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Abstract: In line with environmental awareness movements and social concerns, the textile
industry is prioritizing sustainability in its strategic planning, product decisions, and
brand initiatives. The use of non-biodegradable materials, obtained from non-renewable
sources, contributes heavily to environmental pollution throughout the textile production
chain. As sustainable alternatives, considerable efforts are being made to incorporate
biodegradable biopolymers derived from residual biomass, with reasonable production
costs, to replace or reduce the use of synthetic petrochemical-based polymers. However, the
commercial deployment of these biopolymers is dependent on high biomass availability
and a cost-effective supply. Residual forest biomass, with lignocellulosic composition
and seasonably available at low cost, constitutes an attractive renewable resource that
might be used as raw material. Thus, this review aims at carrying out a comprehensive
analysis of the existing literature on the use of residual forest biomass as a source of new
biomaterials for the textile industry, identifying current gaps or problems. Three specific
biopolymers are considered: lignin that is recovered from forest biomass, and the bacterial
biopolymers poly(hydroxyalkanoates) (PHAs) and bacterial cellulose (BC), which can
be produced from sugar-rich hydrolysates derived from the polysaccharide fractions of
forest biomass. Lignin, PHA, and BC can find use in textile applications, for example, to
develop fibers or technical textiles, thus replacing the currently used synthetic materials.
This approach will considerably contribute to improving the sustainability of the textile
industry by reducing the amount of non-biodegradable materials upon disposal of textiles,
reducing their environmental impact. Moreover, the integration of residual forest biomass
as renewable raw material to produce advanced biomaterials for the textile industry is
consistent with the principles of the circular economy and the bioeconomy and offers
potential for the development of innovative materials for this industry.

Keywords: forest biomass; biomaterials; poly(hydroxyalkanoates); bacterial cellulose;
lignin; textile industry; sustainability; circular economy
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1. Introduction
In the textile industry, sustainability continues to be at the forefront of strategic plan-

ning, product decisions, and brand initiatives [1]. This industry is being confronted with
environmental awareness movements and social concern regarding its environmental im-
pact, as it contributes heavily to environmental pollution and causes serious ecological
problems throughout its production chain [2]. The long period required for degradation
of non-biodegradable materials produced from non-renewable sources is one of the main
reasons for the severe impact on the environment by this industry. To address these envi-
ronmental impacts, the European Commission published the EU strategy for sustainable
and circular textiles in 2022. The strategy aims that, by 2030, textile products placed on the
EU market are long-lived and recyclable, largely made of recycled fibers, free of hazardous
substances, and produced respecting social rights and the environment [3]. To contribute
to such goals, innovative green technologies are needed, as well as the development of
innovative and sustainable raw materials as alternatives to petroleum-based counterparts.
Therefore, considerable efforts are being made for the development and application of
materials based on polymers obtained from natural sources and their derivatives that have
low production costs and can be degraded more easily in the environment as alternatives
to fossil-based materials [4]. In this context, residual forest biomass has emerged as a
promising source of those biomaterials, due to its abundance, renewability, and potential
for sustainable production [5–8]. In fact, forest biomass has already been identified as
an excellent raw material for low-carbon building materials, biotextiles, and bioplastics
production [9].

This review focuses on a comprehensive analysis of existing literature data while
identifying current gaps or issues for the application in the textile industry of three specific
biopolymers derived from forest biomass—bacterial cellulose (BC), poly(hydroxyalkanoates)
(PHA), and lignin. This need arose because these biomaterials have not been widely pre-
sented in the literature and have not been systematically reviewed within the scope of
this topic.

2. Forest Biomass as Sustainable Raw Material
Among sustainable resources, biomass is the only natural resource that has an alterna-

tive renewal cycle short enough to meet the growing needs of world markets for chemicals,
biochemicals, and fuels [10]. The sustainability of using biomass as an alternative raw
material is essential for understanding different types and scenarios for applicability in
different areas that vary with its origin, characteristics, composition, and disposal methods.
In the context of conventional biotechnology, biomass is considered as “any organic matter
that arises from the photosynthetic conversion of solar energy”, and the Sun is the main
source of energy on Earth [11]. In addition to the forests, which cover about 10% of the total
land area, biomass includes all the organic matter available on a renewable or recurring
basis, i.e., agricultural crops, wood and wood residues, plants (including aquatic plants),
herbaceous species, animal waste, municipal waste, and other wastes, including those de-
rived from industrial processing [12]. Indeed, the growing urban population and activities
are responsible for the generation of increasing industrial processing residues, municipal
solid waste, and other urban discards, with significant environmental impact, and thus it
urges us to valorize this residual biomass.

Forest-based industry is very important for the Portuguese economy, and Eucalyptus
globulus is the dominant forestry species, representing more than 2 million acres of forest
in 2020, since it constitutes the main wood source for the production of pulp and paper
in Portugal (annual pulp production around 2.5 million tons) [13]. Pulp and paper value-
chain generates huge amounts of by-products and waste streams. These forest-based
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residues include branches and tree-tops, leaves and roots from harvesting, together with
bark and wood shaving rejects (fines) from industrial wood processing for pulp and paper
manufacturing. The residual forest biomass generated in pulp and paper mills assumes
particular relevance since it is locally widely available and commonly used for low-value
purposes. Part of the harvested wood (logs) is conveyed to the pulp mills still with bark
(representing around 8%–18% (dry mass) of the total eucalyptus biomass), which is then
removed at the wood yard and used to produce energy. To produce cellulosic pulp, wood
logs are cut into small wood chips and fed into a digester. During this operation, chips
with smaller dimensions (fines) are rejected, and this biomass is also fed into biomass
boilers [13,14]. However, the economic and environmental boost of the pulp and paper
industry will rely on the upgrading of all the forest-based residues, which should only be
used for direct combustion or be deposited in landfills as a fallback solution. For instance,
several studies have demonstrated that E. globulus bark can be a suitable feedstock to
produce valuable products, instead of its current undervalued utilization [15–17]. Under a
circular economy approach, this residual forest biomass can also be an attractive source of
biopolymers for textile applications.

Forest biomass, like any plant biomass, exhibits lignocellulosic composition, as most
components of biomass do. Indeed, in the cell walls of vascular tissues of all higher land
plants, cellulose fibrils are embedded in an amorphous matrix of lignin and hemicellulose
(Figure 1). The three types of polymers—cellulose, hemicellulose, and lignin—are strongly
associated with each other by physical links as well as by covalent cross-links, forming a
composite material known as lignocellulose, which represents more than 90% of the dry
weight of a cell plant [12]. The relative proportion and distribution of each biopolymer
constituent of lignocellulosic materials vary with species and stage of plant growth and
development as well as along the plant itself. On average, lignocellulose consists of
45% cellulose, 30% hemicellulose, and 25% lignin [12].
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Figure 1. Lignocellulose matrix, adapted from [18].

The native cellulose polymer is a linear chain of glucose units, joined by glycosidic
β-1,4 linkages, possessing a degree of polymerization (DP) up to 15000 glucose units. The
polymer chain of cellulose has a flat, ring-shaped, stabilized by strong internal hydrogen
bonds, which gives it a high strength, and then it is much used in the form of fibers
and films. Although cellulose has a high affinity for water, it is completely insoluble,
and it is much more resistant to degradation than other glucose polymers such as starch.
The natural cellulose compounds are heterogeneous in structure, possessing both highly
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ordered regions—crystalline regions—and less ordered—amorphous regions. The fraction
of crystalline cellulose varies with the source and how the material is prepared. The degree
of crystallinity of cellulose is a very important property, and the crystalline regions are
more resistant to enzymatic hydrolysis [12].

While cellulose is a linear homopolymer, somewhat variable in structure from one
species to another, naturally occurring hemicelluloses are heteropolysaccharides, highly
branched, usually non-crystalline, with a much lower DP [19]. Thereby hemicellulose is
more readily hydrolyzed as compared to cellulose. The term hemicellulose encompasses
various heterogeneous polysaccharides groups, usually composed of 2–6 different sugar
residues with a degree of polymerization of about 200 [19]. The sugar residues found
in hemicellulose include pentoses (D-xylose and L-arabinose), hexoses (D-galactose, L-
galactose, D-mannose, L-fucose, and L-rhamnose), and uronic acids (D-glucuronic acid).
The hemicelluloses are designated according to the main group of sugar present in the
backbone: xylans, arabinans, mannans, and galactans. Except for galactose-based hemi-
celluloses, which are connected via β-1,3, most of the hemicelluloses are based on a β-1,4
linkage between their constituent sugars [19]. The residues appear, variously, modified by
acetylation or methylation [12].

