

8 45.1 ± 3.47 e 26.5 ± 2.11 c 99.8 ± 19.8 ab 3.3 ± 0.57 a

1 Within columns, mean values with the same letter are not significantly different (p < 0.01).

Table 5. Nitric nitrogen (mean value ± standard deviation) 1 in spinach leaves cultivated in trials 0–8.

Trial NO3− N
(g kg−1 Dry Matter)

NO3−/Total N
(w w−1)

NO3− N
(mg kg−1 Fresh Matter)

0 1.1 ± 0.60 a 1.0 ± 0.58 a 101 ± 53.7 a

1 26.0 ± 4.9 bcd 15.3 ± 3.3 c 2281 ± 410 bcd

2 28.6 ± 2.8 bc 16.5 ± 2.0 c 2559 ± 297 bc

3 15.4 ± 7.5 e 9.6 ± 5.1 b 1373 ± 575 e

4 20.5 ± 7.0 bde 12.0 ± 4.8 bc 1890 ± 593 bde

5 29.8 ± 1.9 c 16.3 ± 1.5 c 2816 ± 125 c

6 2.5 ± 1.4 a 2.2 ± 1.5 a 247 ± 122 a

7 16.4 ± 5.1 de 10.5 ± 3.9 b 1541 ± 398 de

8 14.9 ± 4.0 e 10.1 ± 3.5 b 1438 ± 323 e

1 Within columns, mean values followed the same letter are not significantly different (p < 0.01).

4. Discussion
4.1. Effect of BP on Plant Performances

The data obtained from the present experiment show significant differences only
between trials 2, 3, and 6 for the leaf fresh biomass, but not the dry one (Table 2). The average
dry weight of the leaves (2.2 g per plant) is consistent with literature data for cultivated
spinach under different conditions: 0.6–2.0 g per plant for hydroponic cultures [15,25],
0.2–1.2 g per plant in pot experiments, depending on the amount of added nitrogen [26],
and 4.3–5.4 g per plant in trials where different composts were used as fertilizers [27].

The chlorophyll content of spinach leaves was also affected by BP application (Table 3).
The concentration values reported in Table 3 fall in the range of values reported by other
workers for spinach cultivated under various operational conditions. For example, for
chlorophyll a, the following values are reported: 300–400 mg kg−1 in spinach cultivated in
field experiments at different N and water applied levels [28], and 860 mg kg−1 in spinach
cultivated under hydroponic conditions at 105 mg L−1 N applied doses [29]. The data
for the group of trials 1–7, in which SPC, BP, and/or urea were used, show that trials 3
and 6 exhibit lower contents of chlorophyll and higher contents of carotenoids than the
other 5 trials. The statistical analysis of these groups of data does not prove significant
differences between most of the trials. Yet, specifically for chlorophyll, the apparent lower
chlorophyll concentration recorded in leaves from trials 3 and 6 may be correlated to
the lower total N content and uptake (Table 4) measured in leaves. Indeed, it is well
known that leaf chlorophyll concentration is linked to leaf N content due to the presence
of N atoms in chlorophyll molecules [30]. Some authors observed that BP application
to plants enhanced the availability of N requested for chlorophyll formation [31], with
positive effects on photosynthetic activity. The apparent higher carotenoid content and
lower chlorophyll content in trials 3 and 6 can be related to a trend that plants show in

118



Coatings 2022, 12, 239

some growing conditions (particularly under stress), i.e., when chlorophyll values decrease,
carotenoids tend to increase, and vice versa [32,33].

The BP application also influenced the total nitrogen content in spinach leaves and
roots (Table 4). To be assimilated by plants, nitrogen must be in nitric or ammonia forms.
Therefore, nitrogen present in organic forms in soil or substrate must be made available
through mineralization by microorganisms. The prevailing form is the nitric one because
ammonium ion is promptly oxidized and made less available by adsorption on the soil
surfaces. Once absorbed by the roots, nitrates are transferred to the shoots where they
are reduced to ammonium and used to first synthesize glutamate and glutamine through
the enzymatic nitroreductase and GOGAT systems, and then other amino acids and N-
containing compounds. The total N concentration values are consistent with those reported
in literature for spinach leaves (22.7–51.5 g kg−1) [15,27]. The low nitrogen concentration
found in the plants grown on the BP-added substrate (trial 6) suggests that BP is recalcitrant
to the biochemical attack by microorganisms, in accordance with the high lignin-like
chemical moieties present in its macromolecular structure [4]. On the other hand, the low
nitrogen uptake of the plants grown in trial 6 does not seem to negatively affect the leaf
biomass yield as shown in Table 2. This is consistent with previous results reported by other
authors, who used BPs in floriculture trials [30,31,34]. These authors agreed that the positive
effects exhibited by the investigated biopolymers were due to the biopolymers’ chemical
structure interacting with the microorganisms and stimulating the plant metabolism, more
than to their fertilizing power stemming from their contribution of organic nitrogen as soil
fertilizer. On the other hand, although a high N content in the leaves, as shown in Table 4,
can be considered a positive result because it is correlated to a high protein concentration, it
should not be accompanied with a high nitrate concentration. Accumulation of nitrates in
plants generally occurs when the plant uptakes more NO3− than the NO3− assimilable in
protein form [35]. Most absorbed nitrate is stored in the vacuole until release for reduction
in the cytosol [36]. In the present work, this issue is addressed by the collected data shown
in Table 5.

Actually, BP application also affected nitric nitrogen content in spinach leaves (Table 5).
Accumulation of nitrates in the vacuoles of the cells occurs when the enzymatic systems
leading to the reduction of nitrates and further synthesis of protein matter are inhibited by
excessive nitrate uptake. In this scenario, it is noteworthy that the plants grown in trials 3,
4, and 7 substrates, all containing BP together with SPC and/or urea, although exhibiting
a high total N uptake (Table 4), have significantly lower nitric to total N ratio (9.6–12.0)
than that (15.3−16.5) shown in the other trials (1, 2, and 5) containing SPC and/or urea but
no BP. The best fertilizers in terms of high total N content and low nitrates accumulation
were the SPC-BP (trial 3) and SPC-BP-U (trial 4) composites, the mix of urea and BP in
trial 7, and Osmocote® (trial 8). In all these trials, the nitrate concentration in the spinach
leaves is even below the limit of 2 g kg−1 recommended for preserved frozen spinach by
the European Commission [16]. The data confirm that all composites containing BPs yield
the safest crop coupled with high biomass production.

4.2. Plausible Explanation of the BP Effects

The experimental data point out that BP can mitigate nitrates’ accumulation in spinach
plants. The fertilizer used in trial 3 was SPC loaded with 10% BP. About 90% of the total
nitrogen present in this specimen comes from SPC. Therefore, most of the N uptake of the
plants in trial 3 is to be attributed to SPC nitrogen. Indeed, trial 6 has demonstrated that BP
nitrogen is relatively less available for the plant to take up. In trial 7, in which urea was
the nitrogen source and the same amount of BP was added, high nitrogen uptake is also
accompanied by a relatively low nitrate content. The results suggest that BP, although not
supplying to the plant as much nitrogen as SPC and urea, strongly affects the pathways
responsible for the mineralization of organic nitrogen. A similar effect was observed in
the previous work [5] reporting the kinetics of ammonia and organic N release rates of the
SPC composites in water. BP was shown to retard the formation of ammonia from urea
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hydrolysis and enhance the release of organic nitrogen from SPC. In this case, the effect
might be due to a plausible interaction of BP functional groups with urea and SPC.

BP belongs to a family of biopolymers obtained by the same hydrolysis process
from fermented lignocellulose biowastes of different sources [4]. All these biopolymers
keep the memory of the sourcing lignocellulose materials, are constituted by a mix of
macromolecules containing the same carbon types and various acid and basic functional
groups capable of interacting with other molecules by protonation and donor-acceptor
complexing reactions. The relative ratios of the chemical functionalities in these families
of biopolymers depend on the sourcing materials. As a consequence, they have the same
multiple properties and performances, although at different levels depending on the
sourcing materials. Other BPs, obtained from composted green wastes or composted mixes
of green wastes and MBW anaerobic digestates, have been investigated as auxiliaries in
the anaerobic fermentation of MBW [37,38] carried out in bioreactors dedicated to the
production of biogas. These biopolymers can reduce the ammonia and/or the nitrate level
in the process digestate. Other workers have used BPs as animal diet supplements [39].
They have shown that BPs reduce the proteolysis occurring in the caecum intestine of pigs
with consequent reduction of ammonia formations. Biagini and coworkers [40] tested the
biopolymer obtained from composted mixes of green wastes and MBW anaerobic digestates
as a supplement for rabbits’ protein diet. They demonstrated that the rabbits fed with the
biopolymer-supplemented diet produced manure with significantly lower ammonia and
GHG emissions compared to the animals fed with the control diet.

While the confirmation and replicability of the effects of the above biopolymers under
different operational conditions and of the BP used in the present work are unquestionable,
the role of these biopolymers is not yet clear. So far, it cannot be established definitely
whether the biopolymer effects involve pure chemical reactions or biochemical processes
with participation of a microorganism. The second hypothesis is the most likely, according
to Baglieri and coworkers [41]. These researchers cultivated bean plants using a biopolymer
obtained from the hydrolysis of exhausted tomato plants as fertilizers. The biopolymer
sourced from the agriculture biowastes bears strong chemical similarities with BP sourced
from MBW. The former was found [41] to significantly enhance nitrate reductase, glutamine
synthetase, and glutamate synthase activities, and to increase soluble proteins’ concentra-
tion in shoots and roots, compared to the control. Based on the lack of differences between
the concentrations of mineral nitrogen in the control and treated cultivation substrate, as
opposed to the significant differences observed for enzymatic activity and soluble proteins’
concentration in the plants, Baglieri and coworkers [41] concluded that the biopolymer acts
as plant biostimulant with a possible auxin-like effect, more than as soil fertilizer.

On the other hand, a possible action of BP as chemical catalyst must be considered.
This is also in view of previous work reporting the property of BPs to catalyze oxidation
reactions in the absence of any microorganism [42]. According to the current view of
the behavior of urea in soil and the fate of the produced ammonia [7,8,35] for the system
investigated in the present work, the following reaction scheme may help clarify the
BPs effects:

CO(NH2)2 + H2O � 2 NH3 + CO2 (1)

NH3 + 2 O2 � HNO3 + H2O (2)

R-CH(OH)-COOH + CH3-COOH + NH3 � R-CH[NH-(C = O)-CH3]-COOH
+ 2 H2O

(3)

The scheme shows that urea is hydrolyzed to ammonia (reaction (1)) and then, trans-
formed into nitrates (reaction (2) forward). These are adsorbed by the plant roots and
transferred to the leaves. Nitrates in leaves are reduced to ammonia (reaction (2) backward)
and then converted to proteins (reaction (3)). A recent work [38] investigated the BPs’
assisted anaerobic fermentation of MBW in 150 mL shake flasks. It demonstrated that BPs,
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in the investigated MBW fermentation system comprising organic, nitrate and ammonia N,
catalyze the following chemical redox reaction:

HNO3 + NH3 � N2 + 2 H2O + 1/2 O2 (4)

The calculated Gibbs free energy from literature data [43] for this reaction, i.e., −360 kJ/N2
mole, shows that reaction (4) is thermodynamically favored. Occurrence of the chemical catal-
ysis by BP in the system investigated in the present work, and the consequent reduction of
nitrates by reaction (4), may be a plausible explanation for the lower nitric to total N ratio
reported in Table 4 for the composite materials containing BPs (trials 3, 4 and 7), compared to
the other materials in trials 1, 2, and 5 that contain SPC and/or urea but no BP.

4.3. Perspectives for a New Biowaste-Based Chemical Industry

The spinach case study reported in the present work shows that, for use in the agricul-
ture sector, materials obtained from urban and agro-industrial biowastes are competitive
with materials obtained from fossil sources. Particularly, the BP material obtained from
MBW exhibits unique properties that allow modulating the N release rate and fate in soil
and in the plant crop. These properties are very important to safeguard the quality of soil,
water, and crops. More ambitiously, the present article has relevance also for the sectors of
waste management, pollution, and the chemical industry.

Montoneri [4] and Tabasso and coworkers [44] have reviewed the sustainability of
the hydrolysis process to produce BPs, as well as the BPs’ multipurpose performance and
related economic, environmental, and social benefits for several sectors of the chemical
industry and agriculture. The engineered composite materials tested in the present work
disclose a further benefit offered by the tested BP for developing safe agriculture and food.
They prove a new property of BP capable of reducing fertilizer nitrate leaching through
soil and eutrophication effects, and at the same time diminish nitrate accumulation in
crops. They add further important incentives for valorizing MBW as feedstock for the
production of BPs and their use at commercial scale. They also prospect the feasibility
of substituting products from fossil sources with products from biowastes. Particularly,
because of their origin and special properties, BPs have high potential for developing a
sustainable, waste-based industry integrating chemical and biochemical processes.

MBW treatment plants are the ideal settings to this end. At present, they are service
providers for citizens, as they perform the collection, disposal, and recycling of urban
biowastes. To reduce landfill disposal, the most advanced plants process MBW by anaer-
obic fermentation yielding biogas and digestate, and by aerobic fermentation producing
compost. The value of these products is not enough to cover the plant operational costs [4].
The missing revenue is covered by citizens’ taxes. No MBW plant applies chemical pro-
cesses. Yet, MBWs are a potential source of valuable renewable organic C, which could be
recycled in the form of valued-added, biobased products for consumer use.

5. Conclusions

It has been demonstrated that composite controlled release fertilizers made by twin-
screw extrusion followed by injection-molding can achieve the same performance in terms
of spinach growth, nitrogen uptake, and nitrate accumulation as the commercial Osmocote®

controlled release fertilizer, which contains urea coated with synthetic polymers. This result
is achieved thanks to the municipal biowaste derived biopolymer. This component can
control the nitrogen release rate of urea and from the sunflower protein concentrate, and
reduce nitrogen accumulation by the plant while maintaining the same biomass growth
and nitrogen uptake of Osmocote®. This finding poses a worthwhile scope for testing the
twin-screw extruded/injection-molded biopolymer composites in the cultivation of other
plant species in order to contribute to the replacement of current commercial materials
coated with synthetic polymers from fossil sources. However, the ambition of the authors
of the present work is far beyond developing controlled release fertilizers.
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Previous work [4] has demonstrated that the hydrolysis of municipal biowaste from
different sources is a cost-effective, feasible process that yields a family of biopolymers
for sustainable use in different sectors of agriculture and the chemical industry. The
demonstration of the BP biopolymer properties in the present work is a new finding. It
widens the fields of application and the potential benefits of BPs. It adds a further argument
for developing a waste-based chemical industry, which exploits biowaste as feedstock
for the production of value-added chemical specialties and materials rather than plants
specifically cultivated for this purpose. This approach, extended to the exploitation of
biowastes from urban, agriculture, and agro-industrial sources, would allow not only
the replacement of chemicals and materials from fossil sources, but would also dismiss
environmentally unfriendly waste disposal practices and keeping agriculture soil for food
production rather than for the production of chemicals.

6. Patent

The French patent application submitted 16 October 2020 under number FR2010597
to Institut National de la Propriété Industrielle (INPI) in France and entitled “Produit pour
l’agriculture, et procédé de préparation” results from both [5] and the work reported in the
present manuscript. The inventors of this patent are Philippe Evon, Carlos Vaca-Garcia,
Laurent Labonne, and Antoine Rouilly. The owners of this patent are Institut National
Polytechnique de Toulouse (INPT) and Institut National pour l’Agriculture, l’Alimentation
et l’Environnement (INRAE).
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Abstract: This work was designed to determine the mechanical properties and static cushioning
performance of polyvinyl alcohol (PVA)/bagasse fibre foam composites with a multiple-factor
experiment. Scanning electron microscopy (SEM) analysis and static cushioning tests were performed
on the foamed composites and the results were compared with those of commonly used expanded
polystyrene (EPS). The results were as follows: the materials had a mainly open cell structure, and
bagasse fibre had good compatibility with PVA foam. With increasing PVA content, the mechanical
properties of the system improved. The mechanical properties and static cushioning properties of the
foam composite almost approached those of EPS. In addition, a small amount of sodium tetraborate
obviously regulated the foaming ratio of foamed composites. With increasing sodium tetraborate
content, the mechanical properties of foamed composites were enhanced. The yield strength and
Young’s modulus of the material prepared by reducing the water content to 80.19 wt% were too high
and not suitable for cushioned packaging of light and fragile products.

Keywords: polyvinyl alcohol; bagasse fibre; foamed composites; cushion packaging material

1. Introduction

Packaging is an indispensable part of commodity circulation. In the logistics and
transportation processes, not only is external packaging needed, but internal packaging is
also needed to pack objects or fill gaps [1]. The foaming materials often used in the cushion
packaging area can be divided into four categories: organic foam material, plant fiber foam
material [2,3], metal foam material [4–7] and ceramic foam material [8,9]. Organic foam
material is a closed cell foam made of organic materials with emulsifiers, foaming agents,
curing agents and other auxiliaries such as expanded polystyrene (EPS), polyethylene foam
(EPE), etc. These are widely used due to their low density, excellent buffer performance and
low cost. However, they are hard to biodegrade, thus causing “white pollution”. EPS also
precipitates toxic substances at high temperatures and harms human health [10,11]. Plant
fiber foam is a polymer thermoplastic polymer made from plant fibers (such as orange sticks,
seaweed, etc.) and starch (such as rice, corn, potato, etc.), using principles of biological
recombination and molecular recombination technology, and special production technology.
Research on environmentally friendly cushion packaging materials has therefore become
an inevitable trend in the 21st century [12]. In recent years, metal foam material and
ceramic foam material are seldom used in packaging.

The main biodegradable packaging materials currently on the market are corrugated
cardboard, honeycomb cardboard and paper pulp moulding. Corrugated board and honey-
comb paperboard are expensive and exhibit unsatisfactory buffer performance [13,14]. The
production process for paper pulp moulding is complex and is only used to make small
cushioned packaging material [15]. In summary, all of these buffer packaging materials
have some limitations.

125



Coatings 2021, 11, 1094

Due to their environmental friendliness, low cost, and unlimited market potential,
the development of plant fibre cushioning materials has attracted increasing interest.
Numerous studies have made great breakthroughs in the development of plant fibre
cushioning materials [16–18], and research on plant fibre foaming materials has become a
new area of interest. These materials use plant fibre as the main raw material and contain
various additives, including foaming agents, nucleating agents, adhesives, foam stabilizers,
thickeners, and plasticizers; when mixed in a slurry, the foam is then prepared by moulding
foaming, baking foaming, extrusion foaming or microwave foaming, after which the
material is finally dried and shaped [15]. The buffer packaging material prepared by this
method has the advantages of a simple preparation process, a widely available source of
raw materials, and complete susceptibility to degradation, and its mechanical performance
is essentially equal to that of EPS. The plant fibre foam material expands spontaneously in
response to temperature and pressure. Although it is difficult to obtain materials featuring
low density and substantial foaming [19], the density of these fibres is less than 0.1 g/cm3,
and the mechanical strength of the material is roughly equal to that of EPS. At present, the
density of the most commonly used EPS is between 0.005 and 0.015 g/cm3, which means
that there is a large gap between the densities of the two materials [20,21]. To overcome this
difficulty, researchers have used various methods to reduce the density of the material, and
low-density plant fibre cushion packaging material has become popular in the packaging
industry [22,23]. Bagasse fibre is the residue remaining from sugarcane after squeezing [24].
As a natural plant fibre material it can be naturally degraded [25], exhibits a low cost and
its output is seven times the total output of jute [26–28], kenaf, and hemp [29]. Polyvinyl
alcohol is a polyhydroxy polymer produced by the hydrolysis of polyvinyl acetate, and it
exhibits good mechanical properties [30,31]. It is nontoxic, biocompatible, water soluble,
semicrystalline, and fully biodegradable, and it has a relatively lower cost than the currently
dominant foam precursor, polyurethane [32]. Bagasse fibre and polyvinyl alcohol meet the
requirements of environmental protection.

In this work, the components of foamed composites were PVA and bagasse fibre, and
the production process utilized a nucleating agent and a cross-linking agent, with water
as a plasticizer. The foamed composites used as cushion packaging were prepared by the
mechanical foaming method. The advantage of composite materials is that the components
can complement each other [33] and produce synergies that avoid the high-density defects
of plant fibre foaming material while providing good mechanical performance. Through
multifactorial experiments the mechanical properties, static cushioning properties, and
variation laws of the microstructures of these materials were studied via single factor
changes (content of PVA, sodium tetraborate and water).

2. Experiments
2.1. Experimental Materials

Polyvinyl alcohol was purchased from Shanghai Aladdin Biological Technology Co.,
Ltd. (Shanghai, China), specifically chemically pure PVA 1788; the degree of polymerization
was 1700 and the degree of alcoholysis 88%, while the average Mw was 85,000–124,000;
it had good water solubility and dissolved quickly in cold or hot water. Bagasse fibre
(chemical pulp) was supplied by Nanning Sugar Industry Co., Ltd. (Nanning, China). The
nucleating agent and sodium tetraborate (analytically pure) were obtained from Tianjin
Bodi Chemical Co., Ltd. (Tianjin, China). Deionized water was prepared with filtering
equipment in our laboratory.

2.2. Experimental Apparatus

Experiments involved the use of an electronic balance (Accuracy: 0.001 g, Mettler
Toledo Co., Ltd., Greifensee, Switzerland), a mechanical stirrer (stepless speed change,
IKA RW20 Digital, Shanghai Yikong Mechanical and Electrical Co., Ltd., Shanghai, China),
a thermostat water bath (HH-2, Changzhou Putian Instrument Manufacturing Co., Ltd.,
Changzhou, China), a vacuum freeze dryer (74200-30, Labconco Co., Ltd., Kansas, MO,
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USA), an electric blast drying oven (DHG-9140A, Shanghai Jinghong macro laboratory
equipment Co., Ltd., Shanghai, China), a universal testing machine (M-3050, Shenzhen
Reger Instrument Co., Ltd., Shenzhen, China), and a scanning electron microscope (JCM6000,
Japanese Electronics Maker Hitachi Ltd., Tokyo, Japan).

