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Papermaking properties of bacterial
nanocellulose produced from mother
of vinegar, a waste product after
classical vinegar production

GREGOR LAVRIC, DASA MEDVESCEK, ano MATEJ SKOCAJ

ABSTRACT: Bacterial nanocellulose (BNC) has gained a lot of attention in recent years due to its nano-size-
derived properties. Although it is essentially chemically similar to plant-derived cellulose, it has smaller size and is
enriched in free hydroxyl groups, which greatly improve mechanical properties of reinforced paper. However,
although BNC has some unique features, it comes at a high price. In this paper, we introduce a new solution for BNC
production. We have isolated bacterial nanocellulose directly from agro-industrial waste—mother of vinegar—and
used it in the production of paper sheets. We show here that paper sheets made with the addition of only 10% bacte-
rial nanocellulose from mother of vinegar substantially improved basic mechanical as well as printing properties of

paper.

Application: In this paper, we have demonstrated the simple isolation process of BNC, as well as summarized
how the basic paper properties of paper sheets are improved with addition of BNC.

anocellulose is a term that it is used for cellulose
N of nanoscale dimensions. Nanocellulose includes

nanofibers, and nanocrystals, and it is routinely
produced from plant-derived cellulose by a variety of chem-
ical and mechanical procedures. Bacterial nanocellulose
(BNC) represents a special type of nanocellulose that is
produced by various bacterial genera [1-5]. Among these,
the Gram-negative bacterium Acetobacter xylinum, which
typically lives on rotten fruit, was described as the most
effective producer of BNC [2].

Bacterial nanocellulose can be industrially produced by
static or shaking culture methods. However, as the produc-
tion costs are relatively high, and the yields of BNC are
relatively low, large-scale production of BNC has not been
feasible to date [6,7]. Therefore, a lot of effort has been put
into studies of the solutions for large-scale BNC production.
New forms of bioreactors have been explored, with differ-
ent strains of bacteria tested. Some of these bacterial strains
have undergone genetic manipulation in an effort to in-
crease BNC yields [8-11]. Furthermore, as the medium for
growing the bacteria is the most important factor in terms
of the costs of BNC production, studies have focused on
the use of alternative carbon sources and feedstock, as well
as different supplements [12-19]. BNC is chemically similar
to plant cellulose, but it has a smaller fiber size and does
not contain lignin, hemicellulose, or pectin; therefore, it
represents an exceptionally pure source of cellulose [7,20-
26]. Furthermore, as well as having a uniform nature, BNC

has a high degree of crystallinity, a large specific surface
area, and reinforcing potential, and also high density, elas-
ticity, water-absorbing capacity, and specific stiffness and
strength [27]. If compared to plant-derived cellulose, BNC
is in a nano-form, and as it is very pure, it does not require
delignification or demanding chemical or mechanical pro-
cedures for its extraction.

Due to its exceptional mechanical properties, BNC is
already used in several industries (e.g., biomedicine, con-
struction, textile, waste treatment, and electrical products)
and has many interesting proposed applications [28,29]. In
recent years, literature reports have demonstrated its use
in the papermaking industry. As the global demand for
protecting forests has increased, the recycling of paper and
the exploitation of non-woody fibers are possible solutions
towards the protection of the world’s forests [30]. However,
recycled fibers have reduced mechanical and physical prop-
erties compared to primary fibers, which is a direct conse-
quence of the recycling procedures [31-34].

The small size and enrichment in free hydroxyl groups
in BNC can improve the characteristics of paper made from
recycled or lower-grade quality fiber [27]. The use of BNC
in papermaking can also result in improved durability of
pulp when integrated into paper, as well as protecting and
improving the surface of the paper [35-39]. Therefore, BNC
has a promising role in papermaking, which allows for the
creation of flexible and durable paper, as well as cardboard
and paper with high filler content [7,36,40-42]. BNC is also
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a promising material for the packing sector, as it can in-
crease the barrier properties of paper (e.g., impermeability
to microorganisms, fats, oils, and oxygen), and can there-
fore be used as a supplement for plastics in the packing
sector [43-45].