Lignin is predominantly located in vascular tissues destined for the transport of
liquids. It is not present in mosses, lichens, and algae that have no trachea (tube-shaped
cells along the peculiar xylem). The increase in mechanical strength that lignification
provides to the tissues of wood allows the large trees, several tens of meters high, to
remain standing [12]. Lignin, a complex aromatic polymer, is structurally very different
from the other two polymer constituents of wood. It is a copolymer of extremely high
molecular weight, synthesized by polymerization from phenylpropane units (C9), having
as precursors three alcohols, designated as lignols: coniferyl alcohol, p-sinapyl alcohol, and
p-coumaryl alcohol [12]. Lignin is considered difficult to be used as a fermentation substrate
because it makes the biomass resistant to chemical and biological degradation [20].

Cellulose is a versatile biomaterial that can be extracted from forest biomass and
processed into fibers suitable for textile production [21]. Cellulose fibers offer several ad-
vantages for the textile industry, exhibiting high tensile strength, good moisture absorption
properties, and can be easily processed into various textile products. The use of cellulose
fibers derived from forest biomass provides a sustainable alternative to synthetic fibers,
reducing the environmental impact of textile production [21]. However, the applications of
forest biomass generating biomaterials for the textile industry extend beyond the use of the
cellulose fraction for fiber spinning, and other biomaterials derived from forest biomass
also play a significant role in the textile industry. For instance, lignin can be used as a raw
material in the production of high-quality fibers and other textile applications.

In addition to utilizing forest biomass directly, researchers have also explored the
use of biomaterials derived from forest biomass. Indeed, the high polysaccharide content
of lignocellulosic forest-based biomass, which is non-seasonal, highly available at low
cost, and renewable, makes it attractive to be upgraded through biochemical conversion
processes as a sugar platform for the production of biofuels and biochemicals, replacing
traditional fossil raw materials, towards sustainable growth and facing the problems related
to environmental and climate changes [16,22–24]. Also, the use of residual forest biomass
as a sustainable source of new biomaterials presents great potential for the textile industry.
Significant advances have currently been achieved by the research community in the
development of various biomaterials from forest biomass.
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3. Forest Biomass Processing
As previously referred to, a circular economy perspective might be applied to boost the

competitiveness of the textile value chain by using residual forest biomass as sustainable
raw material for the synthesis of biomaterials for the textile industry by applying biochemi-
cal technologies based on the so-called “sugar platform” [25]. This bioconversion requires
the prior hydrolysis of its constituent polysaccharides, i.e., cellulose and hemicellulose
fractions, in order to obtain the respective monomers (mostly glucose and xylose) [26].
This hydrolysis can be promoted by chemical, thermal, or biological methods. Enzymatic
hydrolysis is advantageous due to its greater intrinsic specificity, with the consequent
absence of the formation of degradation products (possibly obtained from sugars and
lignin) and increased potential yield, reduced energy consumption due to moderate reac-
tion conditions, and its non-corrosive and non-polluting nature [27,28]. However, most
sources of lignocellulosic materials are structurally rigid and compact, and, therefore, their
polysaccharides are not easily accessible to enzymes. This recalcitrance of lignocellulosic
biomass is mainly due to two factors: the low accessibility of microcrystalline cellulose
fibers, which prevents the efficient action of cellulases, and the presence of lignin (mainly)
and hemicellulose on the cellulose surface, which prevents the effective action of cellulases
on the substrate [29–31]. Thus, lignocellulosic materials, and in particular residual forest
biomass, unlike saccharine and starch-based raw materials (1st generation), need to be
subjected to mechanical grinding and/or pre-treatment before applying an enzymatic
process [10].

Pretreatment aims to release the cellulose and hemicellulose fractions from the lignin
matrix, reduce the crystallinity of cellulose, and increase the porosity of the material [32].
Given the high recalcitrance of lignocellulosic biomass [33], this initial stage of the process
is considered one of the key points, being the most complex and costly step involved in the
technology for conversion of lignocellulosic biomass into fermentable sugars [34]. Despite
the diversity of pre-treatment technologies available, the majority of these are still in the
development phase, having not reached a commercial level [35].

Pretreatment technologies can involve biological, physical, chemical, and physico-
chemical processes [36]. Ultimately, all pretreatment processes originate cellulose and
hemicellulose structures accessible to hydrolysis [37], and thus can also promote an effect
of biomass fractionation. Since hemicellulose can be readily hydrolyzed under mild acidic
or alkaline conditions, or alternatively by appropriate hemicellulolytic enzymes, this hy-
drolysis occurs already in the pretreatment step under various process configurations. In
turn, the cellulose fraction is more resistant and, therefore, its hydrolysis requires more
severe pre-treatment. Lignin is extracted from lignocellulosic raw material to different
extents and in different forms by various pretreatment methods. In fact, the separation of
lignin from polysaccharides can be promoted by the application of strong alkali conditions
(for example, with sodium hydroxide and sodium sulfite at high temperature, as applied in
“kraft” or sulphate cooking) or can be hydrolyzed by dilute and concentrated acids, organic
solvents (organosolv treatment), or ionic liquids [35].

Biological pre-treatments are based on the use of microorganisms (such as rot fungi)
that promote delignification of biomass and degradation of hemicellulose, thus being
environmentally benign and low cost, since they use native microorganisms/enzymes and
do not require any special equipment. However, this processing is too slow to be applied
on an industrial scale, and it also has the disadvantage, in the case of culturing viable
microorganisms, of consuming part of the cellulose and hemicellulose in addition to the
lignin [38].

Physical pre-treatments, which include crushing/grinding operations to reduce the
size of biomass particles, make it possible to increase the size of pores and the available
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surface area, as well as decrease the crystallinity of cellulose and its degree of polymeriza-
tion. These processes will always have to be combined with other processes, for example,
chemical ones, in order to promote effective pre-treatment of the biomass.

Conventional chemical pretreatments consist mainly of acid-catalyzed processes, in-
volving the application of concentrated acid at low temperature or dilute acid at high
temperature, normally using sulfuric, hydrochloric, nitric, or trifluoroacetic acid. Concen-
trated acid processes can promote the hydrolysis of hemicelluloses and cellulose, generally
generating low amounts of degradation products by applying low/medium tempera-
tures [26]. With the use of dilute acid at high temperature, hydrolysis of hemicelluloses
mainly occurs, producing a solid fraction rich in cellulose, suitable for subsequent en-
zymatic hydrolysis. Acid hydrolysis requires, however, that the acids are subsequently
recycled/neutralized, also leading to losses of hydrolysates, in addition to increased cor-
rosion of equipment and the associated environmental impact [37]. Depending on the
operational conditions applied in these processes, degradation products of sugars (furan
derivatives and weak acids) and lignin (phenolics) may also be formed, which will inhibit
the subsequent biological conversion of sugars [26], which is why they typically present
high investment costs, and the environmental impact can be considerable, which will limit
its application.

The most developed physico-chemical pretreatment processes, which involve a combi-
nation of physical and chemical mechanisms, are hydrothermal processes, which include
auto-hydrolysis (“liquid hot water”, LHW) and steam explosion. These methods are based
on the use of water or steam, or both, and heat for biomass processing. Under these
conditions, hydrolysis of the acetyl groups of hemicelluloses occurs, with partial or total
solubilization of them, mostly in oligomeric form [39], while cellulose and lignin remain in
the solid phase. While autohydrolysis uses compressed liquid water (pressure above the
saturation point), in steam explosion, biomass is treated with saturated water vapor at high
pressure (corresponding to saturation temperatures typically of 160–240 ◦C), promoting the
heating and moistening of the material due to steam condensation. Then the pressure is
quickly reduced (in a “blow tank”), which causes the material to undergo sudden decom-
pression and consequent explosion, promoting the breakdown of the lignocellulosic matrix
as a result of the rupture of inter- and intra-molecular bonds [40]. The efficiency of steam
explosion is affected by several factors, such as steam temperature, residence time, particle
size of the biomass, and its moisture content [38], but this pretreatment generally allows
one to significantly increase the digestibility in subsequent enzymatic hydrolysis, which is
a very important asset for increasing the yield of cellulosic biorefineries. Steam explosion
operates with higher dry matter contents (solid/liquid ratios) than auto-hydrolysis, making
it possible to carry out the enzymatic hydrolysis under higher concentrations of solids,
allowing thus to obtain higher concentrations of sugars for the subsequent fermentation,
which will also be advantageous for “downstream” processing [38]. Therefore, despite it
does not exist a clearly winning technology yet, steam explosion is already one of the most
developed pre-treatment technologies, being considered as one of the most efficient [40].
When no chemical catalyst is added, these pre-treatments are even more attractive from
an economic and environmental point of view, producing no significant effect on lignin
and cellulose and thus generating low levels of inhibitory products [41]. In these pro-
cesses, as they exhibit a moderate pH, corrosion problems are also very reduced, and
the acid and precipitate recycling steps will not be necessary, thus minimizing costs and
environmental impact.