2.3. Specimen Preparation

First, bagasse cellulose was blended with polyvinyl alcohol solution at room tempera-
ture. Then, calcium carbonate and sodium tetraborate were added in turn. After mixing
for 5 min at a speed of 1600 r/min, the mixture was cast in the cube mould (length × width
× height = 5 cm × 5 cm × 4 cm) and put into the refrigerator at low temperature to freeze
for 12 h. Finally, it was dried and shaped in a vacuum freeze dryer. Formulations are listed
in Tables 1–3.

Table 1. Formulations of composites with different PVA contents.

Specimens PVA (g) Fibre (g) Water (g) Sodium
Tetraborate (g)

Nucleating
Agent (g)

1: PVA of
7.11 wt% 5 5 60 0.06 0.3

2: PVA of
8.41 wt% 6 5 60 0.06 0.3

3: PVA of
9.67 wt% 7 5 60 0.06 0.3

4: PVA of
10.91 wt% 8 5 60 0.06 0.3

5: PVA of
12.10 wt% 9 5 60 0.06 0.3

Table 2. Formulations of composites with different sodium tetraborate content.

Specimens Sodium
Tetraborate (g) PVA (g) Fibre (g) Water (g) Nucleating

Agent (g)

a: sodium
tetraborate of

0 wt%
0 8 5 60 0.3

b: sodium
tetraborate of

0.027 wt%
0.02 8 5 60 0.3

c: sodium
tetraborate of

0.055 wt%
0.04 8 5 60 0.3

d: sodium
tetraborate of

0.082 wt%
0.06 8 5 60 0.3

e: sodium
tetraborate of

0.109 wt%
0.08 8 5 60 0.3

127



Coatings 2021, 11, 1094

Table 3. Formulations of the composites with different water contents.

Specimens Water (g) PVA (g) Fibre (g) Sodium
Tetraborate (g)

Nucleating
Agent (g)

I: Water of
80.19 wt% 54 8 5 0.04 0.3

II: Water of
80.76 wt% 56 8 5 0.04 0.3

III: Water of
81.30 wt% 58 8 5 0.04 0.3

IV: Water of
81.81 wt% 60 8 5 0.04 0.3

V: Water of
82.29 wt% 62 8 5 0.04 0.3

VI: Water of
82.75 wt% 64 8 5 0.04 0.3

VII: Water of
83.19 wt% 66 8 5 0.04 0.3

2.4. Testing and Characterization
2.4.1. Static Compression Properties

Static compression experiments were performed with a microcomputer-controlled
electronic universal testing machine. After the material was formed, the temperature and
humidity of the samples were established according to ISO 2233-2000; the compression
performance was tested according to the GB/T 18942.1-2003: static compression test
method of cushioning materials for packaging at a compression speed of 12 mm/min. Each
sample was subjected to three repeated experiments. The results presented are the average
values of the three experiments. The material load-displacement curve was obtained, and
the stress-strain curve of the material was calculated according to the sample size. The
samples had almost the same length × width (5 cm × 5 cm); the thickness was around
3 cm.

2.4.2. Yield Strength and Young’s Modulus

The yield stress value was regarded as the compression strength (δ*) when the corre-
sponding strain was 10%. The Yield modulus is the compression strength (δ*)/10%.

The formula for Young’s modulus is as follows:

Esj =
1
2

(
δj+1 − δj

ε j+1 − ε j
+

δj − δj−1

ε j − ε j−1

)
(1)

where δ is the stress of the material and ε is the strain of the material.
The modulus variance of the material with strains between 0.05–5% is the smallest,

and the corresponding modulus is the Young’s modulus of the material.

2.4.3. Cushion Coefficient

The energy absorption formula for the material is

e =
ε∫

0

δdε (2)

where e is the energy absorbed by the material, that is, the area between the stress-strain
curve and the x-axis. The cushion coefficient formula is

C =
δ

e
(3)
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where C is the cushion coefficient.

2.4.4. SEM Analysis

The external and internal structures of the material were observed by scanning electron
microscopy (JCM6000). The material was first cut into slices approximately 2 mm thick and
then processed by spraying gold. Finally, the samples were studied with an accelerating
voltage of 15 kV. Samples for which the PVA content was 10.91 wt% were used for surface
SEM analysis at magnifications of 30, 90, 150 and 300×. Samples with a PVA content of
8.41%, 9.67% and 10.91% were used for SEM analysis of internal sections at magnifications
of 30, 50, 90, 300 and 500×.

3. Result and Analysis
3.1. Effect of PVA Content on Material Properties
3.1.1. SEM Analysis

The surface morphology of the materials when the PVA content was 10.91 wt% is
shown in Figure 1, with magnifications of 30, 90, 150 and 300×. It is obvious that the
fibres were staggered and evenly distributed in the mixture, forming a support system
for the skeleton structure. In Figure 1d, the inside of the cell can be clearly observed, so a
preliminary estimate suggests that the material has an open cell structure. Bagasse fibres
were distributed uniformly in PVA without agglomeration on the surface.
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Figure 1. Morphology of the surface of a sample (PVA content of 10.91%) at different magnifications. (a) 30 times;
(b) 90 times; (c) 150 times; (d) 300 times.

Figure 2 shows that with continuous increases in PVA content, the quantity of cells
gradually increased, cell diameters gradually decreased, cell walls gradually thickened,
and the macroscopic observation was that the strength of the material increased. The cells
in the material consisted of two parts. The main part consisted of the voids formed by
air bubbles in the process of mechanical stirring, and the relatively smaller part formed
because of the evaporation of water in the drying process.
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Figure 2. Morphologies of internal sections of the samples at 30× magnification. (a) PVA content of 8.41 wt%; (b) PVA
content of 9.67 wt%; (c) PVA content of 10.91 wt%.

As shown in Figure 3a, the distribution of cells on the surface of the material was
relatively sparse. Figure 3d shows a cell interior through a channel with surface bubble
cracks, indicating that the material has an open structure. The vesicles are round or oval
in shape. The interface between bagasse fibre and polyvinyl alcohol cannot be clearly
distinguished from an interrupted surface in the figure. Only the fibre extends to the
outside of the composite from the materials inside the cell, indicating that bagasse fibre
and polyvinyl alcohol have good compatibility and are closely combined with each other.
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(b) 90 times; (c) 300 times; (d) 500 times.

3.1.2. Stress and Strain Curve Analysis

Figure 4 shows the stress and strain curves of different samples. Samples 1–5 contained
PVA contents ranging from 7.11 wt% to 12.10 wt%, as listed in Table 1. Sample 6 comprised
high-density polystyrene (HDEPS, with a density of 0.015 g/cm3) and sample 7 comprised
low-density polystyrene (LDEPS, with a density of 0.005 g/cm3). HDEPS and LDEPS are
high foaming materials.
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Figure 4. Stress and strain curves for materials with different PVA contents.

Sample 5 showed a higher stress and strain curve than HDEPS and LDEPS. The
stress for sample 4 was higher than that for LDEPS and similar to that for HDEPS. After
entering the densification stage (strain exceeding 0.6), the stress of the composite gradually
surpassed that of the HDEPS because the density of the composite is three times larger
than that of HDEPS. Therefore, composites first entered the compaction stage, and the
stress-strain curve of the material was determined by the characteristics of the material
itself rather than by elastic compression of the cell. When the PVA content was less than
that in sample 4, the overall strength of the material was gradually lower than that of
LDEPS, which indicates that more than 9.67 wt% PVA should be added in this formula to
produce a relatively higher stress and strain curve.

3.1.3. Analysis of Yield Strength and Young’s Modulus

Figure 5 shows that with increasing PVA content, the yield strength and Young’s
modulus of the material gradually increased, indicating that when PVA was at a low level
in these formulas the viscosity of the material had reached the requirements for maintaining
cell stability.

The increase in PVA content increased the viscosity of the material, increased the
resistance to cell growth, and finally increased the thicknesses of cell walls. In this way,
the bearing capacity of the material was stronger. On the other hand (as indicated by the
SEM analysis of the material), the higher the PVA content was, the finer the cell of the
foamed composite. When stress concentration occurred during the compression process
the propagation of the crack tip was effectively hindered with higher PVA content. As
greater stress was required to destroy the cell structure, the mechanical strength of the
material was better. As can be seen from Figure 6, the crosslinking of PVA with sodium
tetraborate increased the molecular weight of PVA and the spatial network structure of
PVA was formed, thus the strength of the matrix was greatly improved. This indicates that
such crosslink can prevent propagation of the crack tip [34].
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Figure 5. Yield strength and Young’s modulus of materials with different PVA contents.
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When the PVA content was 12.10 wt%, the Young’s modulus and yield strength of
the composite were much higher than those of HDEPS and LDEPS. When PVA content
was 9.67%, they remained higher than those of LDEPS, and similar to those of HDEPS.
The yield strength and the Young’s modulus of the material exhibited the same change
trend because the larger the Young’s modulus was, the faster the material stress rose in
the online elastic stage, and the higher the yield point of the material was. This trend fully
explains the wired elastic stage and yield platform stage in the static compression curve of
the material.

3.1.4. Cushion Coefficient Analysis

Figure 7 shows that when the PVA content was at a low level, the cushion coefficient
of the material quickly reached the lowest point with increasing strain, after which the
cushion coefficient of the material increased rapidly. At a high stress level, the cushion
coefficient was high and the energy absorption level was low, indicating that although the
foaming ratio of the material was high, the mechanical strength was poor; thus the material
was only suitable for use as a cushioning packaging filler for special lightweight materials.
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Figure 8. Stress and strain curves of materials with different sodium tetraborate contents. 

Figure 7. Cushion coefficient of materials as a function of stress, with different PVA contents.

When the PVA contents were 10.91 wt% and 12.10 wt%, the minimum cushion coeffi-
cients of the material were 3.43 and 2.96, respectively. After the cushion coefficient reached
the lowest point, the values did not rise rapidly. The material still had a low cushion
coefficient at a higher stress level and exhibited a good energy absorption level.

3.2. Effect of Sodium Tetraborate Content on the Mechanical Properties of Materials

Samples a–e contain sodium tetraborate contents ranging from low to high, as listed in
Table 2. Sample f is high-density polystyrene (HDEPS, with a density of 0.015 g/cm3) and
Sample g is low-density polystyrene (LDEPS, with a density of 0.005 g/cm3). As shown in
Figure 8, with continuous increases in sodium tetraborate content the stress-strain level of
the material continued to improve, indicating that the added sodium tetraborate served as
a crosslinker and increased the degree of PVA crosslinking and improved the viscosity of
the system, increasing cell growth resistance, reducing the foaming ratio of the material,
and enhancing the relevant mechanical properties. When the sodium tetraborate content
exceeded 0.082 wt% (curve d), the stress-strain curve of the material was higher than that
of HDEPS.

Figure 9 shows that with increasing sodium tetraborate content the yield strength and
Young’s modulus of the material gradually increased. During processing, the addition
of sodium tetraborate increased the viscosity of the material and regulated the foaming
ratio of the foaming material. When the amount of sodium tetraborate reached 0.109 wt%
(sample e), stirring of the material became very difficult. If sodium tetraborate was added
continuously, the foaming rate suddenly decreased. As the viscosity of the system increased,
stirring aggravated the reaction of PVA and sodium tetraborate, further gel reactions
occurred, and the walls of the cells disappeared. This resulted in high density and a sudden
decrease in the foaming ratio.
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Figure 9. Yield strength and Young’s modulus for materials with different sodium tetraborate
contents.

In Figure 10, the curves for samples a–c exhibited trends relatively similar to that
of LDEPS, which indicated that the lower cushion coefficient was obtained when the
stress was low, and the minimum cushion coefficient was obtained when the stress was
between 50–100 kPa. The material was therefore suitable for cushion packaging of light
materials, and the energy absorption capacity was higher than that of LDEPS. When the
stress increased, the cushion coefficient rose more rapidly than that of LDEPS, which means
that the energy absorption capacity was relatively poor. At this point the composite entered
the compaction stage and the buffer capacity was weakened.
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The curves for samples d and e were very close to that of HDEPS, and the cushion
coefficients of the materials did not increase rapidly after reaching the minimum point,
indicating that the composite was in the yield platform stage like HDEPS, and had good
energy absorption capacity.

3.3. Effect of Water Content on the Mechanical Properties of Materials

Samples I–IX contained water contents ranging from low to high, as listed in Table 3.
Sample VIII was HDEPS and Sample IX was LDEPS. Figure 11 shows that increasing
water content meant that the Young’s Modulus from the stress-strain curve dropped down
and the viscosity of the mixture decreased continuously; moreover, the foams were softer,
absorbed compressive energy, and deformed.
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Figure 12 shows that with increasing water content, the yield strengths and Young’s
moduli of the materials decreased. The Young’s modulus of sample I was 1920.37 kPa,
130.21% higher than that of sample VIII (HDEPS), indicating that the foamed material
made with this water content was relatively hard, and that increasing the water content
was conducive to reducing the hardness.
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Figure 12. Yield strengths and Young’s moduli of materials with different water contents.

As shown in Figure 13, with continuous increases in water content, the stress at which
materials reached a lower cushion coefficient gradually decreased. Sample I had a low
water content, and the stress at the low point for C was too high and not suitable for
cushioning protection of lightweight items.
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4. Conclusions

Foams have an open cell structure, and bagasse fibre has good compatibility with
PVA. With increasing PVA content, the number of cells in the material gradually increases,
the diameters gradually decrease, the cell walls gradually thicken, and the macroscopic
observation is that the mechanical properties of the material are enhanced. When the
PVA content is 10.91 wt%, the comprehensive mechanical properties and static cushioning
properties of the material are closest to those of HDEPS.

When the content of sodium tetraborate constitutes 0.027 wt% or 0.055 wt% of the
basic formulation, the mechanical properties of the material are similar to those of LDEPS,
and when the content of sodium tetraborate is 0.082 wt% or 0.109 wt%, the mechanical
properties of the material are similar to those of HDEPS. The added amount cannot exceed
0.109 wt%, or the degree of gelation is high and not conducive to cell stability.

As a plasticizer, water plays a role in adjusting the hardness and cushioning of
foaming materials. If the amount of water added is too small, the material is too hard, and
if the amount of water added is too large, the cell strength of the material is low and the
deformation is large.

With an appropriate formula, we can obtain PVA/bagasse fibre cushioning materials
suitable for replacement of LDEPS or HDEPS. The new foamed material exhibits the
characteristics of environmental protection, degradability and low price.

In the future, the dynamic cushioning properties of these foams should be analysed
to complete performance simulations under actual conditions. Both matrix materials
contain hydroxyl groups. Under high humidity conditions, hydroxyl groups absorb water,
resulting in a decline in cushioning performance. In addition, a suitable waterproof coating
is needed to protect the cushioning material.
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Abstract: This work aims to conduct an eco-friendly textile finishing process by applying agricultural
by-products as a dye for the finishing of polyamide fabrics. A natural dye was obtained from
pomegranate peel extract. Polyamide fabrics were dyed at different conditions, and four mordanting
agents were tested. The finished fabrics were analyzed in terms of CIE L, a, b and color yield (K/S)
values, as well as washing fastness, rubbing fastness, light fastness and antibacterial activity. Results
show that pomegranate peel extract could dye polyamide fabrics. The rubbing and washing fastness
of the finished samples was good. The light fastness was fair, and its antibacterial efficiency against
the tested bacteria was good.

Keywords: polyamide; pomegranate peel; natural dye; mordant; fastness; antibacterial

1. Introduction

Vegetables and fruits play a significant part in our daily life. The request for such
imperative commodities has expanded with the increase in world population [1]. Mass
consumption has led to a higher generation of by-products and has created a disposal
problem [2].

Vegetable and fruit by-products could be an important and profitable source of natural
compounds [3]. Numerous research has shown that the generated compounds are great
sources of phenolics, natural acids, sugar, colors and minerals. Some of these natural com-
pounds exhibit bioactive functions such as antibacterial, antitumor, antifungal, antiviral,
antimutagenic and cardioprotective [4,5].

Although some of the generated by-products can be considered unavoidable, others
can be utilized in different domains, including pharmaceutical, food, textile and cosmetic
industries [6–8]. The valorization of by-products may be a promising way to establish
sustainable development and reduce environmental problems [9]. Waste management
procedures must be installed with the increasing valorization of by-products and industries
must develop new ways of recycling wastes.

In line with green trends towards sustainability, textile researchers have found great
potential in using plant extracts as natural dyes [10]. Much research has focused on
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studying the chemical composition and functional properties of these natural dyes [11].
In this context, pomegranate peel extracts were extensively used as a source of yellow
dye [11].

The pomegranate is one of the oldest cultivated fruits in the world [12]. This fruit is
broadly spread throughout numerous nations, and it is well adapted to dry zones and the
Mediterranean climate [13]. In addition, pomegranate peel accounts for nearly half of the
entire weight of the fruit [14].

A review of the literature shows that there have been relatively few studies investi-
gating the dyeing of polyamide fibers with pomegranate peel [15] or the bio-functional
activities of the dyed substrates. In addition, there has been far less research on dyeing
using mordant concentration, which does not exceed the limits specified by environmental
and health standards. Therefore, the target of the present work is to demonstrate the
feasibility of applying pomegranate peel extract as a natural functional dye for polyamide
substrates. This research evaluated the effects of four mordants on color yield (K/S): color
fastness, rubbing, light and washing. To the best of our knowledge, this is an original
study on polyamide dyeing, using pomegranate peel extract to assess ecofriendly mordant
dyeing and antibacterial finishing.

2. Materials and Methods
2.1. Materials

Pomegranate fruits were purchased from local shops. The peels were collected, dried
in the sun, and then powdered. Commercially available polyamides (purchased from
local shops) were used, and for the entire set of studies, analytical grade chemicals were
employed. The used chemicals are: Folin–Ciocalteu (LOBA Chemie, Mumbai, India), Gallic
acid solution, sodium carbonate (75%), sodium nitrate NaNO2 (5%, w/v), aluminum trichlo-
ride AlCl3 (10%, w/v) Catechin (kindly provided by FSM university), C3H6O3, Sodium
hydroxide solution (1M NaOH) (Kindly provided by Chimitex company), Phosphate buffer
solution (PBS) (Kindly provided by local hospital).

2.2. Aqueous Extraction

A mass of 20 g of the powdered pomegranate peels was taken in a 250 mL flask and
covered with 50 mL of pure water in order to keep the plant material fully immersed in
water. The flask was then kept at 90 ◦C for 120 min. Thus, natural dye from pomegranate
peels was obtained by the aqueous extraction technique. After the complete extraction of
dye, the mixture was filtered, and residual entities were extracted from the liquor. A reflux
system was used during extraction to avoid solvent evaporation.

2.3. Content of Total Phenols

The Folin–Ciocalteu reagent was used to evaluate the total phenolic content of the
aqueous extract. Quantification of total phenols is made by comparing the absorbance
observed with that obtained by a Gallic acid solution with a known concentration [15].

A mixture of 0.4 mL of the pomegranate peel extract and 10 mL of diluted Folin–
Ciocalteu reagent was subjected to stirring and then kept at ambient temperature for 5 min.
After stirring, 8 mL of an aqueous solution of sodium carbonate (75%) was added. After 1 h,
the absorbances were determined at the wavelength of 765 nm using a spectrophotometer
(Specord 210 plus, Analytik Jena AG, Jena, Germany). The concentration of phenolic
compounds was determined using a calibration curve of Gallic acid and reported in mg
Gallic acid equivalent (GAE)/g of extract.

2.4. Total Flavonoids Content

Flavonoids were quantified in accordance with the method defined by Zhishen et al.
using aluminum trichloride and sodium hydroxide [16]. Aluminum trichloride forms a
yellow complex with flavonoids, and sodium hydroxide forms a pink complex that absorbs
in the visible range of 510 nm [15].
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A volume of 1mL of pomegranate peel extract was added to 4 mL of pure water
and 0.3 mL of sodium nitrate NaNO2 (5%, w/v). The system was mixed and kept in
the dark at room temperature for 5 min, then 0.3 mL of aluminum trichloride AlCl3
(10%, w/v) was added. After 10 min in the dark, 2 mL of sodium hydroxide solution
(1 M NaOH) was added. The mixture was stirred, and the absorbance was determined
using a spectrophotometer (Specord 210 plus, Analytik Jena AG, Jena, Germany) at the
wavelength 510 nm. Flavonoids were quantified using a calibration curve performed
using Catechin and expressed in milligrams (mg) equivalent to Catechin per gram of
extract (mg CE/g).

2.5. Visible Absorption Spectra

The visible absorbance spectra of the pomegranate peel aqueous extract were recorded
using a visible spectrophotometer (DR/3900, Hach, Colorado, CO, USA). Measurements
were performed by wavelength scan over the visible range of 320 to 800 nm.

2.6. Dyeing Process

To dye the polyamide fabrics with pomegranate peel extract, the exhaust process was
applied using a bath ratio of 40:1. The pH was adjusted to 3 for all dye baths. During
dyeing, the temperature was raised from 25 ◦C to the dyeing temperature (40 ◦C, 60 ◦C,
80 ◦C and 100 ◦C) at a rate of 2 ◦C/min. The samples were treated for 45 min. After dyeing,
polyamide fabrics were subjected to water rinsing cycles (1 min at ambient temperature for
each cycle). Finally, the dyed samples were air-dried.

