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Abstract: Review of the industrial applications of bacterial cellulose. Bacterial cellulose (BC) differs
from plant cellulose in fibre diameter, which for BC is between 20 and 100 nm. Literature data indicates that BC
has a crystalline level of 90% and is thermally stable and has higher mechanical properties than plant cellulose.
The purity of BC is estimated in the range of 98% because it is not contaminated with lignin, pectin and
hemicelluloses like plant cellulose. The BC is used in medicine, cosmetics, electronics, food, paper and
packaging industries. So far, bacterial cellulose has not been implemented for technological applications in the
wood-based panels industry. Current research and development trends in the wood-based panels industry include
the use of plant-based nanocellulose to improve selected properties of wood-based panels of various types. It
should be assumed that BC may be a full value material ingredient in the production of wood-based panels,
simultaneously improving mechanical and physical parameters of composites manufactured with its
participation.
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INTRODUCTION

Contemporary trends in research and implementation activities of various industries
focus on developing environmentally friendly solutions. This leads to an increased interest in
the use of materials from renewable sources to implement efficient and ecological industrial
processes. The global goal assumes full substitution of synthetic polymers, fully
biodegradable natural polymers, produced with the use of known transformations and
processes taking place in the natural environment (Kim et al. 2006).

Poland is one of the European leaders in the production of wood-based panels,
producing about 11 million m’ of fibrous, chipboard and layered panels per year, with a
steady production growth rate. The largest part of production is made up of particle boards,
which are produced in the amount of about 6,5 million m® per year. The plant’s production is
strictly dependent on constant supplies of increasingly deficient wood. Already in 2006, the
wood deficit for the panel industry was estimated at 20%. This situation is directly influenced
by economic conditions, increase in technological innovation, processing capacity through
modernization of existing and construction of new production lines. In order to reduce
emerging risks, the expert community has formulated predicted development scenarios for the
entire wood industry based on foresight data. Among the five identified research areas with
the highest level of innovativeness for the wood composite industry, a research direction has
been identified which provides, among other things, for the need to modify the raw material
structure, including the substitution of wood, especially in the case of materials with new
properties. Scientific issues concerning the search for complementary raw material substitutes
(in relation to wood) for the wood composite industry in order to develop materials with new,
better physical and mechanical properties are currently the highest scientific priority in the
engineering of wood materials (P7), characterized by high implementation potential,
evaluated at 4.7 points (on a scale of 5.0 points), while at the same time the demand for
research results is constantly growing. The effects of the undertaken activities may
significantly contribute to inhibiting or reducing the growing material deficit and will allow to



maintain the production dynamics at a constantly growing level. Natural biopolymers, in
particular cellulose (Fig.2) and its derivatives are promising materials. Cellulose is the most
common biopolymer, it is mainly derived from plants and is used most in paper production
(Vela'squez-Rian™o and Vivian Bojaca 2017). However, obtaining cellulose from plants
requires large financial and energy expenditure in order to separate it from the strongly bound
lignin. In recent decades, there has been a lot of research of the production of cellulose from
microorganisms. Bacterial cellulose (BC) does not contain lignin or hemicelluloses and is the
purest form of cellulose. It can be a renewable source of biomass with unique chemical and
physical properties, high purity, high crystalline, chemical intensity and polymerization
possibilities, as well as biodegradability and biocompatibility (Betlej 2019; Ludwicka et.al
2019, Siro” and Plackett 2010). Bacterial cellulose has a significantly higher degree of
crystalline than plant cellulose (60% vs. 90%). It forms characteristic fibrous ribbons
(Shaghaleh et al. 2018), which connect to other elementary fibbers in 3D network (Klemm e¢
al. 2005). For this reason, the evolution of materials containing among other things, cellulose
synthesized under laboratory conditions has become an object of interest for the field of
material engineering sciences, with the aim of producing environmentally friendly products,
created using fully eco-friendly technological processes (Bajpai ef al. 2013).
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Fig.1. The number of publications with the tag "Bacterial Cellulose" in the years 1970 to 2020 The source:
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Many studies on the use of BC are currently being conducted. This is evidenced by the
constantly increasing number of published results over the past years (Fig.1). This paper
presents information on the use of bacterial cellulose in various industries. The paper is
divided into five parts: the first part provides information on the properties of bacterial
cellulose and shows its differences from plant cellulose; the second part refers to the
manufacturing processes of bacterial cellulose; the third part describes the existing application
possibilities of bacterial cellulose in different industries; the fourth part describes the
possibilities of direct use of bacterial cellulose in the wood-based panels industry, the whole
1s summarised in part five.