Uncatalyzed steam explosion can thus be applied as a sustainable pre-treatment, pre-
ceding the enzymatic hydrolysis and fermentation steps, in biorefineries using residual
lignocellulosic biomass as raw material. It will significantly increase the enzymatic di-
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gestibility of cellulose while minimizing the formation of inhibitors that could adversely
affect subsequent microbial cultivation. Thereby, the hydrolysates hereby obtained typically
require no detoxification stage before their use for fermentation, as previously demon-
strated in several studies [42–44] applying uncatalyzed steam explosion.

4. Forest-Derived Biomaterials in the Textile Industry
The sugars obtained by hydrolysis of lignocellulosic materials, such as residual for-

est biomass, can thus be used as a substrate for bacterial cultivation and production of
two types of biodegradable biopolymers: PHAs and BC, as previously reported [44,45].
PHAs are biodegradable bioplastics [46], whose properties can be defined by the selec-
tion of bacteria, raw materials, and cultivation conditions. These can be combined with
other materials, such as BC, improving their processability in the manufacture of fibers
applied in industry. BC is a cellulose of high purity and crystallinity, with nanofibrillar
morphology [47]. In addition, cellolignin—the solid fraction remaining after the enzymatic
hydrolysis of cellulose and hemicellulose—representing around 20% in Eucalyptus bark,
can be recovered and used to obtain biocomposites for several applications. PHA, BC, and
lignin are being evaluated for technical applications in the textile industry.

4.1. Poly(hydroxyalkanoates)

PHAs are biodegradable bioplastics whose properties can be modeled by their
monomer composition: scl-PHAs, comprising short-chain length monomers (3–5 carbon
atoms), are generally highly crystalline, brittle, and rigid thermopolyesters
(e.g., poly(hydroxybutyrate), PHB [48]), while mcl-PHAs, which comprise monomers
with 6–14 carbon atoms, are flexible elastomers with low crystallinity. There are also scl-
mcl-PHAs (e.g., poly(hydroxybutyrate-co-hydroxyvalerate-co-hydroxyhexanoate), PHB-
HVHHx [49]) that combine characteristics of both types of PHAs [46]. Incorporation of
HV and HHx monomers, for example, leads to more flexible biopolymers with lower
melting temperatures, which increases their processability window compared to the ho-
mopolymer PHB [49]. The possibility of synthesizing PHAs with different monomers with
very distinct properties enables the customization of these biopolymers through a wide
range of applications, from rigid packaging materials to elastic biomedical devices. All
these characteristics make PHAs promising materials for replacing non-biodegradable
petrochemical plastics in applications ranging from food packaging, coated cardboard,
and film materials to biomedical devices [50,51]. Figure 2 presents the main uses of PHAs
within various industries.
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Although representing only 1.4% of the global bioplastics’ market, which, in turn,
accounts for 1% of the total annual plastic production [53], PHA production is expected to
have significant growth over the next years. In 2023, the PHA market was valued at USD
93 million, being expected to grow at 15.9% CAGR and reach a value of USD 195 million by
2028 (www.marketsandmarkets.com, accessed on 20 November 2024). This trend is driven
by the growing awareness of the environmental issues posed by petrochemical counterparts
and the need to replace such non-biodegradable plastics with natural-based biodegradable
biopolymers, such as PHAs. The significant barrier to the commercialization of polyhydrox-
yalkanoates (PHAs) is their relatively high production cost, which can be three times higher
than that of petroleum-based plastics [54]. Most of such bacteria use sugars as substrates
for cell growth and PHA biosynthesis [46]. Therefore, aiming to reduce the production
costs, which represent 45-50% of the overall bioprocess cost [51], polysaccharides-rich raw
materials, such as lignocellulosic residues, including forest biomass, can be used.

4.1.1. PHA Biosynthesis

PHAs are accumulated intracellularly by various bacteria under growth-limiting
conditions concomitant with carbon availability. PHA synthesis begins with the formation
of two acetyl-CoA molecules, catalyzed by the enzyme β-ketothiolase. This acetyl-CoA
undergoes an NADPH-dependent reaction to form hydroxybutyryl-CoA, which is then
polymerized into PHB (poly-3-hydroxybutyrate) granules by the enzyme PHB synthase.
The accumulation of PHAs within the cytoplasm occurs as compact granules, coated with
phospholipids and phasins (these proteins regulate granule size). The yield of PHAs is
directly influenced by the balance between coenzymes NADH and NAD+, which controls
the diversion of acetyl-CoA into the PHA pathway rather than the Krebs cycle. In some
bacteria, medium-chain-length PHAs (mcl-PHAs) are synthesized from long-chain fatty
acids via β-oxidation, forming (R)-3-hydroxyacyl-CoA, which is then polymerized into
mcl-PHA by PhaC synthase. Moreover, from simple sugars, fatty acids can be converted
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into 3-hydroxyacyl precursors via the de novo pathway, which are further processed to
form (R)-3-hydroxyfatty acids by CoA transferase (PhaG) that accumulate as mcl-PHAs by
PhaC [55,56].

Several bacteria were identified that synthesize PHAs with a diverse monomeric
composition using glucose and/or xylose, which are sugars resulting from the hydrolysis
of polysaccharides fractions of lignocellulose, such as residual forest biomass. Thus, it
is possible to obtain PHAs with different properties by selecting the most appropriate
bacterium, raw material, and cultivation conditions, tailoring it to the intended application.

4.1.2. PHA Production from Forest Biomass Residues

Forest biomass residues stand out as valuable feedstocks for sustainable PHA pro-
duction due to their characteristics as a cost-effective, renewable, and globally abundant
carbon source. They represent the most plentiful organic material globally, estimated at
180–200 billion tons per year [57,58]. Moreover, utilizing forest biomass for PHA production
avoids competition with the human food chain, further enhancing the sustainability of the
overall process [59].

The increasing interest in residual forest biomass as a carbon source for PHA pro-
duction is evident in the recent publications focused on valorizing this specific type of
feedstock, employing cutting-edge technologies to lower the production costs of PHAs
(Table 1).

Table 1. Production of PHAs from hydrolysates obtained from forest biomass by different bacteria.

Feedstock Microorganism PHA Type PHA
(g/L)

PHA
(%)

Productivity
(g/L.h) Scale References

Eucalyptus bark

Pseudomonas sp.

PHB

7.70 31 0.150
Batch

bioreactor
[44]Burkholderia

thailandensis
DSM 13276

1.10 12.3 0.023

Sawdust of
spruce wood

Burkholderia
sacchari PHB 0.89 87.60

Shake-flask
[60]

Burkholderia
cepacia 1.05 74.70

Cupriavidus
necator PHBV 78.70 0.360

[61]
60.50 75.30 2.840 Batch reactor

Pine tree wood

Loktanella sp.
SM43

PHB
3.66 78.30 Shake-flask [62]

Sphingobium
scionense WP01 0.39 32.00 Batch reactor [63]

Wood Paraburkholderia
sacchari PHB 34.50 58.00 0.720

Fed-batch
reactor

[64]

Poplar wood Mixed microbial
cultures PHB 27.51 [65]

Kraft lignin Cupriavidus
basiliensis B8 PHB 0.32 Fed-batch

reactor [66]

For most of the PHA-producing bacterial strains, efficient pretreatment and hydrol-
ysis processes are needed to obtain high-sugar-yields streams from the residual forest
biomass [67–69]. These streams contain mainly glucose, xylose, and arabinose as the
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primary sugars, along with organic acids (levulinic acid, lactic acid, formic acid, and
acetic acid), microbial inhibitors (furfural and hydroxymethylfurfural (HMF)), and lignin
derivatives (such as vanillin and phenols). Many of these organic acids, inhibitors, and
lignin derivatives hinder PHA-producing strains. Therefore, several pretreatments and
detoxification methods have been developed to enable their use as bacterial carbon sources.

Most of the bacterial strains convert the sugars glucose or a glucose–xylose mixture
from lignocellulosic biomass into PHA. Bacillus species also showed the ability to metabo-
lize lignin, a complex aromatic polymer abundant in forest biomass [70]. Burkholderia is a
genus of bacteria known for its diverse metabolic capabilities, environmental adaptability,
and significant contributions to biotechnological applications. Within this genus, B. sacchari
has demonstrated the ability to utilize various carbon sources for PHA production. For
example, B. sacchari was reported for the conversion of spruce sawdust into PHB [60,71].
The adaptability of Burkholderia strains is further exemplified by B. cepacia, which effec-
tively utilizes spruce sawdust hydrolysate for PHB production. Despite facing inhibitory
compounds in the hydrolysate, B. cepacia demonstrated a PHB concentration of 1.05 g/L
with a PHB content on biomass of 74.70% in a shake-flask setting [60]. Recently, Rodrigues
et al. [44] reported the production of PHB by B. thailandensis DSM 13276, using eucalyptus
bark hydrolysate as the sole feedstock, which resulted in the accumulation of PHB in the
biomass at a content of 12.3 wt%.