To improve dyeability, a mordanting technique was applied. An amount of 3% of mor-
dant was used during dyeing. The released metal ions were quantified using inductively
coupled plasma optical emission spectrometry (ICP OES, Perkin Elmer, Norwalk, CT, USA).
An artificial acidic sweat solution made according to the ISO 3160/2 standard was used to
extract metal ions from polyamide fabrics. A dilution of 20 gL−1 NaCl, 17.5 gL−1 NH4Cl,
5 g L−1 CH3COOH, and 15 g L−1 C3H6O3 was used to prepare the acidic sweat solution.
To adjust the pH value at 4.7, sodium hydroxide (0.1 mol L−1) was used [17].

A mass of 1.5 g of each polyamide fabric was vortexed with 25 mL of artificial sweat
solution for 2 h at 40 ◦C. ICP OES was used to examine the solutions after they had
been filtered.

The concentrations of removed metal ions from dyed fabrics were found not to exceed
the limits specified by the Öko Tex standard [18].

2.7. Colorimetric Data

A spectrophotometer (Datacolor 650®, Lawrenceville, NJ, USA) was used to record
light reflectance measurements under illuminant D65 and a 10◦ standard observer. These
measurements allow for the analysis of colorimetric data. The International Commission
on Illumination’s CIELab color coordinates (L, a, and b) were recorded. The letter L stands
for lightness–darkness values, whereas the letter A stands for red-green share and ranges
from negative (green) to positive (red).

The yellow-blue share is represented by b values, which range from negative (blue)
to positive (yellow). The standard color strength value (K/S) was calculated based on the
Kubelka–Munk equation:

(1 − Rλmax)
2/2Rλmax = K/S (1)

where S is the scattering coefficient, R is the reflectance of the dyed fabric and K is the
absorption coefficient.

2.8. Fastness Evaluation

The ISO standard methods were applied to evaluate the fastness properties of dyed
fabrics. The considered standards were as follows: ISO 105-C06 for washing fastness, ISO
105-X12 for dry and wet rubbing fastness and ISO 105-B02 for light fastness.
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2.9. Antibacterial Testing

Escherichia coli (ATCC 8739) and Staphylococcus aureus (ATCC 6538) were used
to evaluate the antibacterial activity of polyamide fabrics according to ASTM E2149. In
this method, the polyamide samples (1 g) were placed in a flask containing a diluted
suspension of bacteria using a phosphate buffer solution (PBS) to obtain a concentration of
3 × 105 UFC/mL.

Treated and control samples were placed in laboratory flasks and shaken with 50 mL
of the bacteria suspension for 1 h at 200 rpm. Then, 0.1 mL of prepared suspension was
taken from each flask and distributed over a Petri dish. All Petri dishes were incubated
for 24 h at 37 ◦C. Finally, the formed bacteria colonies were counted. Antibacterial activity
was reported as a percent reduction of the bacteria cells after contact with treated samples
compared to the number of bacteria cells remaining after being in contact with the untreated
fabric. The percentage reduction (R%) was determined based on the following equation:

R% =
B − A

B
× 100 (2)

where A and B are the bacteria cells expressed in CFU/mL for the suspension in contact
with treated and control polyamide fabrics, respectively.

3. Results and Discussion
3.1. Total Phenolic and Flavonoid Contents

Table 1 shows the concentrations of the phenolic and flavonoid compounds of the
pomegranate peel extract. The results evidenced that the extract possessed phenolic and
flavonoid components. The brown color of the extract is chemically related to these
compounds. The extract is rich in phenolics, while the flavonoids constitute a small part of
the total phenolic compounds (10%). This finding agrees with previous studies that have
proven that pomegranate peels polyphenols essentially consist of tannins.

Table 1. Total phenolic compounds and flavonoids of pomegranate peels extract.

Total Phenolics Flavonoids

176 ± 11 mg GAE/g 18 ± 3 mg CE/g

3.2. Visible Spectroscopy Characterization

Figure 1 shows the visible spectrum of pomegranate peel extract. Two maxima
absorptions were detected at 325 nm and 367 nm. These peaks appear due to the presence
of flavonoids.
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Generally, the visible spectrum of flavonoids shows peaks in the 300–400 nm region.
These peaks are associated with the cinnamoyl system (Figure 2) [19]. The absorbance
shifts towards higher wavelengths by increasing conjugation [20].
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3.3. Effect of the Dye Concentration

Colorimetric data were considered to evaluate the influence of dye concentration
during the dyeing of polyamide fabrics. Different dye concentrations (2%, 4%, 5%, 6% and
7%) were used. Colorimetric data are shown in Table 2.

Table 2. Shades and colorimetric data obtained for the dyed polyamide fabrics at different concentrations.

Extract (%) Shade K/S L a b

2%
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4.31 71.57 3.90 28.12

(Temperature: 100 ◦C).

The exploitation of the different values provides evidence that the increase in the
dye concentration increases the shade intensity of dyed fabrics expressed by the color
yield (K/S) values. The best value of (K/S) was obtained for a concentration of 7%. The
colorimetric parameters L, a and b values are variable. The pomegranate peel extract gave
yellow to brown shades.

The dye uptake on the polyamide fabric is primarily due to the electrostatic forces
(Figure 3) created between the positively charged end amino groups of polyamide fibers
and the dye molecules under acidic conditions [21]. At pH = 3, the protonation of amino
groups is increased, and electrostatic interactions are enhanced. In addition to electrostatic
interactions, hydrogen bonds occur between flavonoids and polyamide fibers (Figure 3).
Moreover, hydrophobic interactions exist and Van der Waals attraction between the methy-
lene groups of fibers and the aromatic moieties of flavonoids [22,23].
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Figure 3. Electrostatic interactions and hydrogen bond between positively charged end amino groups
of polyamide and flavonoids of the dye (pH = 3).

3.4. Effect of Dyeing Temperature

Dyeing was carried out at different temperatures to test the effect of heating on the
dyeing properties. The obtained results are recapitulated in Table 3. They clearly show
that increasing the dye bath temperature results in an increase in the color strength value
(K/S). The higher color strength value was obtained at 100 ◦C. When the temperature
exceeds the glass transition of polyamide, a good facility of penetration of dye takes place.
Results show also that the luminosity, L, and the parameters, a and b, are influenced by
dyeing temperature.

Table 3. Shades and colorimetric data obtained for the dyed polyamide fabrics at different dyeing temperatures.

Temperature (◦C) Shade K/S L a b

40
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3.5. Mordanting Effect

During this work, simultaneous mordanting was used to dye polyamide fabrics
with pomegranate peel extract. The mordants used were aluminum sulfate, iron sulfate,
potassium dichromate and gallnut extract. Table 4 shows the influence of mordanting
treatment on dyed samples in terms of their color shade and their colorimetric data. The
difference in shades of the dyed fabrics can be noticed. This result can be attributed to the
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mordants effect. The use of iron sulfate and potassium dichromate has affected the shades
of dyed fabrics. On the contrary, the use of aluminum sulfate and gallnut gives shades
similar to that obtained without a mordant. In addition, the use of iron sulfate gave the
highest K/S value.

Table 4. Shades and colorimetric data obtained for polyamide fabrics.

Mordant Shade K/S L a B

Without mordant
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2.62 73.45 3.81 27.63
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Metal mordants are known to bind with the natural dye by forming coordination
complexes. The formed complex, via mordant metal, acts as a binding agent by attracting
the fiber from one side and the natural dye from the other side.

3.6. Color Fastness

Table 5 shows the ratings of mordanted and un-mordanted dyed polyamide fabrics
for washing, rubbing and light fastness. The rubbing fastness of the un-mordanted sample
was found to be quite good. However, the washing fastness was also good, but the light
fastness was poor.

Table 5. Fastness results.

Sample Washing Dry Rubbing Wet Rubbing Light

Without mordant 3 4 4 2
Iron sulfate 4 4–5 4–5 3

Aluminum Sulfate 3–4 4–5 4–5 2–3
Potassium dichromate 3–4 4–5 4–5 2–3

Gallnut 3–4 4–5 4–5 2–3

Natural dyes have long been known to have low light fastness. Using mordants, the
wash fastness of mordanted samples was found to improve from a rating of three to a
rating of four. These findings suggest that mordants are able to improve the wash fastness
ratings of polyamide fabrics. Iron sulfate was the best mordant to improve light fastness.

3.7. Antibacterial Testing

Figure 4 shows the results of ASTM E2149 antibacterial testing against two strains: E.
coli and S. aureus, after 1 h of contact. Results of testing against S. aureus, which is Gram
positive, show low reduction rates. The finishing with natural dye does not significantly
reduce the bacteria concentration. The best result was obtained for the dyed fabric after
mordanting using iron sulfate with a reduction rate of 67%. By contrast, the efficacy against
E. Coli shows better results, with reduction rates up to 91%. The differing efficacy responses
may be related to the different Gram statuses. The antibacterial activity of dyed polyamide
fabrics was ranked as iron sulfate > aluminum sulfate > potassium dichromate > gallnut >
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un-mordant against S. aureus and E. coli. The use of mordants enhances antibacterial
activity. It is well known that metallic salts exhibit toxic effects against microorganisms.
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Figure 4. The antibacterial rates of dyed polyamide fabrics against bacteria strains.

4. Conclusions

The aim of this work was to use pomegranate by-products as natural dye for an
environmentally friendly and sustainable textile dyeing process. During the polyamide
dyeing process, yellow and brown hues were obtained. The effects of dye concentration
and temperature on polyamide dyeability were evaluated, and it was discovered that
the concentration and temperature had a significant impact on the colors obtained. High
concentrations at 100 ◦C produced the best results. The rates of washing and rubbing
fastness were good to excellent, and the rates of light fastness were fair to good. When
mordants are used with extracts, the dyeability and fastness properties are improved. The
antibacterial testing of the treated polyamide fabrics led to encouraging results. Further
investigations are, however, needed to evaluate the durability of their antibacterial activity
after washing and exposure to light.
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Abstract: Antimicrobial textiles have played an increasingly important protection role in the medical
field. With this aim, Schiff bases and nanometal complexes on the cotton fabric were in situ synthe-
sized for achieving the conventional cotton fabric’s highly efficient and durable UV protection and
antibacterial properties. Herein, a new Schiff base derived from the condensation reaction of 2,4-
dihyroxybenzaldehyde with p-amino aniline was synthesized. Co, Ni, Cu, and Zn complexes of the
Schiff base were also prepared and characterized by UV-Vis, Fourier-transform infrared spectroscopy,
1HNMR, 13CNMR, elemental analysis, and thermal analysis. The modified cotton fabric was also
characterized via X-ray diffraction, Fourier-transform infrared spectroscopy (FTIR), scanning electron
microscope (SEM), transition electron microscope (TEM), and Energy Dispersive X-Ray Analysis
(EDX). Moreover, the microbial, UV protection, and tensile strength of the samples were investigated.
The antimicrobial was studied against Gram-positive bacteria, Gram-negative bacteria, and fungal
strains. Modified cotton fabric exhibited highly antibacterial activity in contrast with fungal activity.
These results depended on the Schiff base and the type of metal complex. The results also show that
the cotton fabric modified by in situ nanometal complexes provides excellent UV protection.

Keywords: cotton fabric; aniline Schiff base; 2,4-dihyroxybenzaldehyde; p-phenylenediamine;
antimicrobial activity; UV protection properties

1. Introduction

Cotton is a plentiful natural fiber made up almost entirely of cellulose with hydroxyl
functional groups (about 88%–96%). It is one of the most extensively used natural fibers in
everyday life due to its high hygroscopicity, soft comfort, and biodegradability. In textile
and biomedical engineering, the biopolymeric cotton fabric material offers a variety of
benefits. On the other hand, cotton textiles promote the growth of microorganisms, such as
bacteria and fungus, which spread diseases, significantly raise the risk of cross-infection,
and even damage human health [1]. Hence, the search for the ways of imparting cotton fab-
rics with antibacterial properties is crucial. Different types of antibacterial agents, such as
N-halamine [2], quaternary ammonium salts [3], nanomaterials [4–6], chitosan [7], reduced
graphene oxide/silver nanocomplexs [8], and curcumin/titanium dioxide nanocompos-
ites [9], have been developed to add antibacterial activity.

Schiff bases are the condensation products of primary amines with carbonyl com-
pounds (aldehydes and ketones) [10]. Hugo Schiff, a German chemist, first reported
Schiff bases in 1864; hence, the name Schiff bases. Schiff bases are sometimes known as
azomethines or imines [11]. The common structural feature of Schiff bases is azomethine
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group linked with substituents (R-C=N-R’), these substituents may be cycloalkyl, alkyl,
heterocyclic, or aryl groups [11]. The Schiff base metal complexes’ importance has been rec-
ognized in the fields of material sciences, bioinorganic chemistry, biomedical applications,
and supramolecular chemistry.

Schiff base metal complexes make available compounds naturally and synthetic oxy-
gen carriers [12] and also offer compounds that operate as active stereospecific catalysts in
redox, hydrolysis, and conversion reactions in organic and inorganic processes [13]. Metals,
in addition to their complexes, have had important applications in medical applications for
over 5000 years [14]. Schiff base metal complexes also function as pigments and dyes in
polymerization and are used in the pharmaceutical sector. Biologically active Schiff bases
moieties have various pharmacological activities [15].

Noticeable antimicrobial activity of Schiff bases containing aniline and phenolic frag-
ments was reported [16]. Schiff base complexes based on benzimidazole derivative and
furfural (Fur) or salicylaldehyde have a strong antibacterial and antitumor effect [17]. N-
(Salicylidene)-2-hydroxyaniline is a salicylaldehyde Schiff base derivative, that was shown
to be a powerful antibacterial agent against Mycobacterium tuberculosis [18]. Recently,
reported work proved that Iron (III) and zinc (II) monodentate Schiff base metal complexes
have antibacterial activity [19,20]. The phenols and amines play a large effect in medici-
nal chemistry due to their strong biological action. They are used in different cellulosic
applications [21–23] and still attract chemists’ and researchers’ attention in several areas.

Studies indicate that the antifungal and antibacterial activities of metal complexes
are better than their actual Schiff base ligands [24,25]. However, the Schiff base complex
was used in the majority of publications, and only a few studies used the Schiff base in
fabric finishing. Furthermore, employing a simple approach to insert highly effective
functional molecules onto cotton fabric surfaces remains an essential topic for researchers.
The previous works reported that azobenzene ring Schiff base treated cellulosic fabric for
UV protection properties [26]. Benzyl vanillin Schiff base was used as finishing of polyester
fabric and showed highly UPF (ultraviolet protection factor) [27]. Recently, cotton fabric
was treated with piperazinyl Schiff for highly antibacterial efficacy [28].

The lack of published research performed on the application of Schiff base complexes
for cellulose treatment has motivated us to explore its utilization of it as antimicrobial,
and UV protection. In our study, we herein report the synthesis and characterization of
Schiff base ligand derived from the condensation reaction of 2,4-dihyroxybenzaldehyde
with p-amino aniline. Co, Ni, Cu, and Zn complexes of the ligand were prepared. The
characterization of prepared ligand and complexes was analyzed by spectroscopic methods,
such as UV-Vis, IR, 1HNMR, 13CNMR, elemental analysis, and thermal analysis.

Two techniques were used for modified cotton fabric with Schiff base and its metal
complexes. The first is the modification of cotton fabric by the synthesized Co, Ni, Cu, or
Zn (d-block metal) complexes. The second technique is the in situ formation of nanometal
Schiff base complexes on the surface of cotton fabric. Furthermore, Schiff bases and their
metal complexes were synthesized on cotton fabric for antibacterial finishing and UV
protection properties. The tensile strength of the treated samples was also studied.

2. Experimental
2.1. Materials

Misr Company for spinning and weaving provided mill bleached pure 100 percent
cotton fabric (138 g/m2) at Mehalla El-Kobra, Egypt.

2.2. Chemicals

All solvents were purchased from Fisher Scientific, Loughborough, UK. CuCl2·2H2O,
CoCl2·6H2O, NiCl2·6H2O, and ZnCl2 dry were purchased from Loba Chemie.
2,4-Dihydroxybenzaldehyde and p-phenylenediamine were purchased from Sigma-Aldrich,
St. Louis, MO, USA.
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2.3. Preparation of (E)-4-(((4-Aminophenyl)imino)methyl)benzene-1,3-diol (HL) Ligand

Scheme 1 represent the Schiff base ligand (E)-4-(((4-aminophenyl) imino) benzene-1,3-
diol (HL). It was prepared by slowly adding of 20 mL ethanolic solution of 0.54 g (5 mmol)
of p-phenylenediamine to 20 mL ethanolic solution of 0.69 g (5 mmol) of 2,4 dihydroxy
benzaldehyde, and the mixture was stirred until complete dissolution. The mixture was
left to stir under reflux for 4 h, during which an orange precipitate was formed. Glacial
acetic acid few drops were added at the start of the reflux. The orange precipitate was then
filtered and washed several times with distilled water followed by absolute ethanol. The
obtained Schiff base was (E)-4-(((4-aminophenyl) imino) methyl) benzene-1,3-diol (HL).

Scheme 1. Synthesis of the ligand HL.

(E)-4-(((4-aminophenyl)imino)methyl)benzene-1,3-diol (HL): Orange precipitate. Yield:
(72%). M.p.:223 ◦C. Elemental analysis data for C13H12N2O2 (FW = 228.25); Calculated:
C: 68.41, H: 5.30, N: 12.27. Found: C: 68.10, H: 5.22, N: 12.11. IR: ν(C=N); 1626 cm−1,
ν(NH2-OH); 3294-3359 cm−1, ν(OH); 3443 cm−1. UV-Vis (DMF) λ max (nm): 311, 370. 1H
NMR (DMSO-d6) δ ppm: 5.26 (NH2), δ: 6.26- 7.45 (7H, Ar-H), δ: 8.68 (1H, CH), δ: 10.10
(1H, para phenolic OH), and δ: 14.08 (1H, ortho phenolic OH). 13C NMR (DMSO-d6) δ
ppm: 163.2 (ortho C-O), δ: 161.8 (para C-O), δ: 157.66 (HC=N), δ: 148.3 (C-NH2), and δ:
102.8–133.7 aromatic carbons.

2.4. Synthesis of Transition Metal Complexes (1–4)

We added 0.457 g (2 mmol) of HL in 30 mL ethanol to metal salt (2 mmol)—namely,
CuCl2·2H2O, CoCl2·6H2O, NiCl2·6H2O, or ZnCl2 dry; dissolved in the least amount of
bi-distilled water. The mixture was left to stir under reflux for 10 h to ensure complete
formation. The precipitate was filtered and washed several times with an ethanol-water
mixture of 50% (v/v) to remove any unreacted reactants. Then, the precipitate was dried in
anhydrous CaCl2. The obtained complexes are [Co L Cl (H2O)2] (1), [Ni L Cl (H2O)3]·H2O
(2), [Cu L Cl (H2O)3]·H2O (3), and [Zn L Cl (H2O)2]·H2O (4). The chemical structure of the
synthesized complexes is represented in Scheme 2.
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Scheme 2. Synthesis of the metal complexes (1–4).

Co (II) Complex (1): Dark Brown Precipitate. Yield: (83%). M.p.:270 ◦C. Elemental
analysis data for C13H19 Cl Co N2O6 (FW = 393.7); Calculated: C: 39.66, H: 4.86, N: 7.12.
Found: C: 39.38, H: 4.24, N: 6.98. IR: ν(C=N); 1611 cm−1, ν(NH2-OH); 3142-3223cm- 1,
ν(M-O); 589 cm−1, ν(M-N); 534 cm−1. UV-Vis (DMF) λ max (nm): 224, 307, 481.

Ni (II) Complex (2): Red Brown Precipitate. Yield: (90%). M.p.:254◦C. Elemental
analysis data for C13H19 Cl Ni N2O6 (FW = 393.45); Calculated: C: 39.68, H: 4.87, N: 7.12.
Found: C: 39.50, H: 4.62, N: 7.09. IR: ν(C=N); 1619 cm−1, ν(NH2-OH); 3223-3251 cm−1,
ν(M-O); 592 cm−1, ν(M-N); 541 cm−1. UV-Vis (DMF) λ max (nm): 229, 317, 452.

Cu (II) Complex (3): Black Precipitate. Yield: (76%). M.p.: 298 ◦C. Elemental analysis
data for C13H19 Cl Cu N2O6 (FW= 398.3); Calculated: C:39.20, H:4.81, N:7.03. Found:
C:38.99, H:3.24 N:7.01. IR: ν(C=N); 1622 cm−1, ν(NH2- OH); 3166-3250 cm−1, ν(M-O);
591cm−1, ν(M-N); 543 cm−1. UV-Vis (DMF) λ max (nm): 219, 306, 464.

Zn (II) Complex (4): Pale Brown Precipitate. Yield: (73%). M.p.: 290 ◦C. Elemental
analysis data for C13H19 Cl Zn N2O6 (FW = 400.1); Calculated: C: 39.02, H: 4.79, N: 7.00.
Found: C: 38.87, H: 4.54, N: 6.82. IR: ν(C=N), 1620 cm−1, ν(NH2- OH); 3263-3300 cm−1,
ν(M-O); 585 cm−1, ν(M-N); 523 cm−1. UV-Vis (DMF) λ max (nm):233, 320, 380. 1HNMR
(DMSO-d6) δ: 5.29 (NH2), δ: 6.25- 7.44 (7H, Ar-H), δ: 8.66 (1H, CH), δ: 10.07 (1H, para
phenolic OH). 13CNMR (DMSO-d6) δ ppm: 164.34 (ortho C-O), δ: 162 (para C-O), δ: 157.63
(HC=N), δ: 148.3 (C-NH2), and δ: 102.8-137 aromatic carbons.

2.5. Coating Techniques

Different two coating techniques were used for modification of the cotton fabric, and
these techniques are represented in Figure 1a,b.
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Figure 1. Photographic images of cotton fabric treated with Schiff base metal under two different
techniques (a) Technique 1 and (b) Technique 2 (in situ formation).

