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A B S T R A C T   

The production of bacterial cellulose has gained prominence in recent years as an alternative for the sustainable 
production of materials that might be used in diverse processes and applications. The present study discusses the 
possibility of producing tailored bacterial cellulose membranes in situ, that present relevant characteristics for 
potential use in air/gas filtration. Various cultivation processes and characterization studies were performed to 
ascertain the suitability of Komagataeibacter sp. FXV3, Komagataeibacter sp. NFXK3, and K. intermedius LMG 
18909 bacterial strains to produce cellulose membranes with diverse properties. Subsequently, the bacterial 
cellulose films produced were freeze-dried to obtain stable membranes, and extensively characterized for their 
physicochemical properties. The results obtained showed that different strains enabled the synthesis of mem
branes with distinctive morphological properties. Moreover, the different carbon sources and ethanol concen
trations employed in the cultivation media led to modifications in the cellulose membranes produced by the 
different Komagataeibacter strains, which further impacted membrane morphology and, ultimately, gas filtration 
behavior. All the synthesized membranes were fully characterized, showing adequate mechanical properties, and 
tested for permeance of N2, CO2 and O2, opening perspectives for their use in air/gas filtration.   

1. Introduction 

The demand for renewable and sustainable bio-based materials has 
considerably increased in recent years due to environmental concerns. 
Bio-based materials with high purity, mechanical stability, and barrier 
properties have become a widespread choice for research community to 
develop environmentally friendly systems [1]. Among a wide range of 
biomaterials, cellulose is a highly abundant and widely used 
biopolymer, produced mainly by plants [2,3]. Still, the use of plant 
cellulose presents some challenges such as its low purity and crystal
linity. In 1886, Brown marked the discovery of bacterial cellulose (BC), 
produced by Acetobacter xylinum (now reclassified as Komagataeibacter 
xylinus) that was chemically identical to plant based cellulose [4]. Off 
late, bacterial cellulose has attracted great attention due to its remark
able properties in terms of purity, large specific surface area, crystal
linity, mechanical stability, water uptake capacity, three-dimensional 
fiber structure, biocompatibility and biodegradability [5–8]. 

Members of the Komagataeibacter (e.g., K. xylinus) and Novacetimonas 
(N. hansenii), are amongst the best producers of crystalline bacterial 
cellulose [9]. Under static conditions at the air-liquid interface, the 
bacterial strains form cellulose membranes exhibiting a three dimen
sional open network fibrous structure [3] containing nano and micro
fibrils of cellulose with 10–100 nm diameter. Nevertheless, the cellulose 
membranes produced by the different bacterial strains possess distinc
tive physical and chemical properties [7,10], which are greatly influ
enced by the bacterial cultivation processes. In this way, the overall 
bacterial cellulose biosynthesis rate can be varied using carbon sub
strates with different molecular weight and chemical structure (e.g., 
glucose, fructose, glycerol). Other than carbon sources, components 
such as ethanol, might be added to the culture media to boost the bac
terial cellulose production [11–13]. In addition, bacterial cellulose 
membrane physical properties (porosity, fiber diameter, permeability, 
surface wettability, surface area, crystallinity, water absorption and 
retention, mechanical strength) can also be significantly tuned by 
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modulating the medium composition and cultivation conditions, 
including carbon sources, ethanol addition, pH and temperature [7, 
14–17]. 

From the application perspective, the unique properties of bacterial 
cellulose places it as a promising material for a wide range of applica
tions. These include pharmaceutical (drug delivery systems, tissue 
regeneration, vascular grafts, antimicrobials and wound healing), food 
applications (dietary supplements, platform for prebiotics delivery, 
component to prepare vegetarian meat), electrical and sensor applica
tions, immobilization platforms and energy production (bacterial cel
lulose hydrogel membrane incorporated with acrylic acid (AAc)-co- 
acrylamide (AAm)-co-methyl methacrylate (MMA) are being used in 
osmotic energy conversion), to mention a few [16,18–28]. Importantly, 
recent studies have demonstrated that bacterial cellulose films, pro
duced biologically and in situ, could be used in a wide range of mem
brane applications [16,17,21,24–26]. For example, bacterial cellulose 
films containing living microorganisms have been successfully used as 
self-healing membranes with tunable properties such as permeability 
and selectivity [26]. Moreover, when compared to other commercial 
polymeric membranes, bacterial cellulose membranes present lower 
production costs and higher environmental sustainability as these 
membranes are biodegradable and their fabrication does not require 
harmful solvents such as N-methyl-2-pyrrolidone (NMP), tetrahydro
furan (THF), N,N-dimethylformamide (DMF) and other chemical pol
lutants [29]. While bacterial cellulose membranes have been applied in 
some areas, their use as membranes for air/gas filtration is in an early 
stage [18,30–33]. The filter like fibrous bacterial cellulose membrane 
structure allows us to explore the possibility for environmentally benign 
applications like air filters. Additionally, developing bacterial cellulose 
in a dry form and assessing its barrier properties is a step toward 
establishing bacterial cellulose as a competitor among other commercial 
filters, which has not yet been adequately explored [32]. 