Cupriavidus strains have showcased their ability to thrive in the presence of inhibitory
compounds, metabolizing them during the fermentation process. Dilute acid pretreatment
of sugar maple wood chips, for instance, yielded a PHB concentration of 8.72 g/L using C.
necator in a bioreactor [64]. This approach not only enhances sugar recovery but also mini-
mizes the concentration of inhibitory compounds, revealing the detoxification competence
of Cupriavidus sp. in lignocellulosic-based biopolymer production. In the context of forest
biomass, Pseudomonas strains have displayed competence in fermenting hydrolysates from
various sources. Steam explosion and enzymatic hydrolysis of trembling aspen, for instance,
produced a xylose-rich feedstock. Subsequent fermentation with P. cepacia resulted in a
poly(3-hydroxybutyrate-co-3-hydroxyvalerate-co-3-hydroxypropionate) (PHBVP) concen-
tration of 1.56 g/L with a significant PHA mass fraction in biomass. Furthermore, P. putida
KT2440 tolerated high concentrations of lignin and aromatic compounds and converted
them into mcl-PHA, up to 57% of CDW [72]. A new isolate Pseudomonas sp. was shown
to be able to grow on eucalyptus bark as the sole feedstock and to produce up to 7.70 g/L
PHB, corresponding to a polymer content in the biomass of 31wt% [44].

Other examples include Brevundimonas vesicularis and Sphingopyxis macrogoltabida,
which demonstrated the ability to accumulate a co-polymer named poly(3-hydroxybutyrate-
co-3-hydroxyvalerate-co-3-hydroxypropionate) (PHBVP) from Pinus radiata sawdust hy-
drolysate. However, owing to limited cell growth, the concentrations of PHA reached only
0.162-0.231 g/L [64,73]. Metabolic engineering strains may help to grow in the presence
of toxic compounds. E. coli was engineered from beechwood xylan to produce poly(3-
hydroxybutyrate-co-lactate) (P(3HB-co-LA)). This was achieved by introducing genes for
xylan utilization and PHA synthesis, resulting in P(3HB-co-LA) production using xylose
and beechwood xylan as carbon sources [74].

These studies highlight the versatility of microbial PHA production from forest
biomass, addressing the importance of tailored strategies for different types of resid-
ual materials and microbial strains. The integration of pretreatment, detoxification (if
required), and metabolic engineering approaches contributes to the efficient utilization of
lignocellulosic resources for sustainable PHA production. The main sugars present in hy-
drolysates from forest residues and hardwoods, specifically xylose and arabinose, follow a
less efficient metabolic pathway compared to glucose metabolism. Nonetheless, significant
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improvements can be achieved through the development of enhanced microorganisms,
either through genetic modification or the isolation of organisms proficient in consuming
C5 sugars.

4.1.3. Application of PHA in the Textile Industry

The use of PHAs for the manufacture of fibers has been investigated to develop
materials for several areas, including textiles, where these biopolymers are mainly used
for medical products [75]. Although PHAs can be used as the sole material in such
applications, they still underperform mechanically and have no antimicrobial activity.
Moreover, PHAs’ processability is limited due to their crystallinity and low degradation
temperature. To overcome such limitations, PHAs can be combined with other materials,
namely, other biopolymers (e.g., bacterial cellulose, BC), to form biocomposites with
broader functionality [75,76]. BC nanocrystals [77] have been reported for reinforcing
PHA-based materials.

The thermoplastic nature of PHB renders it suitable for continuous filament fabrication
via melt-spinning, the most effective method for producing fibers, enabling its diverse use
in textile applications [78]. However, challenges arise from its brittleness and restricted
processing range, presenting hurdles in the fiber melt-spinning process [79]. The low
melt processing window in PHB stems from the nonradical, random chain scission (cis
elimination) reaction, leading to PHB instability beyond 160 ◦C and resulting in a substantial
decline in molecular weight during melt processing [79,80]. The brittleness is attributed
to the large size of spherulites and secondary crystallization [79,81]. Consequently, large-
scale melt-spinning of PHB into fibers has not been viable, prompting focus primarily on
laboratory-scale.

PHAs find utility within the textile industry due to their high tensile strength,
biodegradability, and molecular weight. The polymer’s conversion into fibers mirrors
processes akin to nylon treatment, presenting an avenue where the shortcomings associated
with static electricity and reduced air permeability, characteristic of polyester materials, can
be mitigated through the integration of bioplastic fibers [79]. Even though PHAs exhibit
numerous desirable characteristics, they also present certain drawbacks, including high
manufacturing costs, typical brittleness with a low elongation break, low resistance to
thermal deterioration due to the proximity of their melting temperature and degradation
temperature, consequently yielding a tiny processing window [79]. However, their high
crystallinity (>50%, often 60%–80%) and narrow processing window pose significant chal-
lenges in proper fibers from PHAs. Hence, it is imperative to control crystallinity when
processing PHAs.

Thus, blends of polymers and copolymers have demonstrated an enhancement in the
mechanical characteristics of PHAs. Blending PHA presents a cost-effective and relatively
simple approach to modifying the polymer’s final properties. Nonetheless, this adjustment
could potentially decrease the degradation time, rendering the blend less suitable for
specific applications [75,82]. The properties of the blend vary according to the specific
polymer combination and its ratio. Typically, alterations occur in thermal transitions
such as the glass transition and melt temperature [75,82], crystallinity, and mechanical
properties [75,83]. Tanaka et al. [84] exemplified this by developing robust fibers using a
P(3HB-co-3HV) copolymer, achieving high strength without requiring nucleation agents or
additional additives. Moreover, elevating the HV content resulted in decreased polymer
crystallinity while concurrently improving the copolymer’s flexibility. Alagoz et al. [85]
used syringe wet spinning to create coated fibers, while Kundrat et al. [86] engineered
porous wet-spun P3HB fibers using a simplified syringe setup.
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The most researched blend to date is PHA/PLA. PLA has been accepted as the most
potentially sustainable and biodegradable polymer that can be melt-spun into textile fibers
on a big scale and replace traditional PET fiber in textile goods. Kervran et al. [87] recently
explored PLA/PHB blends, concluding that incorporating PLA enhances the thermal
stability of PHB. Simultaneously, the selection of additives significantly influences the
thermal stability of these blends. Huang et al. [88] effectively produced PLA/PHB blend
fibers, demonstrating notably enhanced thermal stability. In their prior research, it was
observed that PHAs functioned effectively as plasticizing and nucleating agents, thereby
facilitating the crystallization process in PLA. As a result, the PLA/PHA blend fibers
displayed improved heat resistance [89].

4.2. Bacterial Cellulose

Cellulose is the most prevalent renewable biopolymer on Earth and the primary
constituent of the cell walls of higher plants. It is also biosynthesized by various types of
microorganisms. In the textile industry, the application of materials with polymers from
natural or bio-based sources and derivatives that can be more easily degraded and with
lower production costs compared to petroleum-based materials has emerged in response to
more sustainable approaches. This industry has faced environmental awareness movements
and social concerns, hence the choice of cellulose because it has high biodegradability and
is derived from a renewable source.

BC possesses a structure akin to that of vegetable cellulose, comprising a linear glucan
with monomers interconnected by β-1,4 glycosidic bonds, with the chemical formula
(C6H10O5)n [90–92]. The primary distinction between the two lies in their appearance
and water content: while vegetable cellulose exhibits a fibrous structure, BC takes on a
gel-like form, i.e., BC is composed of microfibrils (up to 130 nm in width) and nanofibrils
(up to 4 nm in diameter) that are arranged in a three-dimensional network. In comparison
to vegetable cellulose, BC is regarded as a highly pure variant of cellulose, devoid of
lignin, hemicellulose, or pectin in its composition [47,93]. This characteristic is particularly
advantageous within the textile industry, as it negates the necessity for conventional
pre-treatment processes aimed at removing these contaminants from plant-based fibers—
processes that typically require elevated temperatures, significant water consumption, and
the application of harmful chemicals [94]. In terms of its properties, BC is distinguished
by several important attributes, in addition to the characteristics acquired from vegetable
cellulose, including dimensional stability, mechanical strength, crystallinity, and water-
holding capacity [90,95–97]. Furthermore, BC is recognized as a valuable biomaterial that
can be synthesized from a variety of biomass sources. Numerous studies have investigated
diverse methods and sources for the production of BC.