PROPERTIES OF BACTERIAL CELULOSE

Cellulose chains with a length of several micrometers are polysaccharides composed
of 3000 to 14000 glucose particles connected by - 1.4 - glycoside bonds. Plant-based
cellulose as well as bacterial cellulose is characterized by the occurrence of free hydroxyl
groups, which are easily substituted (Skoc™aj 2019). Cellulose is produced by plants but can

7


https://pubmed.ncbi.nlm.nih.gov/

also be synthesized by bacterial such as Agrobacterium, Aerobacter, Azotobacter, Rhizobium,
Sarcin, Salmonella and Gluconacetobacter. The BC is a straight chain polysaccharide (Fig.2),
with the same chemical structure as cellulose that is derived from plants (Torgbo et al. 2018).
The BC has the advantage of being devoid of lignin, pectin, hemicelluloses, and other
biogenic products that are normally associated with plant cell wall structures (Jonas and Farah
1998; Gallagos et al. 2016; Betlej and Krajewski 2019). The amount of synthesised plant
cellulose is estimated to be between 100 and 150 billion tonnes per year (Skoc“aj 2019). For
research purposes, bacterial cellulose is most often produced by the Acetobacter Xylinus strain
(Aitoma’ki and Oksman 2014, Skoc“aj 2019), which can synthesise cellulose into two
structural types. The first type is characterized by glucose molecules connected by - 1.4
bonds which are arranged linearly, in the second type of cellulose the bonds are arranged non-
linearly (Skoc™aj 2019; Yu X et al. 1996). Although the structure of bacterial cellulose is
chemically identical to that of plant-based cellulose, they differ, for example, in fibre
diameter, which for BC is between 20 and 100 nm. Bacterial cellulose is thermally stable
and purity estimates at 98% because it does not contain lignin, pectin or hemicelluloses (Jonas
Farah 1998; Nguyen et al 2008). Bacterial cellulose has a very high level of absorbability (at
least 200 times the dry matter of cellulose) (Evans ef al. 2003).

OH

Fig.2 Chemical structure of cellulose

PRODUCTION OF BACTERIAL CELULOSE

The first synthesis of bacterial cellulose was performed by Brown et al. (1886) over
130 years ago. Komagataeibacter (now known as Gluconacetobacter) is the most common
bacterium capable of producing cellulose in the temperature range 25 to 30°C and the pH
range 4.5 to 7.5 (Son et al. 2001). Optimal conditions for the synthesis of BC
by Gluconacetobacter are 28 to 30°C (Budhiono ef al. 1999; Gomes et al.2013; Kurosumi et
al. 2009; Vela’squez-Rian"o and Bojaca 2017). Bacteria capable of synthesising cellulose can
use a variety of carbon sources, usually glucose and sucrose. However, there are many
potential substrates that bacteria can use as a source of carbon. These include
monosaccharide, disaccharides, polysaccharides, organic acids, alcohols (Jonas and Farah
1998; Igbal 2014). There are many studies proving that bacteria can produce BC using other
carbon sources (Mikkelsen et al. 2009). In the studies Abdelraof et al. (2019) demonstrated
that waste products from the food industry can be used for cellulose synthesis. Bacterial
cellulose produced from food industry waste (e.g. potato peelings) characterized a high degree
of cross-linking and a crystalline level of 82.5%.