Some recent studies have demonstrated that BNC can
be used for restoration of damaged paper and as a paper-
reinforcing agent, as it can improve the properties of paper
made from non-woody and low-grade fiber sources. Fur-
thermore, it can be used to improve paper quality by direct
application to the paper surface, and it can even improve
the fire resistance of paper [30,40,42-49]. To conclude,
BNC enrichment of paper improves the quality of the paper
in terms of higher density, stiffness, durability, tear index,
burst index, tensile index, permeability, optical properties,
and mechanical strength [27].

The properties of BNC-enriched paper have been exten-
sively documented, but to date, no BNC-enriched paper has
been made using mother of vinegar, a low-cost agro-indus-
trial waste that is produced during traditional vinegar mak-
ing. The mother of vinegar is a biofilm produced during
traditional vinegar production. It is chemically identical to
laboratory-produced BNC. The main difference between
both types of the biofilm is that that traditional vinegar fer-
mentation is not initiated through the inoculation of acetic
bacteria as starter cultures. Within this short note, we dem-
onstrate the properties of paper enriched with BNC derived
from the biofilm that is a byproduct from traditional vinegar
fermentation.

MATERIALS AND METHODS

The source of BNC in this study was the cellulose-rich bio-
film that was formed after acetic fermentation of apple
juice and was obtained from a local vinegar producer. After
80 days of spontaneous acetic fermentation in a covered
50-L container, the biofilm was formed. The mother of
vinegar itself contained some impurities because pulped
apples were used for the acetic fermentation. Therefore,
the main impurities were brownish-colored particles of the
apple pulp that had served as the raw material for the vin-
egar production. To remove these impurities, the biofilm
was initially washed under running water for 2 min. To aid
in further handling, the biofilm was cut into round “mats’
of ~10-cm diameter and ~1.5-cm thickness. These biofilm
mats had a dry content of 15% before further processing.

The biofilm mats were thermally treated (60°C) in 50%
(v/v) aqueous (distilled water) ethanol (Pharmachem Labo-
ratories; Kearny, NJ, USA) for 40 min in a 2-L beaker under
magnetic stirring. This was followed by thermochemical
treatment with 0.1 M sodium hydroxide (NaOH, Merck;
Kenilworth, NJ, USA) under the same conditions. The bio-
film mats were processed in sets of four.

The biofilm mats were then disintegrated at 7000 rpm
for 1 min using a Kinematica Polytron PT45/80 (Kinemat-
ica AG; Luzern, Switzerland) to allow removal of the impu-

198 TAPPI JOURNAL | VOL. 19 NO. 4 | APRIL 2020

| B (), v
T NN 5

EHT= 100kv Signal A=SE2  Mix Signal = 0.0000
WD=46mm  Aperture Size = 30.00 pm

Zone Mag = 100.00 KX

1. Scanning electron microscopy image of bacterial
nanocellulose (BNC), as derived from the biofilm after acetic
fermentation of apple juice.

rities that were held within the structure of the biofilm
mats. During the disintegration, the homogeneous struc-
ture of the biofilm mats was completely broken up. Next,
the disintegrated biofilm suspension was treated with 0.1
M NaOH (40 min, at 60°C, under magnetic stirring) and
washed with 1.5 L of distilled water, followed by further
homogenization (7000 rpm, 6 min) in distilled water. This
separated the individual nanofibrils (Fig. 1), resulting in
the formation of a homogeneous transparent BNC gel.

To determine the influence of the BNC obtained on the
properties of paper, paper sheets were made according to
the international standard ISO 5269-2:2004 “Pulps—Prep-
aration of laboratory sheets for physical testing—Part 2:
Rapid-Ko6then method,” using a Frank-PTI (Birkenau, Ger-
many) sheet former. Paper sheets were produced with eu-
calyptus pulp (Ence Navia; Navia, Spain) and 0.5% cationic
starch (Papiran SKM-42, Helios Kemostik; Kamnik, Slove-
nia), which served as the retention agent. Paper sheets
without BNC were made as the reference sample (Refer-
ence). Further sheets of paper were made that contained
10% (BNC 10) and 20% (BNC 20) (w/w) BNC, according to
the weight of the dry matter of the basic fibers. Before test-
ing, all of the paper samples were conditioned according
to ISO 187:1990 “Paper, board and pulps—Standard atmo-
sphere for conditioning and testing and procedure for mon-
itoring the atmosphere and conditioning of samples.” The
tests were carried out under 50% relative humidity at 23°C.
The following properties of the final paper sheets were de-
termined according to standard paper test methods de-
scribed in Table I: grammage, density, opacity, thickness,
air permeance, roughness, tear index, burst index, tensile
index, and water penetration. Laboratory paper sheets were
also printed with water-based printing ink, using a flexog-
raphy printability tester IGT F1 (IGT Testing Systems;