The global market for BC has been on an upward trajectory, demonstrating robust
growth patterns. In 2016, the market was valued at approximately USD 207 million, which
increased to around USD 250 million by 2019. Projections indicate that by the end of
2022, the market could reach USD 500 million, reflecting a compound annual growth rate
(CAGR) of 16% over the subsequent years. Future estimates suggest that the BC market
will surpass USD 570 million by 2024, achieve USD 680 million by late 2025, and potentially
reach USD 700 million by 2026, culminating in an anticipated value of USD 780 million
by 2027 [98]. A notable trend in this sector is the substantial rise in research and patent
registrations, particularly since the 1980s. By 2019, approximately 6300 patents had been
filed, predominantly in nations such as China, the United States, and Japan. This figure
surged to 7800 in 2020 and exceeded 14,400 by 2021. The fields of chemistry, polymer
sciences, and microbiology, particularly in relation to biotechnology, have been particularly
prominent among these patents [98].
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The estimated cost for producing around 500 tons of BC utilizing the Komagataeibacter
xylinus strain is approximately USD 13 million. It is crucial to consider the total capital
investment required for the industrialization process, which encompasses equipment,
facilities, and construction costs. The annual production cost of BC is estimated at USD
7.4 million, which includes fixed expenses and direct operational costs, accounting for
58% of the total production cost. Based on a market price of USD 25 per kilogram for the
final packaged product, the projected net profitability is estimated at USD 3.3 million per
year [98].

In light of growing environmental concerns, industries are increasingly motivated
to develop sustainable bioprocesses that mitigate ecological impacts and risks. Life cycle
assessments of the BC production process, particularly through static culture methods, have
indicated that water is the primary resource utilized, with a consumption of 36 tons per
kilogram of BC produced. This is followed by raw material production (18 tons/kg), carton
packaging (14 tons/kg), and the fermentation process (4 tons/kg). Notably, approximately
98% of the total resources are recovered post-treatment, and minimal environmental impacts
have been identified, especially when industrial waste is repurposed as raw material [98].

4.2.1. Biosynthesis of BC

A variety of traditional carbon sources have been identified as viable substrates for the
production of BC. These include glucose, fructose, lactose, acetate, ethanol, glycerol, manni-
tol, sucrose, maltitol, sucralose, and xylitol. Research has predominantly concentrated on
utilizing glucose as the primary substrate for BC biosynthesis. The metabolic pathways
and fluxes involved in BC production vary depending on the carbon source employed.
The initial stage of this biosynthetic process involves the conversion of the chosen carbon
source into hexoses, specifically glucose or fructose [98].

The BC synthesis process is orchestrated by the cellulose synthase (CS) complex.
This complex initiates its activity in the bacterial cytoplasm upon activation by uridine
diphosphate (UDP). The CS complex then systematically constructs BC from glucose
molecules. The resulting product consists of fibrils made up of d-glucose units connected
via β-1,4-glycosidic bonds. These fibrils are subsequently extruded through transmembrane
pores to the exterior of the cell. Once outside the cell, the linear chains of glucose units align
both unidirectionally and laterally. This alignment is facilitated by hydrogen bonding, both
within individual chains (intrachain) and between different chains (interchain), occurring
at the free hydroxyl groups. These aligned chains form nanofibrils, which can further
aggregate into larger fibrils. These larger fibrils can reach widths of up to 100 nanometers
and are responsible for the primary structural characteristics of bacterial cellulose. The
schematic representation depicted in Figure 3 showcases the initial studies that concentrated
on the biosynthesis of BC, which were conducted using a strain of K. xylinus. This strain,
previously classified as Acetobacter xylinum and Gluconacetobacter xylinus, is now recognized
as a model microorganism for research related to BC production [98].

Numerous investigations have been conducted to optimize BC production on an
industrial scale, focusing on the utilization of low-cost raw materials that generate minimal
by-products. In this context, various carbon sources, additive compounds, and types of
agro-industrial waste are employed throughout the process. The carbon sources selected
for BC biosynthesis possess distinct characteristics, including bioavailability, molecular
mass, and diverse chemical structures, which consequently influence both the rate of BC
production and its structural properties [98].
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The biosynthesis of BC is a metabolically intensive process, consuming approxi-
mately 10% of the total adenosine triphosphate (ATP) produced during bacterial metabo-
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The metabolic flux for BC production from different carbon sources involves the syn-
thesis of UDP-glucose through three specific steps when exogenous glucose serves as the 
carbon source. The enzymatic reactions involved in this pathway are facilitated by gluco-
kinase, which phosphorylates glucose; phosphoglucomutase, which is responsible for the 
isomerization of glucose-6-phosphate to glucose-1-phosphate; and glucose-1-phosphate-
uridylyltransferase, which catalyzes the formation of UDP-glucose. Additionally, fructose 
and glycerol are recognized as significant carbon sources for BC production. Subse-
quently, the synthase complex synthesizes BC from UDP-glucose, independent of the car-
bon source utilized (Figure 4) [98]. 

Figure 3. Schematic representation of the CS Complex. (a) The CS complex synthesizes BC from
glucose in a progressive manner after being activated by UDP within the bacterial cytoplasm, and
(b) fibrils made up of D-glucose units connected by β-1,4-glycosidic bonds are transported through
transmembrane pores out of the cell, where linear chains are aligned both unidirectionally and
laterally through intra- and interchain hydrogen bonds at free hydroxyl groups [98].

The biosynthesis of BC is a metabolically intensive process, consuming approximately
10% of the total adenosine triphosphate (ATP) produced during bacterial metabolism.

The metabolic flux for BC production from different carbon sources involves the
synthesis of UDP-glucose through three specific steps when exogenous glucose serves as
the carbon source. The enzymatic reactions involved in this pathway are facilitated by
glucokinase, which phosphorylates glucose; phosphoglucomutase, which is responsible for
the isomerization of glucose-6-phosphate to glucose-1-phosphate; and glucose-1-phosphate-
uridylyltransferase, which catalyzes the formation of UDP-glucose. Additionally, fructose
and glycerol are recognized as significant carbon sources for BC production. Subsequently,
the synthase complex synthesizes BC from UDP-glucose, independent of the carbon source
utilized (Figure 4) [98].
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4.2.2. Production of BC by Microorganisms

BC is a glucan that can be synthesized extracellularly by various species of Gram-
negative bacteria, including those from the genera Acetobacter, Agrobacterium, Alcaligenes,
Komagataeibacter, Pseudomonas, Rhizobium, Salmonella, and Sarcina, which is the sole Gram-
positive bacterial genus [99–101]. BC is characterized by high crystallinity, high water-
holding capacity, high tensile strength, and a fine web-like network structure [95].

The production of BC can be achieved in diverse sizes and shapes, with specific proper-
ties that are contingent upon the cultivation methodology employed. In static fermentation,
BC is generated as a three-dimensional interconnected reticular pellicle exhibiting a uniform
texture. Conversely, during the process of agitated fermentation, the formation of small
circular pellets occurs, characterized by their irregular shapes [93,102,103].

A comprehensive review conducted by Wang et al. [104] examined three prevalent
methods for BC production: static culture, agitated culture, and bioreactor systems. In
the same way, more recently, Girard et. al. [90]. The authors discussed the properties and
potential applications of BC produced using these methods. Furthermore, the authors
highlighted the challenges associated with various BC production methods and offered
appropriate culture strategies for its application across diverse fields.

Another study by Stepanov & Efremenko [105] focused on the production of BC utiliz-
ing concentrated immobilized cells. The researchers successfully applied various media
containing sugars and glycerol, based on hydrolysates of renewable biomass sources such
as aspen, Jerusalem artichoke, rice straw, and microalgae. The level of BC accumulation
using immobilized cells was found to be 1.3–1.8 times greater than that produced by sus-
pended cells, thereby demonstrating the potential of using renewable biomass sources for
BC production.

In addition to these studies, Sa’Adah et al. [106] explored a range of methods for
producing BC microparticles, including mechanical methods using a high-pressure ho-
mogenizer, acid hydrolysis, microbial hydrolysis, hydrogel fiber cultivation, microfluidic
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processes, and ultrasonication. These methods offer alternative approaches for producing
BC from biomass sources.

Furthermore, Amarasekara et al. [107] examined the potential of using the kombucha
pellicle, a waste product from the kombucha beverage industry, as a source of BC. Their
study compared different purification methods for the BC derived from the kombucha
pellicle. This research highlights the potential of utilizing residual biomass sources for
BC production.

Mohammadkazemi et al. [108] investigated the production of BC using different
carbon sources, such as mannitol, sucrose, and glucose, as well as different culture media.
They found that the carbon source and culture media significantly influenced the yield
and properties of BC. This study demonstrates the flexibility in carbon source and culture
media selection for BC production [108].

On the other hand, other authors [109] focused on the production of BC by Gluconace-
tobacter hansenii CGMCC 3917 using waste beer yeast as the sole nutrient source. They
optimized the fermentation conditions and found that waste beer yeast could effectively
support BC production. This study highlights the potential of utilizing residual materials
as nutrient sources for BC production [109].