2.5.1. Coating of Cotton Fabric by the Previously Synthesized Ligand or the Metal
Complexes (Technique 1-T1)

As presented in Figure 1a, the mixture of 0.1 g of the synthesized ligand (or the
complex) was dissolved in 30 mL of ethanol and sonicated for 5 min at 50 ◦C. We immersed
1 gm of cotton fabric in the prepared mixture and sonicated for 20 min. Then, we dried
the samples at 50 ◦C for 10 min. Finally, the samples were washed with deionized water
several times and dried.

2.5.2. In Situ Formation of Nanometal Complexes Schiff Base Coated Cotton Fabric
(Technique 2-T2)

The in situ formation of Schiff base, Co complex is illustrated in Figure 1b; 0.1 g of
the synthesized ligand was dissolved in 30 mL of ethanol under sonication for 5 min at
50 ◦C. Then, 1 gm of cotton fabric was immersed in the previous mixture with continuous
sonication for 20 min. After that, 0.1 g of the CoCl2·6H2O was added to the solution
mixture and sonicated for 30 min. Finally, the sample was washed with deionized water
several times and dried. The in situ Ni, Co, and Zn complexes were synthesized with the
same method.

2.6. Instruments
1H and 13C nuclear magnetic resonance (NMR) spectroscopies for the ligand and its

diamagnetic complexes were performed using a Bruker spectrometer (Billerica, MA, USA)
at 850 MHz; the used solvent was DMSO, the standard reference was tetramethylsilane,
and the temperature of the probe was 25 ◦C. The FTIR spectra of the ligand, complexes, the
cotton fabric samples were measured using an Agilent spectrometer (Cary 600 FTIR, Santa
Clara, CA, USA), which was operated in the wavenumber range of 4000–400 cm−1.
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A Shimadzu UV-Vis spectrophotometer (UV-1650PC, Kyoto, Japan) was used to mea-
sure dimethylformamide (DMF) solutions (1 × 10−3 M) of the ligand and their metal
complexes. A Vario EL M, Hanau, Germany was used to measure the CHN contents of the
ligand and its complexes. A Shimadzu simultaneous TG apparatus (DTG-60AH, Kyoto,
Japan) was used in the air with a heating rate of 10 ◦C/min; from (room temperature
−700 ◦C) range was used. A Rigaku XRD diffractometer was used to measure the samples’
XRD patterns (Ultima IV, Tokyo, Japan; using Cu Kα radiation (λ = 1.54180 Å).

The molar conductivity of (1 × 10−3 M) of samples dissolved in DMSO of the metal
complexes at room temperature was measured using an Oakton (CON 700, Singapore)
Conductivity meter. The Magnetic Susceptibility Balance—Auto (Sherwood Scientific, Cam-
bridge, UK) was used to measure the magnetic susceptibility of the prepared solid metal
complexes at room temperature. The used ultrasonic water base is a Wise Clean ultrasonic
bath (WUC-D22H, Wertheim, Germany, frequency of 40 kHz, power input of 300 W).

The studies of electron microscopy were undertaken using JEOL -JEM-1230 trans-
mission electron microscopy (TEM) (with a 40–120 kV accelerating voltage, Tokyo, Japan)
and scanning electron microscopy (SEM) (Tescan Vega3) with an attached energy disper-
sive X-ray spectrometer (EDX) Model vega3 (Brno, Czech Republic). SEM samples were
prepared on an appropriate disc and coated with gold to make the samples conductive
to electrons.

2.7. Antimicrobial Activity

The biological activities of treated cotton samples were studied for antibacterial and
antifungal properties using the disc diffusion method. Different types of bacteria Staphy-
lococcus aureus (S. aureus) as Gram-positive and Escherichia coil (E. coli) as Gram-negative
were used. Candida albicans (C. albicans) and Aspergillus flavus for fungus. S.aureus, E. coil,
C. albicans, and Aspergillus flavus originated from ATCC12600, ATCC11775, ATCC 7102, and
ATCC 9643, respectively. The antibacterial and antifungal properties were studied by the
disc diffusion method.

2.8. Tensile Strength

The ASTM Test Method (D-1682-94, 1994) was used to determine the tensile strength
of the cotton samples.

2.9. The Add-On (%) Loading

The add-on (%) loading was calculated as follows:

Add− on(%) =
W2 −W1

W1
× 100 (1)

where W1 and W2 are the weights of the fabric specimens before and after treatment,
respectively.

2.10. UV Protection Factor

Ultraviolet protection factor (UPF) was measured using UV Shimadzu 3101 Spec-
trophotometer. UV protection and classification according to AS/NZS 4399:1996 were
evaluated with a scan range was of 200–600 nm.

2.11. Durability Test

To evaluate the UPF protection values’ durability to washing, the treated cotton sam-
ples were subjected to ten laundry cycles according to the ASTM standard test procedure
(D 737-109 96).
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2.12. Statistical Analysis

The results of add-on% and tensile strength values were expressed as follows: the
mean of the repeating of each sample three times (n = 3) with its standard deviation (the
mean ± S.D.).

3. Result and Discussion
3.1. Ligand and Its Metal Complexes Characterization

The Supplementary Materials describe the detailed characterization of the ligand
metal complexes and the energy dispersive X-ray analysis of the modified cotton. This
section will discuss the main characteristics of the complexes and their interactions with
the cellulosic fibers.

UV-Visible Spectroscopy and Magnetic Susceptibility

Table 1 represent UV-visible spectroscopy and magnetic susceptibility of Schiff base
ligand and its complexes. The electronic spectra of the Schiff base ligand and its complexes
were recorded in dimethylformamide (DMF) solvent within the wavelength range of
200–700 nm. The electronic spectrum of the ligand is characterized by its absorption bands
at 311 and 370 nm. The highest energy band (lower wavelength) is assigned to π–π*
transitions, while the lowest energy bands can be assigned to n–π* transitions [29,30].

Table 1. UV–Vis spectral data of the ligand and its metal complexes and magnetic moment.

Comp. No. λmax (nm) Wavenumber (cm−1) Assignment µeff (BM)

HL
311 32,154 π→ π* -
370 27,027 n→ π*

Co (II)
complex

224 44,642 π→ π*
3.99307 32,573 n→ π*

481 20,790 4T1g→ 4T2g (P)

Ni (II)
Complex

229 43,668 π→ π*
2.7317 31,545 n→ π*

452 22,124 3A2g→ 3T2g

Cu (II)
Complex

219 45,662 π→ π*
1.60306 32,679 n→ π*

464 21,552 2B1 → 2Eg

Zn (II)
Complex

233 42,918 π→ π*
Dia320 31,250 n→ π*

380 26,315 MLCT

As illustrated in Figure 2, Co (II) complex (1) shows an absorption spectrum at 481 nm.
as a result of d-d transition for 4T1g→ 4T2g (P) [31]. The magnetic moment value of Co (II)
complex equals 3.99 B.M. the low value may be due antiferromagnetic spin–spin interaction
between cobalt (II) ions (d7) through molecular association, which is in agreement with the
values of Co (II) octahedral geometry [30–32].

The absorption spectrum of Ni (II) complex (2) shows a band at 452 nm. as a result of
d-d transition for 3A2g→ 3T2g [33]. The magnetic moment value of Ni (II) complex 2.7 BM
confirms the presence of two unpaired electrons in the octahedral geometry [34].
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Figure 2. UV-Vis spectrum of the ligand and its metal complexes.

The electronic absorption spectrum of Cu (II) complex (3) shows two bands at 464
and 620 nm. The first is assigned to the 2B1 → 2Eg transition, while the second is very
weak and broad centered at 620 nm. The position and the broadness of this band in-
dicated to tetragonally distorted octahedral geometry around the copper (II) ion. This
broad band may consist of three superimposed transitions 2B1g → 2A1g, 2B1g → 2A1g, and
2B1g → 2B2g [16,20]. The magnetic moment value of Cu (II) complex is 1.60 BM, which
suggests an octahedral geometry around the Cu (II) [35].

The electronic absorption spectrum of Zn (II) complex (4) shows a band at 380 nm,
assignable to the metal to ligand charge transfer (MLCT) transition. Finally, the Zn (II)
complex showed a diamagnetic value [35].

3.2. Characterizations of Cotton Fabric
3.2.1. Fourier Transform Infrared Spectroscopy (FTIR) Spectra

The FTIR spectrum gives an idea about the functional groups present in the macro-
molecules before and after the structural modification reaction. Figure 3 indicates the FTIR
spectrum of modified cotton fabric by ligand and its metal complexes via technique 1 and
technique 2. Figure 3 (T2, T1) indicates the FTIR spectrum of blank cotton fabric. A broad
band appears around 3320 cm−1, which can be attributed to (O–H) stretching. The existence
of (C–H), (C–O), (O–H), and (C–O–C) vibrations produced the characteristic bands in the
range of 1500–800 cm−1. The C- H symmetric and antisymmetric stretching was observed
at 2843 and 2904 cm−1, respectively [36,37].

Furthermore, the spectra of all treated cotton fabrics showed distinctive peaks related
to cellulose structure, as well as the addition of absorption peaks. According to Figure 3
(T2, T1), the stretching vibrations (C=N), and (N-M) (Nitrogen-Metal) were obtained for
the structural conformation of ligands and their respective metal complexes modified
cotton fabric. The FTIR bands were found to be slightly shifted for modified fabrics
as indicated by the stretching data of functional groups of the complexes mentioned in
Table S2 (Supplementary Materials).

In Figure 3 (T2), the band of (C=N) for ligand appeared at 1645 cm−1, which is a
distinctive characteristic feature of Schiff bases. After complexation, the peak of (C=N) was
shifted towards the lower frequency, i.e., 1621 cm−1 for Co (II) and Ni(II), 1625 cm−1 for
Zn(II) and Co (II) [38]. It was noticed from Figure 3 (T2), that the broader O-H band for
cotton-modified ligand and their nano metal complexes.
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Figure 3. FTIR spectrum of unmodified and modified cotton fabric with ligand and their metal
complexes via, (T2) technique 2 (in situ) and (T1) technique 1.

This may be due to the intermolecular hydrogen bond between terminal NH2 and OH
groups of Schiff base and primary (OH) groups of cellulosic cotton fabric [39] as shown
in Figure 4. The weak peaks at 590 and 455 cm−1 are slightly shifted comparing with
the blank cotton fabric are attributed to interactions between N-M (Nitrogen-Metal) and
O-M (Oxygen-Metal) suggesting that coordination has occurred during the modification of
cotton fabric [40]. In a similar way to technique 2, the same absorption peaks were observed
in technique 1 but with weaker intensity than technique 1.
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Figure 4. Schematic mechanism for deposition of Schiff base ligand metal complex on the surface of
cotton fabric.

3.2.2. XRD of the Modified Cotton

The crystalline structure of the unmodified/modified cotton fabrics was measured
by XRD diffractometer. The XRD of fabric samples of the two techniques are represented
in Figure 4. The diffraction peaks are detected at 2θ values of 15.2◦, 16.7◦, 23.1◦, and 34.7◦

related to the cellulose crystalline structure of all the samples [41].
XRD of the modified cotton fabric in the case of in situ formation (T2), and the fabric

coated with the previously synthesized complexes (T1) was investigated. The appearance
of the new peaks at 2θ value around 21◦. As shown in Figure 5, the 2θ peak values in situ
(L = 21◦, Co = 20.6◦, Ni = 20.8◦, Cu = 20.7◦, and Zn = 20.8◦). The missing of this peak in the
blank cotton fabric can be an indication of the successful interaction between the cellulose
chain of cotton fabric with the ligand and its metal complexes.
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Figure 5. XRD analysis of unmodified and modified cotton fabric with ligand and their metal
complexes via, (T2) technique 2 and (T1) technique 1.

The peak of 2θ value around 21◦ in technique 2 (in situ) is more intense than in
technique 1, and this may be due to the nano size causing more cutting of the cellulose
crystalline structure. This interaction between cellulose and ligand or its metal complexes
is due to the hydrogen bond formation. The interaction was formed by cutting off the
cellulosic intermolecular hydrogen bond and formation of a new hydrogen bond between
N and O (terminal –OH and–NH2 of ligand or its metal complexes) and the hydrogen atom
of the primary –OH groups of the cellulosic fabric [39,42,43].

3.2.3. SEM of Nanometal Complex Modified Cotton Fabric:

SEM analysis of the cotton fabrics was used to characterize the changes in the surface
morphology of the surface of cotton fabric [44]. Figure 6a–f are the SEM of the blank cotton
fabric, ligand, and nanometal complexes Schiff base treated cotton fabric, respectively. In
Figure 6a, the blank cotton exhibits a smooth and flat surface structure. In contrast, the
surface of cotton fabric coated with ligand in Figure 6b has fine particles and the surface
represents more rough. In comparing to figures (a and b), figures (c, d, e, and f) represented
the increase in surface roughness on the surface of the coated cotton fabrics. This result is
evidenced by the successful deposition of all metal-complexes Schiff base on the surface of
cotton fabrics.
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Figure 6. SEM images of (a) blank cotton fabric, (b) ligand modified cotton fabric, (c) Co-complex
Schiff-base-modified cotton fabric, (d) Ni-complex Schiff-base-modified cotton fabric, (e) Cu-complex
Schiff-base-modified cotton fabric, and (f) Zn-complex Schiff-base-modified cotton fabric.
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3.2.4. Antimicrobial Properties

Antimicrobial activities of synthesized HL modified cotton fabric and its metal Nano
complexes modified cotton fabric via technique 1 and technique 2 were studied for antibac-
terial and antifungal properties by disc diffusion method. The results were recorded by
measuring the growth inhibition (zone of inhibition) surrounding the disc of the fabric. The
result mentioned in Table 2 and Figure 7 indicated the antimicrobial effect for all treatments
is ranging from 13 to 31 mm of a clear zone of inhibition depending on the type of metal
complex used.

Table 2. Antimicrobial efficiency of unmodified cotton fabric, ligand, and ligand metal.

Complexes

Bacterial Species Inhibition Zone (mm)
Fungal Species Inhibition Zone (mm)

G+ G−

S. aureus E. coil Candida albicans Aspergillus flavus

Technique
2

Technique
1

Technique
2

Technique
1

Technique
2

Technique
1

Technique
2

Technique
1

Unmodified
Cotton Fabric 0 0 0 0 0 0 0 0

Ligand Modified
Cotton Fabric 10 10 9 9 0 0 0 0

Co Complex- Modified
Cotton Fabric 26 13 31 0.0 17 0 0 0

Ni Complex Modified
Cotton Fabric 28 16 21 15 27 19 0 0

Cu Complex Modified
Cotton Fabric 23 18 19 13 13 0 0 0

Zn Complex Modified
Cotton Fabric 22 18 22 18 - 0 0 0

Figure 7. Cont.

160



Coatings 2022, 12, 1181

Figure 7. Images of antimicrobial results of modified cotton fabric by nanometal complexes of Co(II),
Ni(II), Cu(II), and Zn(II) (a) Technique 2 and (b) Technique 1.

Cotton modified ligand (HL) has a weak effect on bacteria species and is not effective
on fungus species. Ligand metal complexes modified cotton fabric (from technique 1) show
moderate effect against S. aureus and E. coli bacteria except for Co (II) complex modified
cotton fabric has no effect. This may be due to variations in bacterial cell wall organization
structure. On the other hand, all the metal complexes modified cotton fabrics have no
effect against both Candida albicans and Aspergillus flavus except Ni (II) complex modified
cotton fabric.

In comparing with technique 1, nanometal complexes modified cotton fabric (from
technique 2) show high activity against both bacteria S. aureus and E. coli. In addition,
Co (II) and Ni (II) nanometal complexes modified cotton fabric show good efficiency against
Candida albicans but Cu (II) nanometal complexes give weak activity and Zn (II) has no effect.
All nanometal complexes modified cotton fabric show no effect against Aspergillus flavus.

The higher inhibition zone of ligand metal complex and nanometal complexes modi-
fied cotton fabric may be due to using the metal chloride and nanosize effect. It also can
be described according to the chelation theory and Overton’s concept. Overton’s concept
of cell permeability described that the lipid membrane surrounding the cell favors the
passage of only lipid-soluble materials due to which liposolubility is an important factor
that controls the antimicrobial activity.

According to chelation theory, when metal ion chelates with its ligand, the polarity
will be lowered to a higher extent because of the ligand orbital overlapping with the partial
sharing of the metal ion positive charge with the donor groups. This also increases the
delocalization of p-electrons across the whole chelate ring, which increases the lipophilicity
of metal complexes. This increased lipophilicity enhances the penetration of complexes
into lipid membrane and restricts the further multiplicity of microorganisms. The metal
complexes also affect the respiration procedure of the cell; hence, they block the synthesis
of proteins, which prevents the further growth of organisms [45,46].

The effectiveness variation of different compounds against different microorganisms
is determined by the impermeability of microorganisms’ cells or by differences in ribosome
of microbial cells. The results also depict that nanometal complexes modified cotton fabric
give higher activity against bacteria and fungus compared with metal–ligand complexes
coated cotton fabric. As illustrated from XRD and TEM analysis, all the complexes’ crystal
sizes are in the nano-domain. This nano character of the prepared complexes increased
the antimicrobial activity via facilitating penetration of nano-complexes into the microbial
cell [47]. The results of antibacterial demonstrated that the modified cotton fabric with
nanometal complexes will have potential applications in biomaterial and textile fields.
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3.2.5. UV Blocking

UPF values were measured to determine the UV-radiation protection characteristics
of untreated cotton fabrics and nano metal complexes modified fabrics. Three types of
protection can be found in textile materials, according to BS EN 13758-2: 2003: the excellent
protection (UPF range > 40), very good (UPF range 30–40), and good protection (UPF range
20–29) [37]. According to the results in Table 3, the calculated UPF value of unmodified
cotton fabric is 4.5. The calculated UPF value for nano complexes modified cotton fabric is
varied from 93.5 to 507.5, which is higher than for the unmodified fabric.

Table 3. UPF values of cotton fabric modified with ligand and its nanometal complexes.

Treatment UPF Value UV-A UV-B UV Protection

No. of washing cycle 1 10 1 10 1 10 1 10

Unmodified cotton fabric 4.5 4.1 26 28 18.8 20 Non-ratable Non-ratable

Ligand modified cotton fabric 117.5 115.3 0.6 0.64 0.9 0.95 Excellent Excellent

Co-complex modified cotton fabric 128.5 125.01 0.7 0.73 0.8 0.86 Excellent Excellent

Ni-complex modified cotton fabric 217.5 211.6 0.4 0.45 0.5 0.55 Excellent Excellent

Cu-complex modified cotton fabric 507.5 495 0.2 0.22 0.2 0.21 Excellent Excellent

Zn-complex modified cotton fabric 93.5 88 0.9 0.97 1.1 1.5 Excellent Excellent

The ligand modified cotton fabric has a 117.5 UPF value. On the other hand, there is a
significant increase in UPF values after the formation of nanometal complexes on cotton
fabric. It was noticed from the results in Table 3 that the value of UPF is varied according to
the type of metal used. The values of UPF of nanometal complexes modified cotton fabric
follow the order: Cu (II) > Ni (II) > Co (II) > Zn (II). The improving performance of ligand
modified cotton fabric and its nanometal complexes modified fabric could be attributed to
π–π* and n–π* transitions of the conjugated system [26].

The data of Table 3 shows the durability of the product during washing cycles. Ac-
cording to the obtained results, raising the number of washing cycles to 10 caused a small
decrease in the UPF values of the washed modified fabrics, and the fabric maintained
excellent rating. By this, we still have the protective property after several washing cycles.
This confirms the strong bending of nanometal complexes based on Schiff-base-modified
cotton fabric.

3.2.6. The Add-On (%) Loading and Tensile Strength

Table 4 shows the percentage of the values for add-on measurements and the mechan-
ical properties of chemically modified cotton fabric via two techniques used. The amount
of chemicals deposited on the cotton fabric during modification is indicated by the add-on
values. As presented in Table 4, the add-on values via technique 2 are higher than the
values via technique 1. The results present that the add–on values for modified cotton
fabric with the ligand is 2.01%, whereas a significant increase in add-on values varied from
3.71% to 6.99% for nanometal complexes modified fabrics via technique 2. Table 4 also
demonstrated the add-on values varied from 0.94% to 2.63% for metal complexes modified
cotton fabrics via technique 1. In contrast, Table 4 shows that there is a significant decrease
in the values of tensile strength for both techniques are used. This may be attributed to the
varied modification of cotton fabric.
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Table 4. Add–on measurements and tensile strength of the treated cotton fabric.

Treatment
Add On (%) Tensile Strength (Newton)

Technique 2 Technique 1 Technique 2 Technique 1

Unmodified cotton fabric 0 0 539 ± 1.04 539 ± 1.04

Ligand modified cotton fabric 2.01 ± 0.05 - 508 ± 0.2 -

Co-complex modified cotton fabric 4.02 ± 0.2 0.94 ± 0.2 484 ± 0.2 498 ± 0.3

Ni-complex modified cotton fabric 6.87 ± 0.3 1.59 ± 0.3 471 ± 0.3 493 ± 0.3

Cu-complex modified cotton fabric 6.99 ± 0.2 1.34 ± 0.2 469 ± 0.2 521 ± 0.2

Zn-complex modified cotton fabric 3.71 ± 0.3 2.63 ± 0.3 485 ± 0.3 494 ± 0.2

4. Conclusions

Co(II), Ni(II), Cu(II), and Zn(II) complexes from Schiff base (E)-4-(((4-aminophenyl)
imino)methyl)benzene-1,3-diol (HL) were successfully prepared. The structural features
of metal complexes have been proven. The ligand acts as monobasic bidentate. The
stoichiometry of the metal complexes is a 1:1 ratio with the general formula [M L Cl
(H2O)3] H2O. The magnetic susceptibility and UV-visible spectroscopy results support that
Co(II), Ni(II), Cu(II), and Zn(II) complexes have octahedral geometry. The synthesized
complexes from the Schiff base were also successfully deposited on the surface of cotton
fabric by the different two techniques of modification. Technique 2 (the in situ formation
of nano complexes) showed high efficiency against antimicrobial activity and durable UV
protection properties compared with technique 1.