This work aims to identify the simplest, inexpensive, and suitable 
bacterial cellulose membrane fabrication conditions. Moreover, present 
study also defines the best conditions to dry the hydrogel like mem
branes to obtain stable membranes with reproducible properties. For 
this purpose, three different Komagataeibacter strains were tested for its 
ability to synthesize cellulose membranes presenting relevant charac
teristics for application in air/gas filtration. Several carbon sources and 
ethanol concentrations were tested in the attempt to modulate the 
properties of the bacterial cellulose membranes produced in situ. As a 
result, differentiated dry bacterial cellulose membranes, with stable 
functional structures and properties were obtained, opening the possi
bility to use bacterial cellulose membranes in actual applications. 

2. Experimental 

2.1. Bacterial strains 

The bacterial strains Komagataeibacter sp. FXV3, Komagataeibacter sp. 
NFXK3, and K. intermedius LMG 18909 were used in this study due to 
their ability to produce a high yield of cellulose [34]. These strains were 
routinely cultured in Hestrin and Schramm medium (HS) (5 g/L yeast 
extract, 5 g/L peptone, 1.15 g/L citric acid, 2.7 g/L Na2HPO4, pH 6) 
supplemented with 20 g/L glucose (original HS formula) or 20 g/L 
glycerol. 

2.2. Preparation of inoculum 

Before testing the effect of ethanol and carbon sources in cellulose 
biosynthesis assays, the bacterial strains were firstly grown in HS 
(glucose) agar plates for six days at 28 ◦C. Following this, each grown 
colony was isolated from the Petri dish containing HS agar and tested for 
bacterial cellulose production. Three loops (~10 μL) of fresh grown 
bacterial strains were inoculated in a sterile 50 mL falcon tube con
taining 10 mL of liquid HS (glucose) medium and vigorously agitated at 

a maximum speed for about ≥30 s until the growth media became 
cloudy and cellulose aggregates broke apart. 5 mL of each supernatant 
was withdrawn and used for the determination of OD600. Solution 
normalization was performed to adjust the bacterial inoculum standard 
concentration to OD600 = 0.5 (~2 × 107 CFU/mL) and this was used in 
further experiments [34]. 

2.3. Effect of carbon sources and ethanol on bacterial cellulose production 

To assess and compare the bacteria’s efficiency to produce cellulose 
membranes, two different pure carbon sources, glucose and glycerol 
were used. Glucose is a known main precursor for cellulose biosynthesis 
[5]. Glycerol was selected due to its capability to be easily metabolized 
and is also a low cost carbon substrate [35]. Different ethanol concen
trations (1.5%, and 3.0% (v/v)) were added in the medium to under
stand its effects in the overall bacterial cellulose production. 

2.4. Bacterial cellulose membrane biosynthesis under different culture 
conditions and purification 

Bacterial cellulose membranes were produced in 60 mm plates under 
static conditions. Briefly, 7.5 mL of the selected HS medium and 75 μL of 
working bacterial solution (OD600 = 0.5) were added in each plate to 
develop membrane formation. The plates were sealed and incubated 
without agitation at 28 ◦C for seven days. Bacterial cellulose membranes 
formed on the surface of HS medium were collected after the incubation 
period, rinsed with deionized water, immersed in 0.1 M NaOH solution 
and incubated at 42 ◦C overnight. Following this, the pre-treated gel-like 
membranes were soaked overnight in deionized water at room tem
perature to remove the remaining growth media embedded inside. The 
overall procedure for membrane preparation is illustrated in Fig. 1. 

2.5. Bacterial cellulose membrane storage, drying, and yield calculation 

Bacterial cellulose gel membranes were stored in distilled water at 
4 ◦C (1–2 weeks maximum). Gel bacterial cellulose membranes were 
dried exploring two different procedures. The first approach was to dry 
the gel membranes in a desiccator in the presence of a NaCl salt solution 
with a controlled water activity of 0.75 (75% RH) at 30 ◦C [36]. It was 
observed that membrane’s water activity did not equilibrate even after 
two weeks of storage. The second method was to freeze dried the gel 
membranes at - 55 ◦C for 24 h and then, weighted in an analytical scale. 
This approach was relatively fast and preserved the membrane fibrous 
structure. Moreover, membranes produced under the same conditions 
and dried according to this procedure show a high degree of reproduc
ibility, with identical membrane appearance, texture and mechanical 
properties. Therefore, it was decided to process all gel membranes by 
freeze drying. The bacterial cellulose production was recorded as the dry 
weight of cellulose obtained per volume of medium (g/L). The following 
equation was used to calculate the yield of production. 