Lupas, cu et al. [110] provided an overview of microbial aspects of BC production
and its applications. They discussed the different bacterial species capable of producing
cellulose and the factors influencing cellulose production. This review article provides a
comprehensive understanding of the microbial aspects of BC production [110].

These references collectively demonstrate the diverse approaches and sources that can
be used for the production of BC. By exploring different carbon sources, culture media,
and microbial species, researchers are expanding the possibilities for BC production and its
applications, namely in the fields of food technology, paper, cosmetics, pharmaceuticals,
electronics, and medicine [111–113].

Given the features of PHA and BC, and the fact that they can be produced from
lignocellulosic residues, such as forest biomass, in line with the circular economy concept,
it is a worthy challenge to combine them into biodegradable composite materials with
improved properties for several applications, including the textile sector.

4.2.3. Application of BC in the Textile Industry

The industrial applications of BC span a diverse array of industries, each leveraging its
unique properties for various purposes. In this review, we identified four main categories
for which BC has been used: the medical industry, the cosmetics industry, the textile
industry, and the foodstuff industry, only focusing on more detail in the textile industry.
An overview of these applications is available in Figure 5 [90].

The textile industry faces increasing pressure to accelerate its green transition while
simultaneously addressing the rising demand for textile products. This situation necessi-
tates the exploration of new and more sustainable raw materials to replace non-renewable
sources. BC has emerged in the literature as a promising biocompatible and biodegradable
sustainable material for the textile industry. In addition to its sustainability credentials, the
textile industry’s interest in BC stems from its unique properties compared to conventional
vegetable cellulose. As previously referred to, BC boasts higher purity, greater crystallinity,
improved dimensional stability, and enhanced mechanical strength, making it an attrac-
tive alternative for textile applications. However, despite these advantages, consolidated
applications of BC in textiles represent a niche market, with only a limited number of
solutions currently available, but BC as a biomaterial has been gaining attention in the
textile industry. Provin et al. [114] discuss the use of BC and the challenge of wettability
in textile applications [114]. BC also offers advantages in terms of hydrophobicity, which
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is desirable for textile applications [112,114], and it has been further characterized as a
biomaterial for apparel products [112]. Its development contributes to a greener and more
sustainable production of textiles.
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In order to generate BC in various colours, several studies have investigated the use
of different fermentation media and modifications to their components. Nonetheless, the
colours pallettes produced did not meet the standards required by the fashion industry.
As a result, various strategies have been suggested, including the incorporation of a
colouring component directly into the fermentation medium (in situ) or applying them
post-production and purification as a dyebath (ex situ) [113,115–118].

In the realm of biocomposites for textile applications, existing literature reports several
innovative approaches. For instance, research conducted by Mizuno et al. was focused on
creating BC biocomposites by depositing BC onto natural fibers that had been included
in the fermentation medium [119]. Additionally, the development of nanocomposites
involved depositing nanosized BC onto the surfaces of banana peel (BP) fibers, which were
also added to the fermentation medium. This approach significantly improved the thermal
stability and tensile strength of the resulting materials [120].

Several investigations have been focused on enhancing the mechanical characteristics
of BC composites. In their research, Fernandes et al. [113] formulated BC biocomposites that
show promise for applications within the textile and footwear industries. These composites
demonstrated significantly improved properties, including a tensile strength of 12.1 Mpa, a
water vapor permeability rate of 65.1 g·m−2·24 h−1, and enhanced thermal stability when
the emulsified acrylated epoxidized soybean oil (AESO) was polymerized prior to the
exhaustion dyeing process. Conversely, when polymerization occurred after the exhaustion
phase, the composites exhibited increased hydrophobicity and a greater elongation of
19.1%. It is noteworthy that while the tensile strength of the BC composites was lower than
that of pure BC, they nonetheless displayed superior elongation properties [90,113]. Mal-
leable BC composites were developed by incorporating commercial hydrophobic products
commonly used in textile finishing. This approach yielded a notable elongation at break of
7.97% and an enhancement in tensile strength (48.35 Mpa) [121]. Additionally, glycerol and
polyethylene glycol have been employed as plasticizers in BC membranes intended for
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wound dressing applications. However, an increase in surface roughness was noted with
higher plasticizer concentrations [122].

Another application of BC in textiles is illustrated by the production of yarn superca-
pacitors (YSC), where cotton yarn was soaked in a BC nanofiber suspension. This study
substantiated the viability of the engineered YSC for applications in wearable electronics
while also highlighting the potential of BC as an alternative cost-effective biomaterial to
carbon nanotubes or reduced graphene oxide. The YSC exhibited impressive characteris-
tics, including high capacitance, flexibility, and energy density, which further supports its
application in this domain [123].

The Biocouture and SOYA C(O)U(L)TURE projects represent pioneering examples of
the application of BC in the textile industry, as proofs of concept. The Biocouture project
successfully created a collection of jackets and shoes made from BC using conventional
manufacturing methods [124]. In contrast, the SOYA C(O)U(L)TURE project focused on
developing dyeing and coating processes for BC sheets, resulting in clothing items and
craft materials [125].

Innovative cultivation techniques have also been explored to produce BC textiles. One
such method is the tailor-shaped cultivation technique, which allows for the production
of different components of a t-shirt directly within fermentation containers designed
in the desired shapes and sizes. The BC material produced was dyed black and sewn
using traditional sewing techniques, resulting in a lightweight garment with a leather-like
appearance. This approach not only demonstrates the suitability of BC as a raw material
for textile production but also supports the reduction in textile waste by eliminating the
cutting step typically required in garment manufacturing [103]. Recent evaluations have
indicated that while BC sheets have lower tensile strength compared to animal leather, they
outperform non-woven fabrics in this regard. Moreover, BC exhibits superior abrasion
resistance. However, a critical drawback for apparel applications is its low breathability
and high moisture retention, which can affect comfort [126].

Notwithstanding several investigations showcasing the potential of BC in textile
applications, only a limited number of BC-based products have made it to market. Among
the most notable successes is Nanollose, which has developed viscose-rayon like fibers from
cellulose derived from BC, branded as nullarbor™ [90,98,127]. The startup ScobyTec has
created a BC leather alternative. Known as ScobyTec BNC, which boasts high mechanical
strength and non-flammability. This material is utilized in the production of children’s
shoes, gloves, and business bags [90,98,128]. Other startups, the Make Grow Lab, have
manufactured “leather” and packaging using BC and agro-industrial waste [98]. Bolt
Threads company made sneakers using the microbial weaving technique [98]. Additionally,
Malai markets BC materials (biocomposites formed by a matrix comprising BC and banana
leaf fibers) itself in various colours, offering small bags and other accessories collections
(including fanny packs, wallets, sandals, and bracelets) made from the material [98,113].
Polybion™ has established the first industrial-scale facility for producing BC material,
including luxury handbags [90,129], with prototypes like small bags and a blazer produced
in collaboration with fashion brand Ganni. In the same way, Ganni has also developed
a handbag using a BC-based material from Modern Synthesis, a biotechnology company
engaged in BC production [90,130,131].

The primary challenge hindering the market entry of BC products is the economic
feasibility of producing BC on an industrial scale. High production costs and low produc-
tivity have been identified as the key issues impacting the commercialization of BC-based
materials [132–135]. Dourado et al. conducted a technical and economic analysis of BC
production using Super-Pro Designer software, version 9.0, for Windows operating system,
highlighting these [136].
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To address these issues, several studies have explored the use of industrial wastes
and low-cost substrates as nutrients and carbon sources in BC production. This approach
not only aims to reduce production costs but also emphasizes environmental sustainabil-
ity. Examples of such substrates include corncob and sugarcane bagasse [98,137], grape
bagasse [98,138], corn steep liquor [98,139], orange peel waste [140], olive mill [141], liquid
tapioca waste [142], and tofu factories [125] wastewater. Companies like Nanollose [143],
Polybion [129], and Modern Synthesis [131] have successfully adopted these strategies by
utilizing agro-industrial fruit wastes in their BC production processes. This not only helps
in minimizing production costs but also contributes to waste reduction and sustainable
practices in the textile industry. By leveraging these low-cost materials, there is potential
for improving the economic viability of BC production and expanding its applications in
various markets.

4.3. Lignin

As referred to in Section 2, lignin is a highly branched, irregular, aromatic, natural
polymer, a macromolecular structural component of all vascular plants, second only in
abundance to cellulose [144]. Lignin isolated from industrial streams of chemical processing
of plant biomass is called technical lignin, being a large-scale byproduct. About 50 million
tons of lignin are obtained annually by the pulp-and-paper industry and several million tons
from the hydrolysis mills [144,145]. Nowadays, more than 95% of industrially produced
lignin is burned to produce energy. However, it is well recognized that lignin represents
a promising renewable resource of aromatic hydrocarbons. Lignin can be used in its
polymeric form in adhesives and new polymeric materials or can be upgraded into a series
of value-added low-molecular weight chemicals (e.g., vanillin, benzene, toluene, xylene,
quinones, eugenol, etc.) able to be used in the chemical, pharmaceutical, cosmetic, and
textile industries [144–146].