Test Method

Property

NANOCELLULOSE

Test Name

Grammage 1ISO 536:2012 Paper and board—Determination of grammage
Paper and board—Determination of thickness, density and
Density ISO 534:2011 per inat ! v
specific volume
Paper and board—Determination of opacity (paper back-
Opacity ISO 2471:2008 raperar inat pacity (pap
ing) —Diffuse reflectance method
Thickness 1SO 534:2011 Paper and board—Determination of thickness, density and

specific volume

Air permeance ISO 5636-3:2013

Paper and board—Determination of air permeance (medium
range)—Part 3: Bendtsen method

Paper and board—Determination of roughness/smoothness

Roughness ISO 8791-2:2013
19 (air leak methods)—Part 2: Bendtsen method
Tear index 1SO 1974:2012 Paper—Determination of tearing resistance—EImendorf
method
Burst index 1ISO 2758:2014 Paper—Determination of bursting strength

Tensile index 1SO 1924-2:2008

Paper and board—Determination of tensile properties—
Part 2: Constant rate of elongation method (20 mm/min)

emtec PDA.C 02 device

Water penetration
P (emtec Electronic; Leipzig, Germany)

I. Test methods used to determine properties of the final paper sheets.

Almere, Netherlands). An anilox printing cylinder with lin-
eature of 180 lines per centimetre and transfer volume of
4.8 ¢ m2 was used for printing. Printing speed was 0.6 m
s71, the pressure of the anilox cylinder to printing plate was
60 N, and the printing pressure was set at 90 N.

RESULTS AND DISCUSSION
The bacterial nanocellulose filled the porous structure of
the paper (Fig. 2), and thereby increased the grammage,
density, and opacity of the paper, although it did not sig-
nificantly affect the thickness of the paper samples
(Table II). The increase in grammage and density of the

ALy (B

2. Scanning electron microscope images of paper surfaces, with addition of 10% BNC (BNC 10, middle); 20% BNC (BNC 20, right),

and without BNC (Reference, left).
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BNC-enriched paper sheets were not surprising and were
also already described in related studies [43,48,49]. For the
same reason, the air permeability of the paper significant-
ly decreased (Table ID).

Furthermore, BNC enrichment of the paper decreased
the roughness of the paper, which in turn positively af-
fected the printing properties of the paper. The results of
print sharpness, determined by Modulation Transfer Func-
tion, which is in accordance with ISO 12233:2017 “Photog-
raphy—Electronic still picture imaging—Resolution and
spatial frequency responses,” show substantial improve-
ment (Table II). The BNC-enriched paper had reduced po-
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Reference Sample

Grammage, g m-2 66.8 + 0.341 71.3 £ 0.673 77.0 £ 0.739
Density, kg m-3 631 + 6.141 666 + 10.478 713 + 8.869
Opacity 73.36 +£ 0.925 75.07 + 0.525 75.66 + 0.435
Thickness, mm 0.106 + 0.002 0.107 + 0.001 0.108 + 0.001
Air permeance 2250 + 138 240 = 20 40 +7
Roughness, mL min-? 480 + 27 380 + 15 360 + 22
Print sharpness, mm |- 99.18 + 4.759 104.77 £ 6.030 109.06 = 4.545
Optical density values 0.635 = 0.020 0.710 £ 0.015 0.721 £ 0.021
Tear index 7.5+0.104 7.9+0.154 8.2 +0.160

Il. Grammage, density, opacity, thickness, air permeance, roughness, print sharpness, optical print density values and tear index of

reference and bacterial nanocellulose (BNC)-enriched samples.

rosity and lower paper roughness, leading to better reten-
tion of the pigment particles of the printing ink on the
paper surface, which increased the optical density values
of the prints, measured in accordance with ISO 5-4:2009
“Photography and graphic technology—Density measure-
ments—Part 4: Geometric conditions for reflection density”
(Table ID. It is known that paper roughness can result in
micro spots of the reflected light that are integrated with
the ink color by the eye. This results in “dilution” of the
color, which, in turn, results in reduced ink density and
print contrast. Smooth, uniform paper is especially impor-
tant for high-quality image reproduction [50]. Due to its
higher density, the paper enriched with BNC provides bet-
ter barrier properties, and because it has a smoother sur-
face, it is also more suitable for printing. The improvements
of both of these properties are especially important for
packaging paper. The increased sheet density is also a con-
sequence of increased amount of links between paper fi-
bers, which leads to slightly higher values of the tear index,
but has no drastic effect on the burst index of the samples
(data not shown).