The study revealed that the modification of the cotton with metal complexes caused
enhancement in antimicrobial properties with simultaneous improvement in the UV protec-
tive properties of the fabrics. The increased antibacterial properties of the modified fabrics
may be attributed to the effect of the metal chelation theory. The modified cotton fabric
showed acceptable antifungal against Candia albicans especially in the case of Co (II) and
Ni (II) complexes. The improvement of the UV protection values as a result to π–π* and
n–π* transition of the ligand and its metal complexes.

After the washing cycles, all the modified cotton fabric with metal complexes main-
tained UV protection properties. The results revealed that Schiff base divalent Co, Ni, Cu,
and Zn complexes are multifunctional textile finishes that could be promising as industrial
textile products.
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Abstract: Skin injury that is difficult to heal caused by various factors remains a major clinical chal-
lenge. Hydroxyapatite (HAP) has high potential for wound healing owing to its high biocompatibility
and adequate angiogenic ability, while traditional HAP materials are not suitable for wound dressing
due to their high brittleness and poor mechanical properties. To address this challenge, we developed
a novel wound dressing made of flexible ultralong HAP nanowire-based biopaper. This biopaper
is flexible and superhydrophilic, with suitable tensile strength (2.57 MPa), high porosity (77%), and
adequate specific surface area (36.84 m2·g−1) and can continuously release Ca2+ ions to promote the
healing of skin wounds. Experiments in vitro and in vivo show that the ultralong HAP nanowire-
based biopaper can effectively induce human umbilical vein endothelial cells (HUVECs) treated with
hypoxia and rat skin tissue to produce more angiogenic factors. The as-prepared biopaper can also
enhance the proliferation, migration, and in vitro angiogenesis of HUVECs. In addition, the biopaper
can promote the rat skin to achieve thicker skin re-epithelialization and the formation of new blood
vessels, and thus promote the healing of the wound. Therefore, the ultralong HAP nanowire-based
biopaper has the potential to be a safe and effective wound dressing and has significant clinical
application prospects.

Keywords: nanomaterials; nanowires; hydroxyapatite; wound healing; angiogenesis

1. Introduction

Trauma refers to human tissue damage and dysfunction caused by various injury
factors. Skin wound injury is the most common trauma, and its treatment has become
an important research area. Some pathological conditions caused by acute and chronic
diseases, such as burns, diabetes, senile diseases, etc., can cause skin damage that is difficult
to heal [1]. As the first barrier of the human body, the integrity of the skin is essential for
various life activities. Moreover, skin is the major temperature perception and regulation
organ of the human body. The occurrence of skin trauma seriously disrupts the stable
state and functions of the body. Therefore, promoting the rapid healing of skin wounds
and ensuring the integrity of the skin are key in maintaining a stable internal environment
for all life activities. Delayed skin wound healing is at risk of infection, chronic wounds,
and various complications, and even worse, serious skin wound repair is usually costly,
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with long-term care and expensive treatment products [2]. It is bound to bring a heavy
burden to the medical system, the patient’s family, and society [3,4]. Therefore, exploring
the way to promote rapid skin wound healing has become an important research topic in
the biomedical field.

Wound healing, as one of the most complex biological processes in the body, is
affected by many factors. The most important factor in wound healing is the condition
of blood vessels at the site of injury [5]. Vascularization and ischemia–reperfusion are
signs of early tissue repair [6] and cornerstones of wound healing [7]. Mature endothelial
cells are in a static and stable state under physiological conditions with a balance of pro-
and anti-angiogenic factors. Only when the body has a pathological condition such as
trauma are endothelial cells activated, migrated, and differentiated and form new blood
vessels [8]. Angiogenesis is highly dependent on the interactions between cells, and it is
mainly achieved by the expressions of cytokines such as endothelial nitric oxide synthase
(eNOS) and the activation of various signal pathways [9]. The newly formed blood vessels
are essential for transmitting oxygen, nutrients, and small molecules to the wound site
as well as providing circulating stem cells and active factors critical to wound repair,
thus facilitating wound healing [10]. Moreover, angiogenesis provides a suitable local
microenvironment for wound healing and promotes the growth and reconstruction of
tissues around the wound [11]. Therefore, the induction of angiogenesis at the wound site
is of great significance for wound healing.

Clinically, most wounds are disinfected with 75% alcohol or iodine, and then covered
with gauze [12,13]. This has been successful in preventing deterioration of the chronic
wound; however, some disadvantages should not be ignored, including the lack of ability to
induce angiogenesis, simple function, low bioactivity, and unsatisfactory biocompatibility.
Therefore, researchers have been dedicated to developing safer and more effective wound
dressings. At present, hydrogel has become popular for medical wound dressings owing
to its unique structure and physicochemical properties [14–16], but the high cost seriously
hinders its widespread application. In addition, dressings should be easy to remove and
change frequently to prevent wound infection for chronic wounds, but most hydrogel
dressings are difficult to remove because of their excellent bonding effect with wound
tissues [17]. To this end, it is urgent to develop an inexpensive, replaceable, bioactive, and
biocompatible wound dressing with the ability to induce angiogenesis for wound closure
and rapid healing.

HAP, the main inorganic component of hard tissues, has high biocompatibility, bioac-
tivity, and biodegradability [18–20], making it a popular biomaterial in biomedical applica-
tions [21,22]. As a common bone defect repair material, HAP-based biomaterials not only
promote new bone formation, but also exhibit excellent angiogenic potential [23–27]. Our
previous studies have found that highly porous and elastic aerogel consisting of pure ultra-
long HAP nanowires could simultaneously induce angiogenesis and osteogenesis around
the bone defect area in vivo. This indicates that HAP is able to promote angiogenesis and
is expected to be a safe and effective dressing material for wound healing [27,28]. In addi-
tion, the calcium ions released from HAP degradation may regulate the proliferation and
differentiation of keratinocytes, and play an important role in the formation of fibroblasts
and keratinocytes [29,30].

Unfortunately, traditional HAP materials show poor mechanical properties, and are
usually composed of HAP particles or rods, and are difficult to form into a stable porous
structure, let alone wound dressings. Based on the idea of exploring the potential use of
ultralong HAP nanowires (HAPNWs) in the context of promoting chronic wound healing,
in this work, we developed a novel wound dressing made of flexible ultralong HAP
nanowire-based biopaper with a small quantity of cellulose fibers (CFs) as the reinforcement,
and revealed its mechanism for promoting angiogenesis and skin wound healing. The as-
prepared HAPNW/CF biopaper is highly biocompatible, hydrophilic, and shows suitable
mechanical properties, beneficial to promoting wound healing. Moreover, the HAPNW/CF
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biopaper possesses a porous networked structure, which provides a favorable environment
for blood vessel formation and ingrowth.

Specifically, the HAPNW/CF biopaper can continuously release calcium ions during
the degradation process to promote wound healing. Therefore, the HAPNW/CF biopaper
as the wound dressing can up-regulate the expression of angiogenic factors at the wound
site, and promote the formation of more blood vessels, nutrition transport, and a stable
internal environment, thereby accelerating wound healing. Studies in vitro reveal that the
HAPNW/CF biopaper dressing can up-regulate the expression of angiogenesis-related
proteins such as eNOS, AKT, and vascular endothelial growth factor A (VEGFA). That effect
can be partially offset by specific eNOS inhibitors, indicating that angiogenesis is achieved
through the activation of eNOS-related signaling pathways. Animal models also suggest
the greater re-epithelialization ability of the HAPNW/CF biopaper than the blank control
group. In brief, we developed a wound dressing made of HAPNW/CF biopaper with
the advantages of angiogenesis promotion, high bioactivity, high biocompatibility, simple
preparation, stable covering, and easy replacement. Our work not only suggests excellent
prospects of the HAPNW/CF biopaper dressing in fast wound healing, but also proves the
high potential and mechanism of ultralong HAP nanowires in promoting angiogenesis and
chronic wound healing.

2. Materials and Methods
2.1. Materials and Chemicals

Calcium chloride (CaCl2), sodium dihydrogen phosphate dihydrate (NaH2PO4·2H2O),
and sodium hydroxide (NaOH) were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Methanol was obtained from Shanghai Lingfeng Chemical Reagent
Co., Ltd. (Shanghai, China). Oleic acid was purchased from Aladdin Industrial Corporation
(Shanghai, China). All chemicals were of analytical grade and used as received without
further purification.

2.2. Preparation of Ultralong HAP Nanowires (HAPNWs)

HAPNWs were synthesized by the calcium oleate precursor solvothermal method
previously reported [31–33]. Firstly, 135 mL of deionized water, 105 mL of oleic acid
(0.33 mol), and 60 mL of methanol were mixed together under mechanical stirring. Then,
NaOH (10.500 g) aqueous solution (150 mL), CaCl2 (3.330 g, 0.03 mol) aqueous solution
(120 mL), and NaH2PO4·2H2O (9.360 g, 0.06 mol) aqueous solution (180 mL) were slowly
added to the above mixture. After that, the resulting reaction system was transferred into a
1 L Teflon-lined stainless-steel autoclave, sealed, and thermally treated at 185 ◦C for 25 h.
The solvothermal product was cooled down to room temperature, collected, and washed
with ethanol twice and deionized water twice, and the obtained HAPNWs were dispersed
in deionized water for further use.

2.3. Fabrication of the HAPNW/CF Biopaper Consisting of HAPNWs and CFs

CFs were added to the above aqueous suspension containing HAPNWs under stirring.
The weight ratio of HAPNWs to CFs was 80:20. The HAPNW/CF biopaper was fabricated
through a simple vacuum-assisted filtration method. Specifically, the aqueous suspension
containing HAPNWs and CFs was poured onto a filter paper under the suction generated
by a vacuum pump, and then the wet HAPNW/CF paper was formed on the filter paper.
Finally, the HAPNW/CF biopaper was dried at 95 ◦C for 10 min. The HAPNW paper
consisting of only HAPNWs or the CF paper consisting of only CFs was also prepared by
the vacuum-assisted filtration method using the aqueous suspension containing HAPNWs
or CFs.
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2.4. Materials Characterization
2.4.1. Structural Characterization

The microstructures of the samples were observed by scanning electron microscopy
(SEM, S-4800 and TM-3000, Hitachi, Tokyo, Japan) and transmission electron microscope
(TEM, JEM-2100, JEOL, Tokyo, Japan. The HAPNW/CF biopaper was identified by
X-ray diffraction (XRD) with a Rigaku D/max 2550 V instrument with Cu Kα radiation
(λ = 1.54178 Å). Fourier transform infrared spectroscopy (FTIR) spectra were recorded
on an FTIR spectrometer (FTIR-7600, Lambda Scientific, Edwardstown, Australia) in the
wavenumber range of 400 to 4000 cm−1 at a resolution of 4 cm−1. Thermogravimetric (TG)
analysis was performed on a thermal analyzer (STA 409/PC, Netzsch, Selb, Germany) with
a heating rate of 10 ◦C·min−1 in a flowing air atmosphere.

2.4.2. Degradation and Ca2+ Ions Release Test

The HAPNW/CF biopaper (80 mg) was soaked in 40 mL of normal saline at 36.5 ◦C un-
der constant shaking (160 rpm) in a desk-type constant temperature oscillator (HZQ-X 160,
Peiying, Suzhou, China). The supernatant solution (1 mL) was withdrawn for inductively
coupled plasma (ICP) analysis (JY 2000-2, Horiba, Paris, France) to measure the concentra-
tions of Ca2+ ions at different intervals and then replaced with the same volume of fresh
normal saline.

2.4.3. Specific Surface Area Measurement

The Brunauer–Emmett–Teller (BET) specific surface area of the sample was obtained
by analyzing N2 adsorption–desorption through a surface area and pore size analyzer
(TriStar II 3020, Micromeritics, Norcross, GA, USA).

2.4.4. Density and Porosity Test

The density of the sample was calculated by dividing the weight by the apparent
volume. The porosity was determined by immersing the sample into ethanol for 30 min
and calculated according to the following equation:

Porosity (%) = (∆m/ρ)/V0 × 100% (1)

where ∆m is the weight difference of the sample after and before the absorption with
ethanol, ρ is the density of ethanol (0.789 g·cm−3), and V0 is the apparent volume of
the sample.

2.4.5. Water Absorption and Water Contact Angle Measurements

The water absorption capacity of the sample was calculated as the following formula:
water absorption (%) = (m − m0)/m0 × 100%, where m0 and m are the weight of the sample
before and after immersion in deionized water, respectively.

The water contact angle was measured using an optical contact angle system (model
SL200A/B/D, Solon, Shanghai, China).

2.4.6. Mechanical Tests

The tensile behaviors of the samples were measured on a universal testing machine
(DRK 101A, Drick, Jinan, China) at a displacement rate of 5 mm·min−1. The elastic modulus
was calculated as the slope of the linear fraction of the tensile stress–strain curve. The
fracture behavior of the HAPNW/CF biopaper was observed by the SEM (TM-3000, Hitachi,
Tokyo, Japan) at an acceleration voltage of 15 kV.

2.5. In Vitro Cellular Studies
2.5.1. Cell Culture

HUVECs were purchased from American Type Culture Collection (Manassas, VA,
USA). Cells were cultured under standard culture conditions (37 ◦C, 5% CO2) and in
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Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum
(Gibco, Grand Island, NE, USA) and 1% penicillin/streptomycin. The cells were cultured
in a humidified air incubator (HERAcell 150i, Thermo Fisher Scientific Inc., Waltham, MA,
USA). Each experiment was repeated 3 times.

2.5.2. Establishment of a Model of Cellular Ischemia and Hypoxia

According to previous studies, HUVECs were transferred to a three-gas incubator,
where the original medium was replaced with a serum-free DMEM medium and incu-
bated at 37 ◦C for 24 h under the conditions of 1% oxygen, 5% carbon dioxide, and
94% nitrogen [34].

2.5.3. Cell Viability

HUVECs after hypoxia treatment were seeded onto 96-well plates at a density of
2 × 105 cells·mL−1. Cells were intervened with the HAPNW/CF biopaper (weight ratio
was 80:20) at different doses of 0, 62.5, 125, 250, 500, and 1000 µg·mL−1 for 24 h. The
CCK-8 kit (Beyotime Biotechnology, Shanghai, China) was used to determine cell viability.
Following the manufacturer’s instructions, the cells were incubated with 10 µL of CCK-8
solution at 37 ◦C for 2 h. The OD value was measured at 450 nm using a microplate reader
(Epoch, BioTek, Winooski, VT, USA).

2.5.4. Western Blot Analysis

Total cell protein was extracted using 1 × LDS sample buffer (Thermo Fisher Scientific,
Waltham, MA, USA). Proteins from skin tissues were extracted in radio-immunoprecipitation
assay (RIPA) buffer (Beyotime Biotechnology, Shanghai, China) containing phosphatase
inhibitors and protease inhibitors (Thermo Fisher Scientific, Waltham, MA, USA). An
equal amount of protein sample was loaded on a sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) gel, and then transferred to a polyvinylidene fluoride
(PVDF) membrane for Western blot analysis. The main antibodies used were as follows:
anti-eNOS (Cell Signaling Technology, Danvers, MA, USA), anti-AKT (Cell Signaling
Technology, Danvers, MA, USA), and anti-VEGFA (Abcam, Waltham, MA, USA) diluted at
1:1000. Anti-β-actin (Beyotime Biotechnology, Shanghai, China) was diluted with 1:5000
as an internal reference. The ECL Western Blot Detection System (AI600, GE Healthcare,
Buckinghamshire, UK) was used for detection. The results were normalized to the control
group ratio.

2.5.5. Cell Migration and Tube Formation

The migration ability of HUVECs was evaluated using 8.0 µm Transwell plates (Corn-
ing, Corning, NY, USA). HUVECs with a density of 5 × 105 cell·mL−1 were inoculated in
the upper lumen of the Transwell plate using the serum-free medium. The sample and
the specific eNOS inhibitor N-nitro-L-arginine methyl ester (L-NAME) were placed in the
lower lumen, and cultured in a cell incubator for 24 h. The upper compartment of the
Transwell plate was removed and the cells in the upper compartment were wiped, fixed
in 4% paraformaldehyde for 15 min, and stained with crystal violet (Beyotime Biotechnol-
ogy, Shanghai, China) for 20 min. The number of migrating HUVECs was counted by a
light microscope. The tubeforming ability of HUVECs was evaluated by the tubeforming
experiments. Matrigel (BD Biosciences, San Jose, CA, USA) was pre-coated on a 96-well
plate, and HUVECs with a density of 5 × 105 cell·mL−1 were inoculated on it. The cells
were intervened with or without the sample and L-NAME, respectively. After culturing in
a cell culture incubator for 6–8 h, the formation of small tubes was observed with an optical
microscope. The results were processed using Image J software.

2.5.6. EdU Cell Proliferation Assay

To observe the effect of the HAPNW/CF biopaper (developed by Shanghai Institute
of Ceramics, Chinese Academy of Sciences) and L-NAME intervention on cell proliferation,
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the EdU kit (Beyotime Biotechnology, Shanghai, China) was used. According to the
manufacturer’s instructions, HUVECs were intervened with or without the sample and
L-NAME, incubated in the cell incubator with EdU working solution for 2 h, fixed at room
temperature with immunostaining fixative for 15 min, incubated at room temperature with
the permeating solution for 15 min, incubated at room temperature with click reaction
solution for 30 min, and finally incubated at room temperature with Hoechst 33342 for
10 min. The sample was imaged using a fluorescence microscope.

2.6. In Vivo Experiments
2.6.1. Establishment of the Animal Model of Skin Wound

Eight-week-old male Sprague–Dawley (SD) rats were purchased from Shanghai Jihui
Laboratory Animal Breeding Co., Ltd. (Shanghai, China) and placed in a temperature
and humidity control room. The light:dark cycle was 12:12 h, and they could drink
and eat freely. All experimental protocols were approved by the Ethics Committee of
Xinhua Hospital Affiliated to Shanghai Jiao Tong University School of medicine under
approval number XHEC-F-2021-079, and the experiments were in accordance with relevant
institutional guidelines. After weighing, rats were anesthetized by intraperitoneal injection
of 1% pentobarbital sodium at a dose of 40 mg·kg−1. Two round full-thickness skin wounds
with the same diameter of 1 cm were made on the back of all 5 rats after anesthesia. One
side was used as the control group, and the other side was implanted with the HAPNW/CF
biopaper with an equal size. Full-thickness skin samples were taken after 7 days.

2.6.2. Histological Analysis

The full-thickness skin samples of rats were taken 7 days after surgery, fixed in
10% formalin for 24 h, paraffin-embedded, sliced into 5 µm thickness according to the
standard procedure, and stained with hematoxylin and eosin (H&E). Images were obtained
using a microscope to measure the thickness of the re-epithelialized skin. Immunohisto-
chemical staining was performed on paraffin sections using CD34 antibodies (Abclonal,
Wuhan, China). The images were obtained by a microscope, and the positive rate of CD34
staining was calculated to evaluate the formation of blood vessels.

2.7. Statistical Analysis

All data were presented as mean ± standard deviation (SD). The differences between
groups were compared multiple times by one-way analysis of variance (ANOVA) and post
hoc tests using the least significant difference, and p-values less than 0.05 were considered
statistically significant.

3. Results
3.1. Characterization of the HAPNW/CF Biopaper and Control Samples

In this work, HAPNWs were synthesized by our previously reported calcium oleate
precursor solvothermal method with minor modifications using CaCl2, NaH2PO4·2H2O,
and NaOH in the water/methanol/oleic acid reaction system with a Ca/P molar ratio of
0.5 and a Ca/oleic acid molar ratio of 0.09 at 185 ◦C for 25 h. Then, the HAPNWs and CFs
were hybridized to form a porous HAPNW/CF biopaper by a simple vacuum-assisted
filtration process, and the HAPNW/CF biopaper was investigated for promoting skin
wound healing, as shown in Figure 1.

The morphologies of CFs, HAPNWs, and the HAPNW/CF biopaper are shown in
Figure 2. In many cases, HAPNWs are self-assembled along their longitudinal direction
into highly aligned nanowire bundles with larger diameters, and the diameter of a single
nanowire is only about 10 nm (Figure 2A–C). The self-assembled alignment structure of
HAPNWs (nanowire bundles) can enhance their mechanical strength and flexibility. It is
observed that ultralong HAP nanowire bundles can naturally bend without fracture. The
diameters of CFs are tens of micrometers, and a higher-resolution SEM image reveals that
the CFs also consists of many approximately parallel fine fibers (Figure 2D,E).
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alignment structure. (C) Transmission electron microscopy (TEM) image of the HAPNWs. (D,E) SEM
images of the CFs. (F–H) The surface morphology (F,G) and the cross-section (H) of the as-prepared
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Through a vacuum-assisted filtration process, HAPNWs and CFs were synergistically
interwoven with each other to form the HAPNW/CF biopaper. The SEM image of the
HAPNW/CF biopaper shows that CFs were embedded in the ultralong HAP nanowire
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network, which plays an important role as the reinforcement agent, similar to the steel bars
in reinforced cement (Figure 2F). In a higher-magnification SEM image of the HAPNW/CF
biopaper, a porous network structure constructed with HAPNWs and CFs is clearly ob-
served (Figure 2G). Moreover, the cross-section SEM observation of the HAPNW/CF
biopaper exhibits a layered structure, and the thickness of one single layer is about 10 µm
(Figure 2H). Thus, the CF-reinforced ultralong HAP nanowire network as well as the
layered structure in the HAPNW/CF biopaper cooperate to facilitate the high mechanical
performance. Compared with the conventional brittle HAP ceramics, the as-prepared
HAPNW/CF biopaper is highly flexible, and can be bent at a large angle (nearly 180◦)
without obvious cracking (the inset of Figure 2I). In addition, a large-sized HAPNW/CF
biopaper with a diameter of 9 cm (Figure 2I) is fabricated rapidly and conveniently through
the above-mentioned method for large-area skin wound dressings.