Technical lignins are usually classified according to their production methods and
can vary substantially in relation to their structure, functional group composition, and
molecular weight. Thus, kraft lignin is isolated from spent liquors (black liquors) of
sulphate pulping carried out in (NaOH + Na2S) solution at 160–180 ◦C [147]. Soda
lignin is isolated from black liquors of soda pulping carried out in NaOH solutions at
150–170 ◦C. The sulphite lignin (lignosulphonate) is removed from wood to spent liquor
(SSL) during sulphite pulping, which uses SO2 as a principal reagent combined with suit-
able bases (CaO, MgO, Na2O, or NH3) at 130–145 ◦C [147]. The hydrolysis lignin is a
byproduct from the hydrolysis industry, which uses percolation hydrolysis with diluted
sulphuric acid at high temperatures (160–180 ◦C). The hydrolysis lignin is a solid residue
containing significant amounts of concomitant cellulose (20%–30%), and it is thus typically
nominated as cellolignin [148]. Among referred technical lignins, only lignosulphonates
(LS) are used on a large scale for different technical needs. In the last 50 years, the de-
velopment of new pulping methods and plant biomass processing revealed new types
of technical lignins. Thus, organosolv lignin is isolated from spent liquors of organosolv
cooking carried out in aqueous organic solvent media [149]. The enzymatic upgrading
of plant material leads to the formation of so-called enzymatic lignin. One of the par-
ticular cases of enzymatic lignin, consisting of cellolignin, is the residue remaining after
enzymatic hydrolysis of plant biomass following steam explosion as a pre-treatment [45].
These relatively new types of technical lignins (organosolv and enzymatic lignins) urge
further utilization to meet environmental and sustainable development. For most lignin
applications, its purity and the absence of potentially hazardous elements (e.g., sulphur
or heavy metals) are essential pre-requisites. In this sense, the organosolv lignin is the
most attractive, and hydrolysis and enzymatic lignins are usually less acceptable for the



Forests 2025, 16, 163 20 of 32

potential applications. Therefore, the latter need to be refined before their use in non-fuel
applications [45]. This is certainly a challenge for future developments. Table 2 briefly
summarizes some basic characteristics of conventional and perspective technical lignins
that are produced at industrial or pilot scale.

Table 2. Basic characteristics of technical lignins [145,147,149].

Characteristic Kraft
Lignin

Soda
Lignin

Sulphite
Lignin Organosolv Hydrolysis

Lignin
Enzymatic

Lignin

Purity (%) 80–98 80–95 50–70 90–99 50–70 50–70
Solubility:

-Water (pH 2–7) No No Yes No No No
-Organic solvents Yes Yes No Yes No Partially

Molecular weight, kDa 1.0–2.0 1.0–2.5 1.5–5.0 1.5–4.0 - -
Sulphur content (%) 1.0–5.0 No 3.0–8.0 No 0.0–0.5 No

Production scale Semi-Industrial Pilot Industrial Pilot Industrial Pilot

Application of Lignin in the Textile Industry

Although technical lignins have widely been used in various technical fields for
almost a century, their use in the textile industry is relatively recent and was stimulated
by the desire to replace fossil materials with natural ones, also within the concept of
biorefinery and circular economy. The different applications of lignin in the textile area can
be conventionally divided into three main groups: (i) modification of man-made, synthetic,
and natural fibers for their use in the production of fabrics or nonwovens to improve
their consumer properties; (ii) modification of ready-made textile fabrics or nonwovens to
confer them special advanced properties; and (iii) as an integral part of adhesives used for
bonding or finishing non-woven fabrics and composites. The approaches and degree of
lignin involvement can vary significantly depending on the objectives. The most common
functions brought by lignin in textile materials are increased hydrophobicity, dyeing, UV
blocking, antioxidant and antibacterial properties, flame retardance, and crease resistance,
among others [150–152]. Figure 6 summarizes the main lignin applications in textiles and
the methods used thereof.
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The modification of man-made fibers, mainly regenerated cellulose fibers, called
for increased attention in the last decade. This is related to its growing importance as a
substitute for natural fibers whose production is limited for agricultural capabilities and
environmental concerns [153]. In particular, lignin can be introduced in the spinning dope
containing cellulose dissolved in direct solvents (e.g., NMMO in the Lyocell® process [154]
or [DBNH][oAc] in the IonCell-F® process [155]). In this case, lignin is retained on the
regenerated fibers proportionally to its content in the dope, thus increasing fibers hydropho-
bicity. Although the introduction of more than 10% of lignin led to the compromised tensile
strength, these modified fibers are still appropriate for textile applications [154,156,157].
The same approach is proposed to introduce as high as 30–50% of lignin to produce lignin-
based carbon fibers [157]. Regarding lignin-based carbon fibers, besides conventional wet
spinning from dope solution, other spinning techniques can be applied for these purposes,
including melt spinning of lignin blends with synthetic polymers, dry spinning, electrospin-
ning, gel-spinning, and centrifugal spinning [152]. The lignins of high molecular weight
without mineral contaminants and sulfur are preferable for most of these applications [152].
Both pure and modified lignins can be used for this type of application, depending on the
methodology for incorporating them into the fibers. However, the issues of regenerating
solvents containing significant lignin content have also not yet been resolved.

The common way of lignin introduction into synthetic fibers is a blending with a
polymeric matrix in melt or dissolution in a polymer solution followed by the fiber forma-
tion by one of the suitable techniques (e.g., melt-spinning, dry-spinning, or electrospin-
ning) [151,152]. Among matrix polymers, polyvinyl alcohol (PVOH), poly(acrylonitrile)
(PAN), poly(ethylene oxide) (PEO), poly(methyl methacrylate) (PMMA), poly(caprolactone)
(PCL), poly(lactic acid) (PLA), thermoplastic polyurethane (TPU), polyesters, and different
poly(ethylene) (PE) and poly(propylene) formulations were reported [151]. However, these
modified lignin synthetic fibers are used only for nonwoven applications. For example,
hybrid lignin-PEO fibers were obtained by electrospinning from dimethylformamide (DMF)
solution using different technical lignins (kraft, lignosulphonate, and organosolv lignins)
and PEO of 60 kDa [158]. Up to 30–50% of lignin can be introduced in fibers, and the ob-
tained nonwoven mesh can be used for various purposes, including water and air filtration
or the production of carbonized nonwovens. Another example of lignin blending with
a polymer’s matrix is lignin-PLA hybrid fibers produced from kraft lignin and PLA by
melt spinning [159]. Up to 20% of lignin was introduced into the PLA matrix, resulting in
spinnable fibers. Although lignin blending with PLA led to the decrease in hybrid fibers’
tenacity, the lignin together with ammonium polyphosphate conferred increased heat resis-
tance and flame retardance properties to fabrics. Lignin introduction into a heat—sensible
TPU provides an antioxidant effect, thus improving the processability of the formulation
produced thereof [160].

The modification of ready-made textile fabrics with lignin and its derivatives is another
way to give them specific properties. This can be done, for example, while using lignin as a
filler in textile fabrics made of different natural (cotton, wool, etc.) or synthetic fibers, also
in combination with conventional inorganic fillers (ZnO, TiO2, etc.) or as organic–inorganic
hybrid formulations [150,151]. The application of lignin as is or as nanoparticles or in
the composition of bio-nanocomposites in textile fibers can be carried out using different
techniques, including conventional spray coating, foam coating, dip coating, and padding
(also using suitable binders), but also employing calendaring, melt coating, electrostatic
spraying, meltblowing, and lamination, among others [161]. Superhydrophobic proper-
ties were imparted to mercerized cotton fabric by dip-coating the fabric surface with a
lignin-silica hybrid formulation [162]. The resulting coating was resistant to washing and
demonstrated acceptable comfort and sensorial properties, advanced thermal stability,
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and UV-blocking properties. However, imparting strong hydrophobic properties to textile
materials using lignin without significantly modifying it seems to be a difficult task. Lignin
was also considered as a bio-based flame-retardant agent. Thus, the cotton fabric alternately
impregnated in aqueous solutions of chitosan and LS (layer-by-layer approach) showed a
flame-retardancy effect [163]. This effect was assigned to stabilizing lignin-induced char
formation on the fiber surface, leading to the decrease in heat release rate and total heat
release values. LS can also be introduced solely to a large extent into cotton fabrics by the
hot padding method, showing the increased flame retardancy and the UV blocking at the
same time [164]. The combination of lignin with graphene, carbon nanotubes, and graphene
nanoplatelets leads to the hybrids (composite materials) with enhanced flame-retardant
lignin characteristics [150]. Another field of use of lignin in textile applications is related to
its antimicrobial functions. This effect is mainly related to the ability of the polyphenolic
groups of lignin to damage the cell membrane of microorganisms and cause lysis of the
bacteria followed by the release of their cellular contents. Both biocidal and biostatic lignin
effects were reviewed, also when applied to textile materials [165]. The most common
way to enhance the antimicrobial properties of lignin is to combine it with gold, silver, or
transition metal oxide nanoparticles (CuO, ZnO, TiO2, etc.) [150,151,165]. The use of lignin
in the form of nanoparticles is another steady trend of lignin application for antimicro-
bial purposes [165–167]. Furthermore, lignin nanoparticles can be used alone or as part
of different nanocomposites. Several recent reviews on this topic are available [165,166].
The antimicrobial lignin properties were used to diminish the biodegradation of cotton
fabrics while using them as natural fiber geotextiles [168]. A thermoformable kraft lignin
composite was applied on the cotton mesh by melt coating, and the burial tests were carried
out for 160 days. The lignin-coated cotton yarn showed a significantly longer durability
against the microorganisms in the soil compared to uncoated yarns, being suitable for
geotextile applications.