Figure 3 shows the dynamic penetration of water into
the paper structure as a function of time. The reference
sample achieved faster penetration of water compared to
BNC-enriched samples, which is reflected in the slower
curves of the BNC 10 and BNC 20. These results go well in
hand with the higher density and lower porosity values of
the BNC-enriched paper samples.

Bacterial nanocellulose had a positive effect on the ten-
sile index of the paper (Fig. 4). The enrichment of the
paper with 10% and 20% of BNC increased the tensile in-
dices by ~30%. However, as there was no significant in-
crease in the tensile index of the paper when the BNC ad-
dition was increased from 10% to 20%, we can conclude
that 10% BNC was enough to fill all the available pores in
the paper structure. A higher tensile index is a sign that
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3. Dynamic penetration of water into the paper structure as a
function of time with no BNC, 10% BNC, and 20% BNC.
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4. Influence of BNC on the tensile index of the paper sheets
produced. Comparison of the paper made from eucalyptus pulp
without BNC (Reference) and with addition of 10% BNC and
20% BNC. Data are represented as means * standard deviation
from two individual experiments. Each experiment included 10
samples (n = 20 per sample).



BNC-enriched paper would have better physical strength
at a similar grammage or mass. The increase in the physi-
cal strength of the BNC-enriched papers is mainly due to
the larger number of new hydrogen bonds established in
the structure of the paper. A high tensile index is particu-
larly important for packaging papers, which need to have
the best physical properties possible at the lowest possible
grammage or mass.

CONCLUSIONS

The outstanding and unique properties of BNC have now
been known for some time. The particular properties of
this natural and biodegradable nanomaterial have opened
the door for its use in many different industries. The use of
BNC for papermaking is of great importance, as it influ-
ences the paper quality in many different ways. Although
some studies have investigated the influence of laboratory-
produced BNC on paper-based products, to the best of our
knowledge, this is the first report where mother of vinegar,
a byproduct after classical vinegar fermentation, has been
used as the source of BNC.

In this paper, we have shown that BNC can be produced
from mother of vinegar, which is a waste product after pro-
duction of vinegar, and that it has positive effects on the basic
mechanical and printing properties of paper sheets. This
agro-industrial waste might not be appropriate for applica-
tions in the medical field, but we have shown here that it be-
haves essentially identically to industrially-produced nanocel-
lulose. Furthermore, as nanocellulose and BNC are of great
importance for different industries, their price has constantly
increased. This BNC produced from mother of vinegars could
therefore represent a cheaper substitute for this costly mate-
rial. Finally, this reuse of various resources meets the goals
for a circular economy where nothing is wasted, and at the
same time, it helps to protect our environment.

To conclude, we have shown here that: (i) BNC isolated
from mother of vinegar has the potential for use in the pa-
permaking industry, since (ii) it improves basic mechanical
characteristics; and (iii) improves printing properties of
paper sheets. Although laboratory-made BNC has been
used in many studies, to the best of our knowledge, this is
the first report where the mother of vinegar, a byproduct
after classical vinegar fermentation, has been used as the
source of BNC to improve the printing properties of paper
sheets. TJ
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ABOUT THE AUTHORS
This topic was chosen for research because there
is much waste of valuable and diverse molecules
that could contribute to green growth and a circu-
lar economy where nothing is wasted. Through our
research, we were surprised to find how few in the
research community and industry have embraced
this concept.

Upon review of the literature, we found that no
one had considered mother of vinegar as a source
for nanocellulose, yet our research showed that
this waste product is a valid source of bacterial
nanocellulose (BNC). Mother of vinegar could serve
as a cheap and abundant source of nanocellulose,
which is becoming an important substance in
papermaking.

Our next step is to compare the behavior of com-
mercial nanocellulose, such as nanocrystalline cellu-
lose (NCC) and nanofibrillated cellulose (NFC), with
the behavior of our isolated BNC from mother of vin-
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