XRD patterns of the as-prepared HAPNW paper and HAPNW/CF biopaper are shown
in Figure 3A, which reveals that both the HAPNW paper and the HAPNW/CF biopaper
are composed of the crystal phase of hexagonal HAP (JCPDS No. 09-0432), and the peak
intensity corresponding to the (0 0 2) crystal plane at 2θ = 25.8◦ is obviously diminished
because of the preferential growth of ultralong HAP nanowires along its c-axis direction.
The CFs do not exhibit strong diffraction peaks except for a broad peak locating around
2θ = 10–20◦ in the XRD pattern of HAPNW/CF biopaper. The TG curves of the samples are
shown in Figure 3B. As expected, the weight ratio of the CFs in the HAPNW/CF biopaper
is about 22 wt.% calculated by the TG analysis (Figure 3B). CFs are not thermally stable
and are completely decomposed and oxidized at temperatures below 450 ◦C. In contrast,
HAPNWs are highly stable at high temperatures, and only a small amount of weight loss
(mainly due to the loss of adsorbed water) is observed.
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(B) Thermogravimetric (TG) curves and (C) Fourier transform infrared (FTIR) spectra of the HAPNW
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from the HAPNW/CF biopaper immersed in the normal saline for different times.

FTIR spectra of the HAPNW paper made of only HAPNWs, the CF paper made of
only CFs, and the HAPNW/CF biopaper are shown in Figure 3C. The absorption peak
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at 3573 cm−1 is the characteristic peak of the OH group from HAP. The absorption peaks
at 1099 and 1025 cm−1 correspond to the PO4

3− group with the stretching mode, and the
absorption peaks at 601 and 561 cm−1 originate from the bending mode of the O–P–O bond
of HAP. In addition, the absorption peaks of CFs at 1430 cm−1 (C=O), 1382 cm−1 (O–CH3),
and 1315 cm−1 (C–O–C) can be observed in the FTIR spectrum of the HAPNW/CF biopaper,
confirming the presence of CFs in the biopaper. Specifically, both HAPNWs and CFs show
a broad absorption peak from 3500 to 3300 cm−1 ascribed to the hydroxyl groups on their
surface, while this peak for HAPNWs is slightly shifted from 3446 to 3436 cm−1 after
hybridization with CFs, indicating the interactions between HAPNWs and CFs including
hydrogen bonding and van der Waals forces.

In addition, the Ca2+ ion release and degradation behavior of the HAPNW/CF biopa-
per in vitro are investigated, and the experimental results are shown in Figure 3D, indicating
that the cumulative released amount of Ca2+ ions from the HAPNW/CF biopaper in nor-
mal saline continuously increases with the increase in the release time. The continuous
release of Ca2+ ions from the HAPNW/CF biopaper is beneficial to promoting the skin
wound healing. In the degradation and Ca2+ ion release test, the HAPNW/CF biopaper
(80 mg) was soaked in 40 mL of normal saline. The cumulative release of Ca2+ ions from
the HAPNW/CF biopaper is about 0.35 mg at a release time of about 150 h, indicating that
the percentage of the released Ca2+ ions from the HAPNW/CF biopaper is about 0.44 wt.%.

The Brunauer–Emmett–Teller (BET) specific surface areas are measured by the N2
adsorption/desorption isotherms. As shown in Figure 4A,B, the BET specific surface area
of the HAPNW paper is measured to be 47.29 m2·g−1, and that of the CF paper is very small
(0.84 m2·g−1). Although the presence of CFs will decrease the specific surface area of the
HAPNW/CF biopaper, the value is maintained at a relatively high level of 36.84 m2·g−1.
The high specific surface area of the HAPNW/CF biopaper is beneficial for providing
more sites for cell and protein adhesion and enhancing the angiogenesis in the skin wound
region. The differences in the densities of the HAPNW paper (0.416 g·cm−3), CF paper
(0.425 g·cm−3), and HAPNW/CF biopaper (0.414 g·cm−3) are not significant (Figure 4C).
Their low densities are ascribed to the porous structure and high porosities. The porosities
of the HAPNW paper, the HAPNW/CF biopaper, and the CF paper are 80%, 77%, and 70%,
respectively, as shown in Figure 4C.
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The as-prepared HAPNW paper, the CF paper, and the HAPNW/CF biopaper are
highly hydrophilic. As shown in Figure 4D, the water uptake percentage of the HAPNW
paper is about 291%, and that of the CF paper is higher (427%). The abundant hydroxyl
groups on the surface of CFs are ascribed to its high water absorption capacity. Therefore,
the introduction of CFs in the HAPNW/CF biopaper can improve its water absorption
capacity, and the water uptake percentage of the as-prepared HAPNW/CF biopaper is
about 320%. Moreover, the thickness of the HAPNW/CF biopaper has no significant effect
on its water absorption capacity (Figure 4E). The water contact angle of the HAPNW/CF
biopaper is 0◦, and the water permeates into the biopaper within 5 s, which is consistent
with the superhydrophilicity of the as-prepared HAPNW/CF biopaper (Figure 4F).

The mechanical properties of the HAPNW paper can be improved by the addition of
CFs. As shown in Figure 5A,B, the tensile strength and Young’s modulus of the HAPNW
paper are 1.03 MPa and 465 MPa, respectively, and those of the CF paper are 7.42 MPa
and 259 MPa, respectively. The tensile strength of the HAPNW paper is relatively low,
and this will limit its applications, whereas the CF paper has a relatively high tensile
strength but low Young’s modulus, ascribed to the intrinsic soft structure of CFs. Thus, the
addition of CFs in the HAPNW paper can improve its mechanical strength and toughness.
Compared to the HAPNW paper, the tensile strength of the HAPNW/CF biopaper reaches
2.57 MPa, and the Young’s modulus increases to 581 MPa. These experimental results are
also consistent with the high flexibility of the HAPNW/CF biopaper (Figure 2I).
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Figure 5. (A) Tensile stress–strain curves of the HAPNW paper, the CF paper, and the HAPNW/CF
biopaper. (B) Tensile strengths and Young’s moduli of the HAPNW paper, the CF paper, and the
HAPNW/CF biopaper. (C–E) SEM images of the fractured HAPNW/CF biopaper.

To further demonstrate the mechanical enhancement mechanism, the fracture behav-
iors of the HAPNW/CF biopaper have been investigated by the SEM observation. As
shown in Figure 5C–E, the breakage and pull out of HAPNWs are observed in the broken
region of the HAPNW/CF biopaper. Moreover, the twisting and deformation of HAPNWs
as well as the fractured CFs are clearly revealed in the fracture area. The obvious tearing
surfaces, accompanied by the twisting, deformation, breakage, and pull-out of HAPNWs
and CFs, indicate the stretching of HAPNWs and CFs under the external force.

3.2. Safety Evaluation of the HAPNW/CF Biopaper

The CCK8 kit was used to evaluate the cell viability of the HAPNW/CF biopaper
(weight ratio 80:20) with different doses (62.5, 125, 250, 500, 1000 µg·mL−1) using the CCK8
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kit and HUVECs cultured for 24 h, as shown in Figure 6. We found that the cell viabilities
of the 500 and 1000 µg·mL−1 HAPNW/CF treatment groups are significantly higher than
that of the control group, and the difference is statistically significant (p < 0.01). There is no
statistical difference between the 500 and 1000 µg·mL−1 HAPNW/CF treatment groups.
Compared with the control group, the remaining treatment groups have no statistical
difference. These experimental results indicate the high biocompatibility and safety of the
HAPNW/CF biopaper.
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3.3. Evaluation of the Effect of the HAPNW/CF Biopaper on HUVECs

Western blot analysis was used to analyze the expressions of angiogenesis-related
proteins eNOS, AKT, and VEGFA after 24 h intervention with different doses (62.5, 125,
250, 500, 1000 µg·mL−1) of HAPNW/CF (weight ratio 80:20) (Figure 7). Compared with
the control group, the expressions of eNOS in the 250 and 500 µg·mL−1 HAPNW/CF
treatment groups significantly increased, which are statistically significant (p < 0.05 and
p < 0.01). There is no statistical difference between 250 and 500 µg·mL−1 HAPNW/CF
treatment groups (Figure 7B). Compared with the control group, the expressions of AKT in
the 500 and 1000 µg·mL−1 HAPNW/CF treatment groups are significantly higher, which
are statistically significant (p < 0.05). There is no statistical difference between the 500 and
1000 µg·mL−1 HAPNW/CF treatment groups (Figure 7C). Compared with the control
group, the expression of VEGFA in the 500 µg·mL−1 HAPNW/CF treatment group is
significantly increased, which is statistically significant (p < 0.05). There is no statistical
difference between the remaining treatment groups and the control group (Figure 7D).
These experimental results indicate that the HAPNW/CF biopaper can significantly up-
regulate the expressions of angiogenesis-related proteins eNOS, AKT, and VEGFA, and this
effect is related to the concentration of the material.

3.4. Effect of L-NAME on the Ability of the HAPNW/CF Biopaper to Promote Angiogenesis

Angiogenesis is realized through multiple signaling pathways. We used specific
eNOS inhibitor L-NAME to observe its effect on the ability of the HAPNW/CF biopa-
per to promote angiogenesis. Western blot analysis (Figure 8A,B) shows that there are
significant differences between the control group and the HAPNW/CF treatment group,
the HAPNW/CF treatment group and the HAPNW/CF + L-NAME treatment group, and
the control group and the HAPNW/CF + L-NAME treatment group (p < 0.001, p < 0.01,
p < 0.05). These experimental results indicate that HAPNW/CF can promote the expression
of the pro-angiogenic protein eNOS, and L-NAME can partially counteract this effect.
Transwell migration experiments (Figure 8C,D) show that compared with the control group
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and the HAPNW/CF + L-NAME treatment group, the migration ability of cells in the
HAPNW/CF treatment group is stronger, and the experimental results have statistical
differences (p < 0.01), but there was no statistical difference between the control group and
the HAPNW/CF + L-NAME treatment group. These experimental results indicate that
HAPNW/CF can enhance the migration ability of HUVECs, and L-NAME can counteract
this effect.
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Figure 7. Effect of different doses (62.5, 125, 250, 500, 1000 µg·mL−1) of HAPNW/CF (weight ratio
80:20) in HUVECs intervention. (A–D) Western blot analysis of protein expressions of eNOS, AKT,
and VEGFA after 24 h intervention with different doses of HAPNW/CF (weight ratio 80:20; 62.5, 125,
250, 500, 1000 µg·mL−1) (* p < 0.05; ** p < 0.01).

Tubeforming experiments (Figure 8E,F) indicate that compared with the control group
and the HAPNW/CF + L-NAME treatment group, the HAPNW/CF treatment group
has a stronger cell tubeforming ability, and the experimental results are statistically dif-
ferent (p < 0.01). There is also a statistical difference between the control group and the
HAPNW/CF + L-NAME treatment group (p < 0.05). This means that HAPNW/CF can
enhance the tubeforming ability of HUVECs, while L-NAME partially offsets this effect.
The EdU proliferation experiments (Figure 8G,H) show that compared with the control
group and the HAPNW/CF + L-NAME treatment group, the HAPNW/CF treatment
group has a higher cell proliferation, and the experimental results are statistically dif-
ferent (p < 0.01). However, there is no statistical difference between the control group
and the HAPNW/CF + L-NAME treatment group. The experimental results indicate that
HAPNW/CF can enhance the proliferation ability of HUVECs, and L-NAME can counteract
this effect.
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Figure 8. The effect of L-NAME on the ability of the HAPNW/CF biopaper to promote angiogenesis.
(A,B) Western blot analysis of eNOS protein expressions in the control group, the HAPNW/CF
(500 µg·mL−1) group, and the HAPNW/CF (500 µg·mL−1) + L-NAME (100 µM) group. (C,D) Tran-
swell migration experiments, scale bar = 100 µm. (E,F) Tube-forming experiments, scale bar = 100 µm.
(G,H) EdU proliferation tests, scale bar = 50 µm (* p < 0.05; ** p < 0.01; *** p < 0.001).

3.5. Effect of the HAPNW/CF Biopaper on the Expression of Pro-Angiogenic Protein in a
Full-Thickness Skin Trauma Model

Western blot analysis was used to analyze the expression of angiogenesis-related pro-
teins eNOS, AKT, and VEGFA on the 7th day after the HAPNW/CF biopaper intervention
in the full-thickness skin trauma model (Figure 9). Compared with the control group,
the expressions of eNOS, AKT, and VEGFA in the HAPNW/CF biopaper treatment group
are significantly higher with statistical significance (p < 0.05). The experimental results
indicate that the HAPNW/CF biopaper can significantly up-regulate the expression of

178



Coatings 2022, 12, 479

angiogenesis-related proteins eNOS, AKT, and VEGFA in full-thickness skin trauma model
of SD rats.
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Figure 9. The effect of the HAPNW/CF biopaper on the expression of pro-angiogenic protein in a
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rat back skin full-thickness trauma model for 7 days (* p < 0.05).

3.6. Histological Analysis of Angiogenesis in Full-Thickness Skin Trauma Model

The H&E staining results after 7 days of the HAPNW/CF biopaper intervention in the
full-thickness skin trauma model (Figure 10A,B) show that compared with the control group,
the thickness of wound healing in the HAPNW/CF biopaper treatment group significantly
increases, and the difference is statistically significant (* p < 0.05), indicating that the
HAPNW/CF biopaper can promote skin wound healing, and the wound healing depends
more on promoting the re-epithelialization of the skin wound rather than shrinking the
skin around the wound. CD34 immunohistochemical staining (Figure 10C,D) shows that
compared with the control group, the percentage of CD34-positive cells in the HAPNW/CF
biopaper treatment group is higher, and the difference is statistically significant (* p < 0.05).
The experimental results indicate that the HAPNW/CF biopaper can promote angiogenesis
at the wound area, and thus promote skin wound healing.
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Figure 10. Histological analysis of angiogenesis in the presence of the HAPNW/CF biopaper in
a full-thickness skin trauma model. (A,B) H&E staining of trauma 7 days after operation, scale
bar = 2.5 mm. (C,D) CD34 immunohistochemical staining of trauma 7 days after operation, scale
bar = 50 µm (* p < 0.05).

4. Discussion

The effective healing of skin wounds is essential to ensure the important barrier
function of the skin. Skin wound healing is a very complex process that includes hemostasis,
inflammation, angiogenesis, migration of various types of cells to the wound, and formation
of extracellular matrix [35]. HAP, as a popular kind of bone defect repair biomaterial, can
simultaneously induce angiogenesis and osteogenesis around the bone defect area, and
may be a potential wound dressing. To this end, we fabricated a biopaper comprising
ultralong HAPNWs and CFs by a simple vacuum-assisted filtration method. The as-
prepared HAPNW/CF biopaper possesses a layered and porous structure for the ingrowth
of new vessels. Both ultralong HAPNWs and CFs cooperate to improve the mechanical
performance of the biopaper, which can also be bent and recover to its original state without
obvious cracks. A large-sized HAPNW/CF biopaper (with a diameter of 9 cm) was also
fabricated rapidly and conveniently for large-area skin wound dressing. The continuous
release of Ca2+ ions from the degradation of the HAPNW/CF biopaper is beneficial to
promoting skin wound healing. Moreover, the HAPNW/CF biopaper is highly hydrophilic
and has high specific surface area, favorable for cell adhesion.

Our in vitro study revealed that the HAPNW/CF intervention in HUVECs treated
with hypoxia can induce more expression of eNOS, AKT, and VEGFA compared with
the control group, and this effect is related to the concentration of HAPNW/CF. The
CCK-8 experiments also show that HAPNW/CF has high biocompatibility with HUVECs.
HAPNW/CF at appropriate doses has the highest effectiveness and safety. The expressions
of these angiogenesis-related proteins are conducive to angiogenesis and are very important
for the progress of skin wound healing [36]. The new blood vessels are beneficial to the
improvement of the ischemic and hypoxic conditions of the skin wound, and ensure the
nutrient supply of the wound. They can also promote the formation of granulation tissue
and re-epithelialization of the skin wound.

Pro-angiogenic factors can promote the formation of blood vessels. After the activation
of endothelial cells, the cells form new blood vessels through adhesion, migration, and
angiogenesis. The basement membrane of endothelial cells is degraded, the budding
appears on the edge of the skin wound, and a new vascular system is formed [37]. Our
further research has found that the pro-angiogenic effect of HAPNW/CF at the cellular
levels can be partially offset by L-NAME as the specific eNOS inhibitor. HAPNW/CF
can induce cells to express more eNOS. However, when HAPNW/CF and L-NAME are
applied at the same time, the expression of eNOS is partially suppressed. Additionally,
HAPNW/CF can also enhance the proliferation, migration, and tube formation capabilities
of HUVECs, and this effect can be completely or partially offset when HAPNW/CF and
L-NAME are used at the same time. These results suggest that HAPNW/CF promotes
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angiogenesis partly through the eNOS signaling pathway. The eNOS is the major source of
NO in the cardiovascular system [38]. Under ischemic and hypoxic conditions, NO can play
a role through the phosphatidylinositol-3-kinase (PI3K) signaling pathway, affecting the
activation, recruitment, migration, and differentiation in endothelial cells [39]. Moreover,
HAPNW/CF can continuously release Ca2+ ions, which may be a key early trigger for skin
wound healing [40]. The effects of Ca2+ ions on cell proliferation, differentiation, signal
transduction, and gene expression were also reported [41]. This may further promote
HAPNW/CF-mediated wound healing.

The effect of the HAPNW/CF biopaper on promoting wound healing has also been
proven in animal models. The latest research shows that this kind of material has ob-
vious advantages in wound healing. Compared with traditional materials, it has better
hemostasis, excellent cell compatibility, and stronger skin wound healing function [42].
In the rat model of hypoxia and ischemia, we found higher levels of eNOS, AKT, and
VEGFA proteins expressed in the HAPNW/CF biopaper intervention group than controls.
It has been found that the HAPNW/CF biopaper could also induce more expressions of
angiogenesis-related factors in the animal model and promote skin wound healing. The
histological analysis further confirmed this point. The H&E staining showed that the
HAPNW/CF biopaper group had a thicker re-epithelialization level than the control group.
The healing of skin wounds was mainly achieved by restoring the thickness of the skin re-
epithelialization, rather than the shrinkage of the wound. The CD34 staining experiments
showed more angiogenesis in the HAPNW/CF biopaper group than in the control group,
indicating that the HAPNW/CF biopaper could promote skin wound healing by inducing
more angiogenesis. Moreover, it benefits from the material itself as an excellent wound
dressing for the physical protection of wounds [43]. Some studies reported that dressings
containing calcium could better promote wound healing [44]. Due to the characteristics
of the HAPNW/CF biopaper, the material has the characteristics of high porosity and
high specific surface area, which are conducive to the migration of cells and diffusion of
nutrients. Studies show that the surface topography of nanomaterials plays an important
role in guiding the orientation of microvessels and the morphogenesis of blood vessels [45].
The existence of pores in nanostructured materials provides a basis for cell infiltration and
blood vessel formation. The existence of fibers in the HAPNW/CF biopaper is favorable for
guiding the directional migration and proliferation of cells during angiogenesis [46]. This
angiogenic effect of nanomaterials is significantly dose- and size-dependent [47]. Wound
dressings with excellent biocompatibility, biodegradability, non-toxicity, and functionality
have great clinical application prospects [48,49]. We hope our work can improve wound
healing treatment for more patients and solve more clinical problems.

5. Conclusions

In conclusion, we developed a HAPNW/CF biopaper consisting of ultralong HAP
nanowires and CFs with adequate flexibility, mechanical properties, and superhydrophilic-
ity for promoting skin wound healing. The as-prepared HAPNW/CF biopaper has a porous
structure with high porosity, which is favorable for blood vessel formation and ingrowth.
In addition, the HAPNW/CF biopaper can continuously release Ca2+ ions to promote skin
wound healing. We have proven that the HAPNW/CF biopaper has high biocompatibility
and the ability to induce angiogenesis for promoting the skin wound healing. Furthermore,
we have revealed that the angiogenesis promotion of the HAPNW/CF biopaper is achieved
through the activation of eNOS-related signaling pathways. The animal experiments show
that the HAPNW/CF biopaper can promote thicker skin re-epithelialization and the for-
mation of new blood vessels, thus promoting the healing of the wound. It is expected that
the HAPNW/CF biopaper is a promising and effective dressing for accelerating wound
healing with strong potential in clinical applications.
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Abstract: In this study, graphene oxide (GO) was prepared using the improved Hummers’ method,
and GO was carboxylated and modified into hydroxylated graphene oxide (GOH). Diatomaceous earth
(DE), which exhibits stable chemical properties, a large specific surface area, and high porosity, as well
as chitosan/magnetic chitosan, was loaded by solution blending. Subsequently, carboxylated graphene
oxide/diatomite/chitosan (GOH/DCS) and carboxylated graphene oxide/diatomite/magnetic chi-
tosan (GOH/DMCS) composites were prepared through simple solid–liquid separation. The results
showed that the modified GOH/DCS and GOH/DMCS composites could be used to remove lan-
thanum La(III)), which is a rare earth element. Different factors, such as initial solution concentration,
pH of the solution, adsorbent dosage, adsorption contact time, and adsorption reaction temperature,
on adsorption, were studied, and the adsorption mechanism was explored. An adsorption–desorption
recycling experiment was also used to evaluate the recycling performance of the composite material.
The results show that at the initial solution concentration of 50 mg·g−1, pH = 8.0, 3 g·L−1 adsorbent
dosage, reaction temperature of 45 ◦C, and adsorption time of 50 min, the adsorption effect is the best.
The adsorption process is more in line with the pseudo-second-order kinetic model and Langmuir
model, and the internal diffusion is not the only controlling effect. The adsorption process is an
endothermic and spontaneous chemical adsorption process. The maximum adsorption capacity of
GOH/DMCS for La(III) at 308K is 302.51 mg/g through model simulation. After four adsorption–
desorption cycles, the adsorption capacity of the GOH/DMCS composite for La(III) initially exceeded
74%. So, GOH/DMCS can be used as a reusable and efficient adsorbent.