USE OF BACTERIAL CELLULOSE

Due to its physical and chemical properties, bacterial cellulose is used in many
industries such as medicine, cosmetics, electronics, food and paper (Gray et.al 2013). There
are many studies showing that the addition of BC to various materials improves their
rheological and strength properties. BC as a resource is low-cost, environmentally friendly
source, can be produced on industrial scales via the microbial fermentation process (Chen et
al. 2013).



FOOD INDUSTRY

Bacterial cellulose has been classified in GRAS (Generally Recognized As Safe)
because of its health benefits. In the food industry, it can be used for a variety of purposes due
to its ability to obtain a different of shapes, textures, colours and flavours (Badel et al. 2011,
Gallegos et al. 2016, Ullach et al. 2016). Today, bacterial cellulose is used in the food
industry to produce the Philippine dessert nata-de-coco, nata-de-pina and kombucha
tea. Nata-de-coco is produced by the fermentation of coconut water in which BC synthesis
takes place. BC is then soaked in carbohydrate and amino acid syrup (Iguchi et al. 2000,
Ullach et al. 2016). BC is also the product of a process that takes place during the
fermentation process of kombucha tea - sweet tea with the addition of symbiotic bacteria and
yeast cultures (Iguchi et al. 2000, Gallegos et al. 2016). Due to its hydrophilic and
emulsifying properties, research is being conducted into the addition of bacterial cellulose to
many food products. Published research results indicate that BC can be used as a filling
material for brittle food hydro gels (Okiyama et al. 1993). Huang et al. (2014) states that
adding BC to selected food products can improve their firmness, texture and sensory quality,
e.g. in the case of tofu or kamaboko (processed Japanese seafood). Bacterial cellulose is also
used as a fat substitute in meatballs production. While in the production of ice cream, BC has
replaced cream, which could reduce the calorific value of this type of product. The addition of
BC to ice cream also keeps the ice cream in its original shape for 60 minutes after it is
removed from the cold store (Guo et al. 2018, Lin et al. 2020).

PAPER AND PACKAGING INDUSTRY

Continuous economic development is causing a significant increase in demand for
paper. The paper industry, in order to maintain its growth dynamics, is constantly looking for
alternative materials for production (Singh et al. 2012). EU Directive 2018/852 of 30 May
2018 specifies the use of packaging materials that do not adversely affect the environment. At
the same time, European Union Member States are encouraged to make greater use of bio-
based materials that are easily recyclable. Studies by Urbina et. al. (2019) have shown
that stiff nano-paper, which is entirely derived from bacterial cellulose, can be produced and
used as environmentally friendly packaging. Stiff nanopolymers are obtained by infiltrating
bacterial cellulose nanocrystals into bacterial cellulose membranes. The combination of
nanocrystals with membranes results in a denser and more cross-linked structure with a
smoother surface. Another example is the use of bacterial nanocellulose (BCN). In a study by
George et. al. (2014), authors have shown that the addition of BCN to fibrous materials
improves their quality and strength (especially in terms of static bending strength and
modulus of elasticity in static bending). Bacterial cellulose is also used in the production of
PVA film (George et. al. 2011) and corn starch film (Fabra et. al. 2016). In the case addition
of BC to PVA film significantly improves the physical properties of the film, such as tensile
strength, modulus of elasticity and thermal stability. On the other hand cornstarch films, BC
improve tensile strength by up to 50%. The films tested were characterized by better stiffness
and lower extensibility.