Fabric dyeing is another topic related to the use of lignin in the textile field. This is
an attractive alternative to conventional synthetic dyes within the context of sustainable
textile production looking for non-toxic, safe, biocompatible, and biodegradable perspec-
tives [169]. In addition to the dull brown color with tonal variations, lignin gives textile
fiber additional antioxidant, antibacterial, stain resistance, and UV-blocking properties.
Typically, the water-soluble technical lignin, lignosulfonate, has been reported for these
purposes [169,170]. However, kraft lignin can also be used for textile dyeing [171] or
lignins isolated by other less conventional methods [172]. The most common way of textile
dyeing with lignin is mordanting with suitable mordant agents under appropriate dyeing
conditions to improve the colorfastness or better UV blocking properties [169,171]. Thus,
wool fabrics were dyed at 98 ◦C for 60 min with various concentrations of water-soluble
H2O2-upgraded sulphonated lignin using several sustainable mordanting agents, such as
calcium (Ca), aluminum (Al), iron (Fe), and copper (Cu) salts, to improve the color yield and
also the colorfastness to washing along with introducing new functional properties [169].
Similarly, cationic-treated cotton fabrics were dyed at 90 ◦C for 90 min in weak alkali kraft
lignin solutions followed by a mordanting stage with Fe, Cu, Mg, and Al salts at 60 ◦C
for 30 min [171]. It is unclear, however, how the mordanting approach fits with textile
fabric safety and environmental concerns. Flax fabric dyeing ability and colorfastness were
significantly improved while applying a laccase-promoted lignosulphonate oxidation [170].
A synergistic effect between lignin-based polymers formed and the lignin groups at the sur-
face of flax fabrics was suggested in that work. These kinds of effects were also considered
while using polyoxometalates as mediators in laccase-mediated oxidation systems [173].

Lignin can also be used as a part of binding formulation in knitted fabrics or non-
wovens [174]. In this case, both neat and modified technical lignins may be applied as a
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compatibilizer in natural fiber-epoxy resin composites or, after the functionalization, be
used as a proper binder agent. Several composites involving natural fibers (hemp, flax, oil
palm empty fruit bunch, etc.) using lignin-derived binders were reviewed [174]. Lignin-
based coating formulations were also reported to be an interesting option for reinforcement
of textile mesh and to confer some special properties. Thus, the developed waterborne
lignin-based polyurethane binder formulation was applied to the surface of cotton fabric
by combined dip coating/padder squeezing followed by thermal curing at 150 ◦C for
5 min [174]. The applied adhesive has been shown to bind the fibers together to form a
cohesive film that provides advanced antibacterial and UV protection properties [175].

5. Conclusions
A circular economy perspective might be applied to boost the competitiveness of the

textile value chain. Under this approach, residual forest biomass can be used as sustainable
raw material for the implementation of biomaterials and bioproducts in the textile industry,
for example, through the application of biochemical technologies based on the so-called
“sugar platform”.

Overall, the utilization of forest biomass as a source of biomaterials presents great
potential for the textile industry, and researchers have been achieving significant advances
in developing biomaterials from forest biomass, as demonstrated in the present review for
three specific biomaterials—BC, PHAs, and lignin.

Despite the demonstrated potential and interest associated with PHAs, the developed
fibers still exhibit inferior performance compared to most petrochemical-derived products
concerning thermal and mechanical properties, restricting their applicability in a broader
range of textile products. In this context, it becomes important to develop new solutions
and methodologies based on PHAs that enable the production of new biodegradable
fibers derived from natural sources and with adequate performance for applications in
textile products.

BC exhibits exceptional mechanical characteristics that render it suitable for a diverse
array of applications. The textile industry, in particular, has garnered significant interest
from researchers in this context. When BC is subjected to drying, it reveals impressive
tensile strength and can be processed into either non-woven or nano-spun fabrics, which
enhances its moldability and biodegradability. Furthermore, the remarkable thinness
of BC positions it as a viable alternative to traditional leather, especially in lightweight
applications. However, the practical application of BC within the fashion and textile
industries is influenced by several critical factors. Among these, the challenges associated
with wettability/hydrophobicity, wear resistance, elasticity, breathability, dyability, and the
overall comfort of the product are pivotal in assessing the feasibility of BC’s integration
into these sectors.

Also, despite the rather significant successes in the use of lignin in textiles, this
approach is not yet widespread. One of the reasons for this is that the proposed solutions
are not always feasible in practice, and lignin is not always able to replace less “green”
reagents of fossil origin with the same efficiency and without loss of quality indicators of
textile materials.

In conclusion, future trends in the use of forest biomass as a source of new biomaterials
for the textile industry are promising and rely on the sustainable recovery and valorization
of renewable resources by using diverse biomass sources. The integration of residual forest
biomass into biomaterial production, namely PHAs and BC, as well as the recovery of
lignin from residual forest biomass, aligns with these principles of sustainability and offers
potential for the development of advanced materials for the textile industry.
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6. Future Directions
The potential of forest biomass as a source of new biomaterials for the textile industry

is indeed promising and still under-explored. Forest biomass, being a renewable carbon-
rich material due to its lignocellulosic nature, holds potential for the production of a wide
variety of industrial and commodity products, including advanced materials for the textile
industry. However, although residual forest biomass offers an alternative and sustainable
source for the production of biomaterials, providing a renewable and eco-friendly option,
they are still not widely used in the textile industry.

Indeed, the sustainable utilization of residual forest biomass for the production of
biomaterials aligns with the principles of bioeconomy. However, it is essential to consider
the overall sustainability of utilizing forest biomass for biomaterial recovery/production.
The sourcing of biomass for textile production has been associated with unsustainable
forest management practices, illegal logging, and sourcing from endangered forests and
sensitive sites, highlighting the need for responsible and sustainable practices in biomass
sourcing. This drawback may be overcome by the use of integrated biomass technologies,
which not only offer opportunities for biomaterial recovery/production but also contribute
to improving forest health by collaborating with the pulp and paper industry to remove
less-desirable biomass and offset the costs associated with restoring damaged ecosystems.

The primary challenge hindering the industrial utilization of BC is the substantial
expense associated with the cultivation medium and carbon sources. Nevertheless, current
research is predominantly directed towards identifying alternative fermentation sources,
including by-products from various industrial sectors, as well as optimizing and regulating
biosynthetic pathways. BC derived from alternative sources exhibits physicochemical,
mechanical, and structural properties that closely resemble those of cellulose produced
through more traditional and costly methods. Approaches in genetic and metabolic engi-
neering allow for the modification of BC-producing bacteria, thereby altering the structural
characteristics of the cellulose generated. For instance, adjustments in the crystallinity or
tensile strength can broaden the industrial applications of BC and enhance its effectiveness
in existing sectors. The application of genomic-scale metabolic models for BC-producing
bacteria may significantly advance genetic engineering efforts aimed at discovering strains
that yield high amounts of BC while being resilient to the specific conditions of large-scale
production environments. However, achieving success in this area requires a collaborative
approach involving experts from various fields related to biomaterial production. Ulti-
mately, significant progress in the production and application of BC could lead to the
emergence of a diverse sector with considerable economic implications.

In short, to unlock the full potential of forest biomass, an integrated approach must be
developed and implemented. Envisaging circularity for application in the textile industry,
the valorization of the polysaccharide fractions of residual forest biomass into value-added
biopolymers (e.g., PHA and BC) should be pursued through fermentation following pre-
treatment and enzymatic hydrolysis. As a complement, lignin from cellolignin, which
corresponds to the residue remaining in the forest biomass after the enzymatic hydrolysis
of its polysaccharides, should also be applied in the textile industry. The applicability in the
textile industry of these forest-derived biomaterials and bioproducts, although promising,
is still not validated nor implemented.
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