Keywords: graphene oxide; composite materials; lanthanum; adsorption

1. Introduction

Lanthanum (La) is a metal used in optical glasses, alloys, catalysts, and ceramics [1]. To
extract trace elements of this rare earth metal, significant quantities of water and chemical
reagents are needed, through a variety of chemical procedures. As a result, chemical
reagents, rare earth elements, and radioactive substances end up in wastewater, which
destroys surrounding vegetation, causing serious environmental pollution and affecting
the lives of nearby residents [2].

Treating wastewater that contains rare earth elements is a complex and universal
ecological problem. Membrane separation, photocatalysis, electrolysis, ion exchange, and
adsorption are commonly used for wastewater treatment. The adsorption method is widely
used because of its many advantages, such as low cost, a wide range of applications, ease
of operation, and effectiveness in removing pollutants from the water [3]. For instance,
Iannicelli-Zubiani et al. [4] developed an effective adsorbent for aqueous rare earths re-
covery, in which activated carbon (AC) was modified with pentaethylenehexamine. The
strong improvement in the efficiency values detected by using modified carbons (uptake
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100% until initial concentrations of about 2600 ppm and release over 95%) demonstrated
that the coordination mechanism due to the modifying agent is effective. Abdel-Magied
et al. [5] studied the adsorption properties of rare earth lanthanum by hierarchical porous
zeolitic imidazolate frameworks nanoparticles (ZIF-8 NPs) prepared by a template-free
method at room temperature using water. Adsorption equilibrium was reached after 7 h
and moderate adsorption capacity was obtained for lanthanum (28.8 mg·g-1) at a pH of 7.0.
Kusrini et al. [6] investigated a biosorbent derived from the inner part of durian (Durio
zibethinus) rinds. La ion was efficiently adsorbed by the biosorbent with optimum adsorp-
tion capacity as high as 71 mg La per gram biosorbent. The removal of lanthanum is due to
the favorable chelation and strong chemical interactions between the functional groups on
the surface of the biosorbent and the metal ions. If the REE concentration in wastewater is
high, biological adsorption, extraction, and traditional zeolite, clay, and activated carbon
adsorption can be used. Among the above methods, adsorption has been widely concerned
and applied because of its simple operation, low cost, and high efficiency. Nanomaterials
(NMs) provide a promising technology for wastewater with very low REE concentration
because of its potential high adsorption efficiency as an adsorbent. Thus, research on
the preparation and modification of efficient and reusable nanomaterials adsorbents is an
essential part of realizing sustainable industrial development, protecting the environment
and reducing pollution.

Nanomaterial adsorbents have many excellent physical and chemical properties, but
there are limits to their applications [7]. Graphene oxide (GO), a graphene derivative, easily
aggregates or accumulates between layers, with a decreased adsorption specific surface
area that can weaken its adsorption effects [8,9]. Thus, modified GO materials have become
a hot research topic. Nanocomposites are sometimes known as free radical substitutes in
traditionally filled or blended polymers [10]. However, graphene oxide sheets can only be
dispersed in aqueous media that are incompatible with most organic polymers due to their
hydrophilic properties.

Presently, there are only two methods to modify the hydrophilicity of graphene oxide:
magnetic modification [10] and chemical functionalization. In chemical functionaliza-
tion, the exfoliation behavior of graphite oxide can be changed by modifying its surface
properties, and functional groups such as amide and carbamate bonds will form on the
carboxyl and hydroxyl groups of graphite oxide, respectively. As a result, this reduces the
hydrophilicity of graphene oxide sheets [11].

Nanomaterials have a paradoxical combination of excellent performance with re-
stricting limitations [12]. This makes them a vital topic for developing and preparing
high-efficiency and recyclable green adsorbents to improve the adsorption and removal of
water pollutants by the modification of graphene oxide-based materials. Specifically, one
area of concern is that graphene oxide-based composite materials are difficult to separate
from water [13]. Therefore, this study provides a reference for the removal of heavy metals
from wastewater, to alleviate water pollution and facilitate ecological construction.

In this work, magnetic modified chitosan (CS) was compounded with hydroxylated
graphene oxide (GOH) and diatomaceous earth (DE). This study focused on enhancing
the adsorption capacity and effectively reducing the hydrophilicity of graphene oxide
sheets, as well as creating graphene oxide-based composite materials that are easily sep-
arated in water to realize material recycling. We assessed the adsorption behavior of
La(III) by diatomite and magnetic chitosan-modified graphene oxide-based adsorbents. In
addition, scanning electron microscopy (SEM), Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), zeta potential analysis (Zeta potential), and a vibrating
sample magnetometer (PPMS-VSM) were used to characterize the materials, surface mor-
phology, chemical structures, compositions, and their physical and magnetic properties.
The modified composite materials (GOH/DCS and GOH/DMCS) were used for static
adsorption experiments on the target pollutant, La(III), and the effects of five factors on the
adsorption effect were investigated. Specifically, the initial concentration of the solution,
pH value of the solution, adsorbent dosage, adsorption contact time, and the adsorption
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reaction temperature were assessed. The adsorption process was fitted and analyzed by
adsorption kinetics, isotherms, and thermodynamics. Then, regeneration experiments to
assess the adsorption saturated GOH/DMCS were carried out to evaluate the regeneration
performance of the composites.

2. Materials and Methods
2.1. Chemicals and Reagents

All chemical reagents used for testing were analytically pure or of a higher grade,
including graphite powder, H2SO4, H3PO4, KMnO4, H2O2, HCl, absolute ethanol, NaOH,
C2H3ClO2, diatomite, chitosan (CS, deacetylation degree > 90%), CH3COOH, nano Fe3O4,
and C5H8O2. All aqueous solutions were prepared with deionized water.

2.2. Preparation of Materials

Graphene oxide was prepared using the improved Hummers’ method [14]. The pre-
pared graphite oxide was ultrasonically treated in deionized water for 30 min to fully
disperse and exfoliate the graphite oxide, and the GO hydrosol concentration was 2 g/L.
Then, 2.0 g of sodium hydroxide was added and stirred until completely dissolved, which
was followed by the addition of 3.0 g of chloroacetic acid, which was ultrasonically dispers-
ing for 1 h. Then, the solution was magnetically stirred for 24 h under constant heating at a
temperature of 25 ◦C, and the mixed solution was centrifuged and washed with anhydrous
ethanol three times. Afterward, the mixture was washed with ample amounts of deionized
water several times until the pH was close to 6.0. Then, the mixed solution was dried in an
oven at 60 ◦C and grounded and sieved with a 200-mesh sieve to obtain the carboxylated
graphite oxide. Finally, the carboxylated graphite oxide was uniformly dispersed in quanti-
tative distilled water by ultrasonic stripping to prepare the carboxylated graphene oxide
hydrosol (GOH) at a concentration of 2 g/L.

To prepare the magnetic chitosan, 0.3 g of chitosan was dissolved in 50 mL of 2%
glacial acetic acid solution and heated and stirred until completely dissolved. Then, 0.15 g
of nano Fe3O4 was added to the above solution and mechanically stirred until it was
thoroughly dispersed in the chitosan solution. Then, 2.0 mL of glutaraldehyde was added
to the mixed solution and mechanically stirred at 60 ◦C for 4 h. The obtained product was
washed with ethanol and deionized water several times until it reached a pH of 6, and
then, it was dried in a vacuum drying oven at 60 ◦C for 12 h. Finally, magnetic chitosan
(MCS) was prepared by grinding and sieving with a 200-mesh sieve.

The prepared carboxylated graphite oxide was ultrasonically treated in deionized
water for 30 min, and the GOH hydrosol concentration was 2 g/L. First, 1.0 g of chitosan
was weighed and added to 50 mL of 3% glacial acetic acid solution, heated, and stirred
until it was fully dissolved. Then, 3 g of diatomite was added into the GO-COOH sus-
pension, which was returned to room temperature. Then, it was ultrasonicated for 1 h,
magnetically stirred for 12 h, and vacuum filtrated after washing with water. Then, the
material was dried to achieve a constant weight in a drying oven at 60 ◦C, after which it
was removed, ground, and placed through a 200-mesh sieve to prepare the carboxylated
graphene oxide/diatomite/chitosan (GOH/DCS) material.

The prepared carboxylated graphite oxide was ultrasonically treated in deionized
water for 30 min. The concentration of the GO hydrosol was 2 g/L. First, 1.0 g of magnetic
chitosan and 3 g of diatomite were weighed and added to the suspension of GO-COOH in
turn, ultrasonicated for 1 h, and magnetically stirred for 12 h. The obtained product was
washed with ethanol and deionized water several times until the pH was 6 and then dried
in a vacuum drying oven at 60 ◦C for 12 h. Finally, the product was grounded and screened
with a 200-mesh sieve to prepare the carboxylated graphene oxide/diatomite/magnetic
chitosan (GOH/DMCS) composite material.
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2.3. Testing and Characterization

The materials were characterized by scanning electron microscope (SEM), Fourier
transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), zeta potential analysis,
and vibrating sample magnetometer (PPMS-VSM). The basic information of the instru-
ments is shown in Table 1.

Table 1. Main characterization instruments.

Instrument Model Manufacturer

SEM TESCAN MIRA3 Tesken Trading Co., Ltd., Shanghai, China
FT-IR VERTEX70 Swiss Brook
XRD D/MAX-2500/PC Nippon Neotoku Corporation

Zeta potential Zetasizer Nano S90 Malvern Instrument Co. Ltd., Worcestershire, UK
PPMS-VSM PPMS-9 Quantum Design, San Diego, CA, USA

2.4. Adsorption Experiment

To study the adsorption behavior of GOH/DCS and GOH/DMCS, several groups of
25 mL and 25 mg/L of rare earth La(III) solutions were taken, and the effects of diatomite
dosage, adsorption time, pH value, adsorption temperature, adsorbent dosage, and initial
concentration of La(III) solution on the adsorption of La(III) by composite materials were
studied. Next, a filter with a 0.45-µm pore size and the absorbance of the filtered super-
natant with arsenazo III spectrophotometer was measured, the adsorption efficiency (w)
and adsorption capacity (qe) were calculated, and the pH value of each suspension with
hydrochloric acid and sodium hydroxide was controlled.

The equilibrium adsorption capacity (qe) and adsorption rate (w) of La(III) by GOH/DCS
and GOH/DMCS were calculated according to Equation (1) and Equation (2), respectively.

qe =
(C0 − Ce)V

m
(1)

w =
(C0 − Ce)

C0
× 100% (2)

where qe is the adsorption capacity (mg/g); C0 is the initial concentration of the solution,
mg/L; Ce is the concentration of La(III) in the solution after adsorption equilibrium, mg/L;
V is the liquid volume, mL; m is the amount of adsorbent (mg); and w is the adsorption
rate (%).

Magnetic separation was carried out on the adsorption saturated GOH/DMCS com-
posite material from the solution. Then, it was placed in 0.2 mol/L HNO3 desorption
solution, at room temperature of 25 ◦C, oscillating frequency of 250 r/min, oscillating
for t min to desorb until desorption equilibrium. Then, the absorbance of filtered super-
natant was measured by arsenazo III spectrophotometer, and the desorption rate was
calculated. The GOH/DMCS composite material after magnetic separation is cleaned
to neutrality by deionized water many times, dried in an oven at 60 ◦C, and the above
adsorption–desorption experimental operation is continuously circulated.

According to Equation (3), the desorption rate of rare earth element La(III) by GOH/DMCS
was calculated.

Rd =
V C′e
M qe

× 100% (3)

where Rd is the desorption rate, %; Ce
′ is the concentration of La(III) in the desorbed

solution, mg/L; V is the volume of liquid, L; M is the amount of adsorbent (g); and qe is the
adsorption capacity (mg/g).
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2.5. Adsorption Kinetics, Adsorption Isotherms, and Adsorption Thermodynamics Experiments
2.5.1. Adsorption Kinetics

In order to quantify the change law of adsorption with time, describe the solute
absorption rate, and reveal the mechanism involved in the adsorption process, the exper-
imental data are processed by pseudo-first order kinetics, pseudo-second order kinetics,
and internal diffusion model equations, which are as follows [15]:

ln(qe − qt) = ln qe − k1t (4)

t
qt

=
1

q2
e k2

+
t
qe

(5)

qt = kdt1/2 + C (6)

where t (min) is the adsorption time, qe (mg·g−1) and qt (mg·g−1) are the equilibrium adsorp-
tion capacity and adsorption capacity at time t, respectively. k1 (min−1), k2 (g·(mg·min)−1),
and kd (mg·g−1·min−1/2) are the pseudo-first order kinetics, pseudo-second order kinetics,
and diffusion rate constants in particles, respectively. C is the boundary layer constant.

2.5.2. Adsorption Isotherm

Adsorption isotherm study is of great significance to determine the adsorption capacity
of La(III) on modified GOH/DMCS composites. Langmuir and Freundlich isotherm models
are used to analyze adsorption data [16].

The linear equations of Langmuir and Freundlich isothermal models are as follows:

Ce

qe
=

Ce

qm
+

1
qm·KL

(7)

ln qe = ln KF +
1
n

ln Ce (8)

where Ce (mg·L−1) is the concentration of La(III) at adsorption equilibrium, qe (mg·g−1) is
the adsorption capacity at adsorption equilibrium, qm is the maximum adsorption capacity
(mg·g−1), KL is the Langmuir constant (L·mg−1) and KF is the Freundlich constant (mg·g−1)

The dimensionless parameter RL can further analyze the adsorption process. When
RL = 0, the adsorption process is irreversible. When RL = 0~1, the adsorption process
is favorable. When RL > 1, it is unfavorable for adsorption. The calculation formula is
as follows:

RL =
1

1 + C0KL
(9)

where C0 is the initial concentration of solution, mg/L.

2.5.3. Adsorption Thermodynamics

Adsorption thermodynamics uses three calculated thermodynamic parameters, namely
Gibbs free energy change (∆G0), enthalpy change (∆H0), and entropy change (∆S0), to
study the degree and driving force of adsorption process. Gibbs energy change (∆G0)
indicates the degree of spontaneity in the adsorption process, while the higher negative
value reflects that it is more beneficial to adsorption in the adsorption process. Enthalpy
change (∆H0), which is the change of enthalpy of an object, is a thermodynamic energy
state function, which indicates that the adsorption process belongs to endothermic or
exothermic reaction. Entropy change (∆S0) reflects the disorder or disorder degree of the
interface between solid and solution during adsorption [17].

∆H0 and ∆S0 are calculated by the van’t Hoff Equation:

ln Kd = −∆H0

RT
+

∆S0

R
(10)
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where Kd is dispersion coefficient, L/g; ∆H0 is enthalpy change, KJ·mol−1; R is gas constant,
8.31 × 10−3 KJ·mol−1·k−1; T is absolute temperature, K; and ∆S0 is entropy change,
J·K−1·mol−1.

∆G0 is calculated using the following Equation:

∆G0 = −RT ln Kd (11)

Kd =
qe

Ce
(12)

Thereinto, the change of Gibbs free energy of ∆G0 is KJ·mol−1.

3. Results and Discussion
3.1. Material Characterization

As shown in Figure 1, the surface of GO (a) prepared by the improved Hummers’
method was smooth, with an accumulated flaky structure and numerous wrinkles. Com-
pared with the GO, the surface of GOH (b) was relatively rough, with numerous ir-
regular wrinkles and cracks, which were possibly due to the activation of the epoxide
and ester groups, and the conversion of hydroxyl groups (−OH) into carboxyl groups
(–COOH) [18,19]. As observed in the SEM image (c) of the pretreated DE, DE was disc-
shaped with a smooth surface and regular porosity [20]. Many impurities were observed
on the diatomite surface. Acidification pre-treatment was used to remove impurities and to
better prepare adsorbents for integrating with the composite materials. Thus, the internal
structure of CS (d) was solid and filamentous, with a relatively rough surface and porous
structure. The SEM image of MCS (e) showed that the chitosan was grainy after magnetic
modification, with agglomerated white round particles, and the diameter of the magnetic
particles was about 30 nm [21]. In the SEM image (f) of GOH/DCS, the interior of the
modified adsorption material still showed the appearance of regular and large pores, thus
increasing the specific surface area of the sheet structure. The increase in pore structure and
the specific surface area provided a greater possibility for the adsorption of the rare earth
La elements [22]. Furthermore, GOH/DMCS (g) had a fold on the porous disk structure,
which differed from those on the DE surface, which was covered with a thick layer of
folds, increasing the dispersity. This was attributed to the successful compounding of the
carboxylated graphene oxide and modified materials. In addition, the apparent surface
roughness of the intact DE structure, and the irregular adhesion of magnetic chitosan
particles on the surface of the modified materials, confirmed the successful preparation of
the magnetic chitosan/diatomite-modified carboxylated graphene oxide.

The infrared spectrograms of GO, GOH, DE, CS, GCS, GOH/DCS, and GOH/DMCS
are shown in Figure 2. As shown in the FTIR spectrogram for GO in Figure 2a, the promi-
nent peak at 3406 cm−1 corresponds to the asymmetric stretching vibration peak of −OH,
while the vibration at 1650 cm−1 was the stretching vibration peak of C=O in the carboxyl
group of GO, and C=O was grafted on the edge of GO. The peak at 1507 cm−1 reflected the
vibration absorption of the C=C skeleton and the characteristic bending band of the O-H
bond in the undamaged aromatic region. The C−O stretching vibration band and C−O−C
vibration absorption band appeared at 1260 cm−1 [23]. Many oxygen-containing functional
groups appeared in the interlayer and edge of GO, and the above conclusions indicated
that GO was successfully prepared by the modified Hummers’ method. For GOH, the
FTIR spectrum shows characteristic bands for GO, and a characteristic peak at 1171 cm−1

was attributed to the antisymmetric tensile vibration of C−O−C. Compared with GO,
the characteristic bending of the O−H bond and the stretching vibration of C−O for the
carboxyl group also appeared at 1600 cm−1. The prominent stretching vibration of −OH in
GO shifted from 3406 cm−1, and a less obvious peak appeared at 3419 cm−1 in the FTIR
spectrum of GOH, indicating that the carboxyl groups in the alkaline environment replaced
some hydroxyl groups in GO. Thus, the FTIR results confirmed the successful preparation
of GOH. In the FTIR spectrum of DE Figure 2b, the peak at 3434 cm−1 was attributed to the
stretching vibration of the free silanol group (Si−OH). In addition, the bands at 1613 cm−1
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and 1525 cm−1 were related to the bending vibrations of water molecules (H−O−H) [24].
The band at 1090 cm−1 reflected the stretching of the siloxane (Si−O−Si) group, while 849
and 792 cm−1 were associated with Si−O tension and SiO−H vibrations. The peak at 572
cm−1 reflected the stretching vibration of Si−O−Si [25,26]. In the FTIR spectrum of CS
(c), there were apparent −OH asymmetric stretching vibrations at 3437 cm−1 and N-H
stretching vibrations for the absorption peak on −NHCO−. A C−H stretching vibration
appeared at 2992 cm−1, and at 1603 cm−1, the stretching vibration of the alcohol hydroxyl
group C=O from -NHCO− occurred. The peak at 1514 cm−1 was related to the N-H
stretching vibration of −NH2, and a C−H absorption peak appeared at 1428 cm−1. The
absorption peak at 1078 cm−1 was attributed to the stretching vibration of C−O. [27] The
FTIR spectrum of MCS showed that the characteristic peak at 580 cm−1 was Fe3O4, which
indicated that the magnetic particles were successfully loaded. The hydroxyl peak intensity
at 3437 cm−1 on CS weakened and moved to the left to 3429 cm−1, which was possibly
caused by the interactions between nano-ferric oxide particles and chitosan functional
groups during magnetization.
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In the FTIR spectrum of GOH/DCS (d), the characteristic peaks of DE and CS appeared
beside the characteristic peaks of the carboxyl group. The appearance of NH stretching
and the characteristic peak of the amide group at 1612 cm−1 indicated that chitosan was
successfully grafted onto the GOH molecule [28]. The typical band of the chitosan polymer
(OH) appeared at 3410 cm−1. In addition, 2813 cm−1 corresponded to the C-H tensile
absorption band. The modified infrared band was wider and stronger, which indicated that
GOH/DCS carried more chitosan. The band at 1090 cm−1 reflected the stretching of the
siloxane (Si−O−Si) group in DE. Thus, an SiO−H vibration peak appeared at 786 cm−1.