ELECTRONICAL INDUSTRY

The continuous progress and development of the electronics industry has a negative
impact on environmental pollution. Bacterial cellulose turns out to be a valuable material in
the production of lithium-ion batteries. Unlike plant cellulose, it has been discovered that
bacterial cellulose catalyzes the deposition of metals in the structure to produce a thin layer of
catalyst. Research suggests that BC has reducing groups capable of precipitating heavy metals
from an aqueous solution (Evans ef al. 2003). Studies by Huang et al. (2019) have shown that
BC membrane combined with Hallo site cellulose membranes (HNT) has excellent heat



resistance and high porosity (83%). The interaction between the electrolyte and the electrodes
was extremely good and the high ionic conductivity was observed, more than 2.5 times higher
than the commercially available PP-PE-PP membranes. BC/HNTs membranes can achieve
better battery capacity and better cyclic properties. These properties can make BC/HNTs
membranes and ultimately compete with products available on the market for the production
of high-performance lithium-ion batteries. The BC membrane manufacturing properties are
also confirmed by Evans et al. (2003) and Yang et al. (2009). BC can be used to create an
efficient capacitor where MnO,cellulose acts as a positive electrode, while Nitrogen BC acts
as a negative electrode. The capacitor has a high cyclic stability of 96% after 100 cycles
(Chen et al. 2013).

MEDICINE

Scientists presented the use of bacterial cellulose in medicine as a material for the
production of implants for transplantation, artificial blood vessels and dressings (Mohite et al.
2014, Stanislawska 2016, Ullah ef al. 2016, and Picheth et al. 2017). Stanislawska (2016)
states that by combining bacterial cellulose with collagen, a bioactive nasal or ear cartilage
implant may be formed, which is characterized by good mechanical properties and high
compatibility with living tissues. Therefore, bacterial cellulose is tested for its use as artificial
blood vessels, which are highly susceptible to formation (Stanislawska 2016, Picheth et al.
2017). Membranes made of bacterial cellulose are used to treat epidermal burns. They are
characterized by: keeping wounds moist, soothing pain, helping to regenerate the epidermis
and minimizing scars. Additionally, BC membranes can be soaked with substances such as
analgesics or antibacterial (Czaja 2006, Kawecki et al. 2004, Mohite 2014, Stanistawska
2016). Burn dressings based on BC are characterized by similar properties to cosmetic masks,
it means they are able to pass through air.

COSMETICAL INDUSTRY

The problem of frequent allergic reactions among users of cosmetics results in
increasing interest in cosmetics made of natural ingredients (Hasan et al. 2012). Bacterial
cellulose has the ability to stabilize oil in water without the addition of a surfactant, therefore
BC-based products can be used by people with sensitive skin prone to allergic reactions
(Hasan et al. 2012, Mohite et al. 2014). In addition, bacterial cellulose is a good carrier of
cosmetic active ingredients (e.g. hyaluronic acid, salicylic acid) due to its good gas
permeability and high water content (Lin ef al. 2015). Bacterial cellulose is increasingly
becoming more common in the composition of products such as face masks, scrubs, nail
polishes and artificial nails. Due to the high level of hydration, bacterial cellulose is used to
produce moisturizing creams. (Czaja et al. 2006, Mohite ef al. 2014, Ullah et al. 2016). It has
been proven that people using masks with bacterial cellulose membrane have noticed an
improvement in facial skin hydration (Amnuaikit e a/. 2011, Thanaporn et al. 2011).

WOOD-BASED PANELS INDUSTRY

The demand for wood-based materials (plywood, particleboard, fibreboard) is
constantly growing. Solid wood is gradually being displaced from furniture production in
favour of particleboard. Although the use of material is improving in the production of wood-
based boards, unfortunately, the technology also requires the use of synthetic materials which
are harmful to the environment and not biodegradable. The literature review conducted so far
does not indicate any research on the use of BC in the production of wood-based panels.
Instead, there are papers describing the use of cellulose nanofiber in the field of wood-based
materials engineering sciences. Yoichi Kojima et al. (2018) have developed three-layer
particle boards in which chips are sealed exclusively with cellulose nanofiber. The addition of
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cellulose nanofiber was in the range of 3, 5, 10, 20% by weight of the board. As
the participation of cellulose nanofiber increased, the bending strength of the boards
increased. Moreover, in the case of the boards where the participation of cellulose nanofiber
was higher, the surface absorption of the boards was reduced. The addition of 20% by weight
of cellulose nanofiber to the boards resulted in similar strength properties to traditional
particleboards with 10% urea formaldehyde adhesive (UF). However, from an economic point
of view, this production is unprofitable. Hansted e al. (2019) presents the results of a study
on the effect of cellulose nanofiber instead of water on the UF glue. With different
proportions of cellulose nanofiber (0.25, 0.5, 1 %) in the adhesive, the board did not differ in
terms of absorbability. On the other hand, the higher the participation of cellulose nanofiber in
the board, its surface was characterized by significantly lower roughness. The low level of
surface roughness is a desirable feature in the production of wood-based panels because the
surface is then better prepared for finishing. The constantly tightening requirements for the
emission of formaldehyde in relation to wood-based panels force the development of new
solutions. In the case of particleboards, the addition of 1.5 % nanofiber cellulose to the UF
adhesive results in a significant reduction of formaldehyde emissions while at the same time
positively affecting the mechanical properties of the boards (Zhang et al. 2011). Studies by
Lee et al. (2013) have shown that synthetic cellulose by microorganisms on natural fibres
grows them superficially, acting as a nano-disarmament. Natural fibers coated with BC had
better tensile strength and modulus of elasticity.

CONCLUSION

The basis of the current situation in the wood-based panel industry,
including nowadays literature reports, in order to maintain the dynamics of production
development at the actual level, it is necessary to strive for modification of the material
structure, including substitution of wood. The implementation of cellulose synthesized by
microorganisms in the production of wood-based panels may prove to be a promising
direction of research. The introduction of innovative products containing components
enabling full biodegradability of these products on the market will positively affect the level
of competitiveness of the wood-based panel industry.
The basis of the properties of bacterial cellulose, as defined so far, it can be assumed that it
may constitute a fully-valued raw material ingredient in the technology of wood-based
materials (mainly of the particleboard and fibreboard), significantly improving selected
properties of the panels manufactured.
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Streszczenie: Przeglgd przemystowych mozliwosci zastosowania celulozy bakteryjnej.
Celuloza bakteryjna (BC) rézni si¢ od celulozy roslinnej $rednicg wtdkna, ktora w przypadku
BC wynosi od 20 do 100 nm. Dane literaturowe wskazuja, ze stopien krystalicznosci BC
ksztattuje si¢ na poziomie 90%, ponadto jest ona stabilna termicznie oraz odznacza si¢
wyzszymi wartosciami witasciwosci mechanicznych od celulozy roslinnej. Czystos¢ BC
szacuje si¢ w przedziale 98%, poniewaz nie jest ona zanieczyszczona ligning, pektynami oraz
hemicelulozami, jak celuloza pochodzenia roslinnego. BC wykorzystuje si¢ w medycynie,
przemysle  kosmetycznym,  elektronicznym,  spozywczym,  papierniczym  Cczy
opakowaniowym. Dotychczas celuloza bakteryjna nie jest implementowana do
technologicznych zastosowan w przemysle tworzyw drewnopochodnych. Aktualne trendy
badawczo - rozwojowe w przemysSle tworzyw drewnopochodnych obejmujag m.in.
zastosowanie nanocelulozy pochodzenia roslinnego celem poprawy wybranych wtasciwosci
ptyt drewnopochodnych r6znego typu. Nalezy przypuszcza¢, ze BC moze stanowic
pelnowarto$ciowy ingredient surowcowy w produkcji tworzyw drewnopochodnych,
wplywajacy jednoczesnie na poprawe parametrow mechanicznych i fizycznych kompozytow
wytwarzanych z jego udzialem.
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