In summary, the GOH/DCS materials were successfully modified and prepared. In the
FTIR spectrum of GOH/DMCS, a shift in the OH stretching vibration peak of the carboxyl
group appeared at 3421 cm−1, which indicated that hydrogen bonding occurred between
the hydroxyl groups in each material. The other peaks at 786, 1090, and 1612 cm−1 corre-
sponded to the FTIR spectra of DE. Thus, the modification of the carboxylated graphene
oxide/diatomite composite did not change the functional group structure of DE, and GOH
covered the surface of DE through covalent bonding. Additionally, the carboxyl groups
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in the carboxylated graphene oxide and original graphene oxide were successfully com-
pounded with GCS through covalent bonding. The electron micrographs also showed that
the composite modified by GOH/DMCS retained the DE structure, which was consistent
with the obtained FTIR results. Therefore, the excellent properties of DE, such as numerous
pores, large specific surface area, and strong adsorption capacity, were retained when the
composite was successfully prepared.
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The crystal structure changes in each sample were analyzed by XRD, and the XRD
analysis results of GO, GOH, CS, GOH/DCS, DE, and GOH/DMCS are shown in Figure 3.
The diffraction peak of the (d001) crystal plane appeared in the GO (a), which was prepared
by the improved Hummers’ method at 2θ = 10.9, according to Bragg formula (2dsinθ = nλ),
with an interlayer spacing of 0.81 nm. In the XRD results for GOH, the diffraction peak
appeared at 2θ = 10.6, and the interlayer spacing was 0.83 nm, which indicated that the
diffraction peak of the same crystal plane shifted to a low angle. The calculated results
showed that the introduction of chloroacetic acid increased the interlayer spacing of GOH,
and a dense layered graphene oxide structure was layered into the disordered sheets of
GOH. In addition, carboxylation treatment increased the number of -COOH groups at
the edge and interlayers of GO. In the XRD results of CS, (b) the characteristic peak of
the amorphous chitosan structure appeared at 2θ = 19.92, and the diffraction peak of the
GOH/DCS composite decreased to 2θ = 21.81, indicating that the CS crystal phase content
declined. Then, the diffraction peak of GOH appeared again, and the diatomite diffraction
peak appeared at 2θ = 36.09. The analysis results showed that GOH was related to DE
and CS. In DE(c) and GOH/DMCS, the diffraction peaks were very similar, indicating that
silicon dioxide accounted for a large proportion of DE. The diffraction peak of magnetic
ferric oxide simultaneously appeared, verifying the successful preparation of the magnetic
graphene oxide-based composites.
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Figure 3. XRD patterns of the different materials: (a) GO and GOH, (b) CS and GOH/DCS, and (c) DE and GOH/DMCS.

In this work, the zeta potential of GOH/DMCS in the water phase was measured
using a Zetasizer Nano S90 potential analyzer from the Malvern company, in a 2–12 pH
environment. The zeta potential results of GOH/DMCS are shown in Figure 4. The figure
shows that the electronegativity of the GOH/DMCS surface gradually increased from
acidic to alkaline with changes in pH, from −11.9 mV at pH = 2 to −30.4 mV at pH = 12.
In addition, compared to a potential value of −9.5 mV when the pH of graphene oxide
was 2, the electronegativity of the GOH/DMCS surface was enhanced by the oxygen-
containing functional groups, which were ionized as they were exposed to electricity in the
aqueous solution.
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As shown from the negative zeta potential results under acid and alkaline conditions,
the entire surface of the material became negatively charged, which was beneficial for the
adsorption of positively charged rare earth La3+ elements. The negative charge density
on the GOH/DMCS surface also increased with increased pH, and the sol stability of the
composite material also increased. This did not cause aggregation when in solution form.

As observed in the hysteresis curve (Figure 5), the hysteresis loop of the GOH/DMCS
composite was S-shaped with an asymmetrical origin, and there was no obvious hysteresis
loop. The maximum magnetization of the GOH/DMCS composite was 13.1 emu/g, which
was lower than the magnetization of Fe3O4 by 52.70 emu/g [29]. This was possibly due to
the combination of GOH, DE, and CS non-magnetic materials, and the nanostructure of
Fe3O4 during the preparation of the modified material, which weakened the magnetization
of the composite material. However, the experimental diagram also showed that the
ultrasonically dispersed uniform GOH/DMCS composite water solvent could be effectively
separated in the aqueous solution in less than one minute, under an applied magnetic field.
Thus, the above characterization results indicated that the GOH/DMCS composite was
successfully prepared and could be used as an adsorbent that can be quickly separated
and recovered.
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3.2. Adsorption and Desorption Properties of La (III) by GOH-Based Composites

In this paper, compounding MCS not only changes the hydrophilicity of GO but also
increases the number of functional groups (−COOH, −OH, −O−, −NH2, etc.) on the
surface of composite materials. There are many oxygen-containing functional groups,
hydroxyl bridges, and carboxyl groups on the surface of GOH/DCS and GOH/DMCS
composites, which make the whole composites have a lot of negative charges, which
can interact electrostatically with positively charged rare earth elements, and they may
also have complexation and chelation to achieve the removal effect. The adsorption and
desorption properties of composite materials for lanthanum will be discussed below.

3.2.1. Diatomite Content and the Influence of Different Materials on Adsorption

DE content in composite materials can directly affect the adsorption effects of La(III).
Therefore, GOH/DCS and GOH/DMCS composite materials were prepared with different
diatomite addition amounts. Specifically, 1, 2, 3, 4, and 5 g adsorption experiments were
carried out on the target pollutant La(III). Additionally, adsorption experiments for La(III)
were carried out with GO and GOH matrix materials. The adsorption effects of the different
materials were studied, and the results are shown in Figure 6.
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As shown in Figure 6, with increased addition of DE, the adsorption trend of the target
pollutant La(III) by the composite GOH/DMCS and GOH/DCS material was roughly
the same, with an apparent initial increase, which later slowed. The reason for this was
due to GOH, which played a significant role in La(III) adsorption with small amounts of
DE. With increasing DE content, its specific surface area, porous structure, and functional
groups all participated in the reaction process and increased the number of adsorption
sites for the adsorbent; thus, the adsorption capacity increased significantly. Therefore,
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the composite adsorbents used in the follow-up research were all prepared using 3 g of
DE. Meanwhile, as observed from the adsorption capacity in the Table 2, the adsorption
capacities of La(III) by GOH/DMCS, GOH/DCS, GOH, and GO were 146.58, 135.53, 109.23,
and 101.37 mg/g, respectively. The adsorption capacities of the prepared graphene oxide
composites were higher than those of GO and GOH. Thus, for the adsorption results, the
modified composites had a better adsorption effect on La(III).

Table 2. Adsorption capacity of different materials under the same conditions.

Material GO GOH GOH/DCS GOH/DMCS

Adsorption capacity (mg·g−1) 101.37 109.23 135.53 146.58

3.2.2. Influence of Adsorption Time on Adsorption and Kinetics

As shown in Figure 7, the adsorption trends of the target pollutant La(III) by GOH/DMCS
and GOH/DCS were similar. The adsorption of La (III) by GOH/DMCS reached adsorp-
tion equilibrium within 60 min when the adsorption capacity was 141.19 mg/g. The
adsorption of La (III) by GOH/DCS occurred within 50 min when the adsorption capac-
ity was 134.23 mg/g. Within 60 min, the adsorption capacity increased rapidly; then, it
reached adsorption equilibrium. The adsorption capacity of GOH/DMCS for La(III) was
significantly higher than that of GOH/DCS, as during the initial period of adsorption,
there were a sufficient number of exposed adsorption sites on the surface of the adsorbent.
The negative charge on the surface of the adsorbent and the positively charged metal
ions caused electrostatic interactions, and La(III) began to occupy the adsorption sites
on the surface of the adsorbent. Thus, the adsorption capacity showed a rapid upward
trend during the initial stage. As the contact time increased, the adsorption sites on the
composite adsorbent gradually filled, and the adsorption gradually reached equilibrium.
Thus, the GOH/DMCS composite material with added magnetic chitosan had a higher
adsorption capacity than GOH/DCS for La(III) due to its magnetic separation. Based on
the above conclusions, 50 min was chosen as the best equilibrium reaction time for the
follow-up study.
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After studying the effect of adsorption time on the adsorption, we found it necessary
to further explore the adsorption kinetics of GOH/DMCS on La(III). The fitting results of
the kinetic model for GOH/DMCS adsorption of La(III) are shown in Figure 8, showing
that more data points fell on the curve fitted by the pseudo-second-order kinetic model.
As shown by the experimental parameters in Table 3, the correlation coefficient (R2) for
La(III) adsorption described by the pseudo-second-order kinetic model was 0.9854, which
was higher than the correlation coefficient value of 0.9115 obtained by pseudo-first-order
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kinetics. Based on the above analysis results, we determined that the adsorption of La(III)
on the GOH/DMCS composite material was best described by the pseudo-second-order
kinetic model. The adsorption mechanism depended on the physical and chemical proper-
ties of the adsorbent and the chemical interactions of the adsorbent. Some scholars have
found that the pseudo-second-order kinetic model indicates that most adsorption reactions
are chemical rather than physical adsorption [30]. In addition, chemical adsorption was
related to the sharing and transferring of electrons between the GOH composite material
of GOH/DMCS and La(III). Thus, the initial reaction rate was calculated according to the
following formula: h = k2·qe

2, where the initial reaction rate was 13.4590 mg/g·min.
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Table 3. Kinetic parameters of La(III) adsorption by GOH/DMCS.

Quasi-First-Order Dynamics Model Quasi-Second-Order Dynamics Model

qe k1 R2 h qe k2 R2

mg/g min−1 - mg/(g·min) mg/g g/(mg·min) -

162.77 0.0657 0.9115 13.4590 170.36 4.637 × 10−4 0.9854

To describe the diffusion of the system in a specific range, an internal diffusion
model was used to fit the adsorption process, and the results are shown in Figure 9 and
Table 4. As depicted in Figure 9, the straight line fitted by qt to t0.5 was divided into two
sections, and the straight line did not pass through the origin, C 6=0, indicating that the
adsorption rate was not solely controlled by internal diffusion. Thus, for the adsorption
process, the adsorbate underwent two main processes. In the first stage, the external
diffusion of the adsorbate La(III) in the aqueous solution was adsorbed on the surface of
the composite material by GOH/DMCS. In the second stage, internal diffusion of La(III)
in GOH/DMCS occurred on the surface of the composite material or between the layers.
From the adsorption parameters of the internal diffusion model, kd1 of the first stage was
greater than kd2 of the second stage, which proved that the adsorption rate of GOH/DMCS
for La(III) was higher in the initial period.
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Figure 9. Intra-particle diffusion model of La(III) adsorption by GOH/DMCS.

Table 4. Intra-particle diffusion parameters of La(III) adsorption by GOH/DMCS.

First Stage Second Stage

kd1 C1 R2 kd2 C2 R2

mg·g−1·min−1/2 - - mg·g−1·min−1/2 - -

23.4681 2.5361 0.9436 11.7543 52.9058 0.8288

3.2.3. Influence of pH Value of the Solution on Adsorption Effect

In this portion of the study, the experiments were carried out at pH 2–12, and the pH
values were adjusted to 2, 4, 6, 8, 10, and 12 with NaOH or HCl. As shown in Figure 10 that
when the pH was 2, the adsorption capacity of GOH/DCS for La(III) was 98.97 mg/g, and
the adsorption rate was 65.98%. The adsorption capacity of GOH/DMCS for La(III) was
109.18 mg/g, and the adsorption rate was 72.78%. The figure shows that with increased
pH, the adsorption rate rose, and the adsorption capacity of GOH/DMCS and GOH/DCS
for the target La(III) pollutant initially increased. After the pH reached 8, the adsorption
capacity was unchanged, and adsorption was optimal when pH was 8. During this time,
the adsorption capacities were 133.30 and 141.19 mg/g, and the adsorption rates were 89
and 94%.
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The pH affected the positive and negative charges on the surface of the adsorbent
and affected the presence of La(III) ions in the aqueous solution. When pH was 2, the zeta
potential value of GOH/DMCS in the water phase was −11.9 mV (Figure 4). The surface of
the composite adsorbent was negatively charged, and the La(III) ions were electrostatically
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attracted for removal. However, a large number of positively charged H+ in the solution
competed with the La(III) ions for adsorption sites on the adsorbent surface. Thus, due
to the distribution of adsorption sites, the adsorption capacity was the lowest during this
time. In addition, the GOH composite material had a high specific surface area and pore
structure, which was conducive to adsorption.

Between pH 2 and 8, both the adsorption capacity and the adsorption rates trended
upward, as shown in Figure 4, because the introduced oxygen-containing functional groups,
−COOH and−OH, ionized into−COO- and−O in the aqueous solution. Thus, the surface
of the material became negatively charged, the electronegativity of the GOH/DMCS
surface gradually increased with pH from acidic to alkaline, the zeta potential values of
the GOH/DMCS surface accelerated in the negative direction, and the adsorption capacity
of La(III) increased. Thus, both the capacity and the adsorption rate gradually increased,
and GOH/DMCS adsorbed La(III) through complexation.

At pH > 8, GOH/DMCS and GOH/DCS adsorbed and removed La (III) by forming
a carboxylate complex. More OH− ions were present in the solution, and the rare earth
cations and OH− ions combined, gradually becoming insoluble oxide and hydroxide
precipitates. The precipitates hindered the adsorption of La(III), and the adsorption capacity
was unchanged. According to the above analysis, the pH of the subsequent experiments
was 8.

3.2.4. Influence of Adsorbent Dosage on Adsorption Rate

The adsorbent dosage curves are shown in Figure 11, indicating that the dosage
of the adsorbent directly affected the adsorption of La(III) in the composite materials.
When the dosage increased from 0.5 to 5 g/L, the adsorption rate increased, while the
adsorption capacity declined. With increased adsorbent dosage, the number of active
sites and functional groups in adsorbent gradually increased; therefore, there was a large
contact area between the composite adsorbent and La(III), and the adsorption rate rose.
However, the dosage effect of 5 g/L GOH/DCS and GOH/DMCS was smaller than
0.5 g/L of GOH/DCS and GOH/DMCS, and the higher adsorbent dosage caused an
agglomeration of GOH/DCS and GOH/DMCS, resulting in a decrease in specific surface
area. Thus, the adsorption capacity of GOH/DCS and GOH/DMCS for La(III) decreased
with increased dosage.
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According to the analyzed data, the adsorption effect of GOH/DMCS on La(III) was
better than that of GOH/DCS under the same dosage amount. GOH/DMCS had the
highest adsorption rate of La(III), at 93.84%, and the adsorption capacity was 197.94 mg/g.
The highest adsorption rate of La(III) by GOH/DCS was 96.34%, and the adsorption
capacity was 157.53 mg/g. The adsorption capacity of GOH/DCS for La (III) was low,
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which was possibly because the −COOH at the edge of the carboxylated graphene oxide
was more accessible and could more easily react and bond with -NH2 in the chitosan
without magnetic modification. This effect may have affected the roles of these two
functional groups during adsorption, thus resulting in lower adsorption capacity compared
to GOH/DMCS.

3.2.5. Influence of Temperature and Initial Concentration of the Rare Earth Ion Solution
on Adsorption

We also studied the effects of different initial concentrations and temperatures on
adsorption efficiency. Figure 12 shows a changing trend in the adsorption effect of La (III) by
GOH/DCS and GOH/DMCS, which was similar at different temperatures. The adsorption
capacities of GOH/DCS and GOH/DMCS for La (III) were 151.70 and 154.02 mg/g at
25 ◦C and 30 mg/L, respectively. When the temperature increased to 45 ◦C and the solution
concentration was 30 mg/L, the adsorption capacities of GOH/DCS and GOH/DMCS for
La(III) were 173.04 and 175.82 mg/g, respectively. At the same initial concentration, when
the temperature increased from 25 to 45 ◦C, the adsorption capacity trended upward, and
the adsorption process was endothermic; thus, an increase in temperature was beneficial to
the reaction. When the temperature rose, the movement of the rare earth La(III) ions on
the surface of the composite adsorbent accelerated, collisions intensified, and the contact
probability of the adsorbent increased; therefore, the adsorption capacity increased.
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At the same temperature, the initial concentration of the rare earth ion solution
affected the adsorption and mass transfer processes, thus affecting the adsorption of
La(III). As shown in Figure 12, the adsorption effects of GOH/DCS and GOH/DMCS
on La(III) were the same at different initial solution concentrations. At 45 ◦C, when the
concentration increased from 30 to 40, and then to 50 mg/L, the adsorption capacity
of La(III) by GOH/DMCS increased from 175.83 to 227.94, and then to 287.01 mg/g,
respectively. With increased initial concentration, the adsorption capacity exhibited a
gradual upward trend. However, the adsorption capacity of GOH/DMCS was slightly
higher than the GOH/DCS composite, as the GOH/DMCS composite provided more
adsorption sites for La(III) during the adsorption process. Of note, this also proved that the
composite was successfully modified and prepared.

3.2.6. Adsorption Isotherms

Figure 13 shows the fitting results of the adsorption data for the GOH/DMCS com-
posites using the Langmuir (a) and Freundlich models (b), and Table 5 lists the relevant
parameters of the fitting results. As observed in the figure, most of the correlation points

199



Coatings 2021, 11, 1040

accurately fell on the linear fitting line in the Langmuir model. As listed in Table 4, the
correlation coefficient (R2) of the Langmuir model was higher than the fitting results of the
Freundlich model; thus, the adsorption process of La(III) by GOH/DMCS was more in
line with the Langmuir model, indicating that the adsorption process was attributable to
monolayer adsorption. The surface contained a limited number of adsorption sites with
uniform adsorption energies and with no migration of adsorbate on the surface [31,32].
According to the linear fitting line, the maximum adsorption capacity at 298 and 308 K
reached 294.99 and 320.51 mg/g, respectively. This was closer to the experimental values
than the maximum adsorption capacity obtained by the Freundlich model. As observed
from the dimensionless RL parameter in the Langmuir model (Table 6), which was be-
tween 0 and 1 at 298 and 308 K, the adsorption of La(III) by GOH/DMCS was a favorable
adsorption process, reflecting the high affinity between the adsorbent and adsorbate.
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Figure 13. Isotherm models of La(III) adsorption by GOH/DMCS: (a) Langmuir model and (b) Fre-
undlich model.

Table 5. Isothermal parameters of La(III) adsorption by GOH/DMCS.

Temperature
Langmuir Model Freundlich Model

qmax/mg·g−1 KL/L·mg−1 R2 KF/mg·g−1·L1/n·mg−1/n 1/n R2

298 K 294.99 0.3407 0.9915 80.7784 0.4245 0.9681
308 K 320.51 0.4692 0.9912 112.9652 0.3467 0.9890

Table 6. Dimensionless parameter RL.

Temperature RL

298 K ~0.0554–0.2269
308 K ~0.0409–0.1757

3.2.7. Adsorption Thermodynamics

As listed in Table 7 and Figure 14, the adsorption reaction enthalpy changes ∆H0 > 0
indicated that the adsorption process of La(III) by GOH/DMCS was an endothermic
reaction. As mentioned in the above results, the adsorption capacity increased when the
temperature increased from 25 to 45 ◦C. Thus, the adsorption process was an endothermic
reaction, and the temperature increase was beneficial to the progression of the reaction.
The resulting enthalpy change was the same as that of temperature. At three different
temperatures, 298, 303, and 308 K, the Gibbs energy change (G0) was less than 0. As shown
in Table 6, the absolute value of G0 increased with increased temperature, indicating that
the adsorption of La(III) by GOH/DMCS proceeded spontaneously. This also verified
the improved adsorption effects at higher temperatures. The entropy change value (∆S0)
was 50.0084 J·(mol·k)−1, indicating that the disorder of the solid–liquid interface system
increased during the adsorption of La(III) by the GOH/DMCS composite. This also
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indicated that when discrete rare-earth ions combine with adsorbents, more ions will be
released during adsorption.

Table 7. Thermodynamic parameters of La(III) adsorption by GOH/DMCS.

Temperature (K) ∆G0/KJ·mol−1 ∆H0/KJ·mol−1 ∆S0/J·(mol·K) −1

298 −5.5135 10.2943 50.0084
303 −5.7433 10.2943 50.0084
308 −6.0444 10.2943 50.0084
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3.3. Analysis of Desorption Results

In practical applications, the disposal of nanomaterial (NMs) adsorbents used in
adsorption processes negatively affects water quality; thus, reusability is a critical factor
for creating suitable adsorbents. Desorption from adsorbents with a high affinity requires
a high concentration of acid and/or chelating agents. In addition, desorption of La(III)
from nanomaterials occurs in acidic solutions such as hydrochloric acid, nitric acid, or
sulfuric acid. We determined that the GOH/DMCS composites prepared in this study
achieved a separation effect under an external magnetic field due to their magnetism.
Therefore, 0.2 mol/L of HNO3 solution was used in this work for the desorption and
adsorption-desorption cycling regeneration experiments.

As shown in Figure 15 that the adsorption capacities of the GOH/DMCS composites
for La(III) exceeded 74% after four adsorption–desorption cycles, and the desorption
percentage decreased only slightly after several adsorption–desorption cycles. This proved
that the recycling of magnetic NMs can be simply and effectively achieved for adsorbent
recycling, using external magnets. Of note, the gradual decrease in the desorption rate was
possibly due to incomplete desorption.
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4. Conclusions

In this study, GO was prepared using the improved Hummers’ method and was
carboxylated and modified into GOH. Thus, DE and chitosan/magnetic chitosan with
stable chemical properties, large specific surface areas, wear resistance, and high porosities
were loaded by solution blending, and GOH/DCS and GOH/DMCS composites with
suitable solid–liquid separation properties were prepared. Through La(III) adsorption
experiments, various effects on adsorption were explored and fitted. The results showed
that the adsorption of La(III) by the GOH/DCS and GOH/DMCS composites reached
equilibrium in 50 min, and pH had the most significant effect on adsorption. When pH
was 8, the adsorption capacity of La(III) by GOH/DMCS reached 141.19 mg/g. With
increasing adsorbent dosage, the adsorption rate gradually increased, while the adsorption
capacity gradually decreased. Therefore, the optimum adsorption effect was obtained
when the addition amount of adsorbent was 3 g·L−1, and the reaction temperature and
initial solution concentration were 45 ◦C and 50 mg·L−1, respectively. The adsorption
process of La(III) by the GOH/DMCS composites followed the pseudo-second-order kinetic
model, and adsorption efficiency was not solely controlled by internal diffusion. Thus, the
adsorption process was more in line with the Langmuir model, which indicated that the
adsorption process followed monolayer adsorption, and the surface contained a limited
number of adsorption sites with uniform adsorption energies. Thus, there was no adsorbate
migration on the surface. The thermodynamic fitting results showed that adsorption was
an endothermic process, and an increase in temperature was beneficial to the reaction. After
four adsorption–desorption cycle experiments, the adsorption capacity of the GOH/DMCS
composite for La(III) initially exceeded 74%, and the desorption percentages after several
adsorption–desorption cycles decreased only slightly.
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