Yield (%)=
mBC dry

mcarbon source
× 100 Eq.(1) 

Here, mBC dry is a dry weight of the bacterial cellulose membrane (g) 
and mcarbon source is the initial weight of carbon source (e.g., glucose or 
glycerol) added in the media (g). 

2.6. Characterization of bacterial cellulose membranes 

2.6.1. Structural and morphological properties 

2.6.1.1. X-ray diffraction (XRD). After drying, the crystallinity of bac
terial cellulose material was determined using XRD. The characteriza
tion was performed by using a multipurpose diffractometer (Panalytical 
X’PERT PRO). X-ray diffraction patterns were recorded at CuKα radia
tion wavelength (λ = 0.154 nm) generated at a voltage of 40 kV and a 
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filament emission of 35 mA, with 0.033◦ step, from 5◦ to 40◦ (2θ,angle). 
The sample crystallinity was calculated based on the X-ray diffraction 
measurements using the following Equation: 

Crystallinity (%)=
Acr

AT
× 100 Eq.(2)  

Where, Acr is the area of crystalline peaks and AT is the total area 
including the crystalline and amorphous peaks (an example of the 
calculation process is presented in the supporting information, section 
S2). 

2.6.1.2. Scanning electron microscopy (SEM). Scanning electron micro
scopy (SEM) images were obtained with a Jeol (JSM70011F) SEM, 
Japan at 15 kV to observe the morphology of the bacterial cellulose 
membranes. The samples were freeze dried and gently placed on 
Aluminum stub using a conductive tape. Before doing the SEM, the 
samples were coated with a thin layer of Au/Pd using a sputter coater 
(Q150T ES) to improve conductivity. The top and bottom surfaces of 
each sample were examined at magnifications of×1000 and × 10,000. 
Moreover, the fiber size, pore size and surface porosity were quantita
tively determined from the SEM images acquired, using the ImageJ 
software [37]. 

2.6.1.3. Nitrogen adsorption/desorption. N2 adsorption/desorption was 
used to measure the specific surface area of bacterial cellulose. Iso
therms were obtained at 77 K using a Micrometrics ASAP 2010 equip
ment, USA. Prior to the measurement, the freeze-dried bacterial 
cellulose samples were degassed at 80 ◦C for about 12 h in continuous 
dry N2 flow to remove any adsorbed water molecules. A freeze-dried 
bacterial cellulose sample mass of 15 mg was used for each 
measurement. 

2.6.2. Chemical-physical properties analysis 

2.6.2.1. Fourier transform infrared (FTIR). FTIR was used to analyze the 
chemical composition of freeze-dried bacterial cellulose membranes. 
FTIR spectra were recorded with a PerkinElmer Spectrometer (Perki
nElmer Inc., Waltham, MA, USA). The spectra were recorded in the 
4000 cm− 1 to 600 cm− 1 region, with a 1 cm− 1 resolution. Each data 
point was the result of the accumulation of 10 scans. 

2.6.2.2. Bacterial cellulose surface wettability. To evaluate the mem
brane surface wettability, the bacterial cellulose membranes were sliced 
into a square with a dimension of 2 × 2 cm and attached to a drop shape 

analyzer (DSA 25B, Kruss GmbH, Germany). Water and glycerol were 
used as the probe liquid for measuring surface wettability. The droplet 
was manually placed on the membrane surface using a small syringe. 
Immediately after the droplet landed on the membrane surface, a 10 s 
frame measurement was collected. The surface wettability measure
ments of each sample were repeated three times. 

2.6.3. Mechanical properties analysis 
The Young’s Modulus and tensile strength of bacterial cellulose 

membranes were determined with a texture analyzer equipment (TAXT 
plus, Stable Micro Systems, England) using the load cell of 5 kg. Freeze 
dried membranes were cut into rectangular membrane strips of 45 mm 
× 15 mm dimensions. Subsequently, the membrane test samples were 
clamped in between the grip of the texture analyzer. The tensile force 
was tracked by moving the upper clamp upward at a cross head speed of 
0.5 mm/s for each sample until the sample broke. The experiments’ 
command was assured by a Texture analysis software and results in the 
form of Stress Strain curve were recorded in a computer connected to the 
equipment. Stress was calculated in Pascal as the tensile force divided by 
the cross-sectional area measured as the product of the length and the 
width of sample. Strain was calculated using Eq. (3): 

ε=ΔL
L0

=
(L − L0)

L0
Eq.(3)  

where L (mm) is the elongation from initial length L0 (mm). The Young’s 
Modulus and tensile strength of bacterial cellulose membranes were 
expressed in mega Pascal. Three strips of each membrane were analyzed, 
and the average value was calculated. Calibration of force was done for 
each sample using a load cell of 5 Kg. 

2.6.4. Membrane gas permeation 
Gas permeation studies for the membranes produced were performed 

by using two different set-ups, according to the permeability of the 
membranes tested. 

Membranes which were dense or having low permeability were 
characterized by using the set-up present in Fig. 2a, reported previously 
[38]. The membranes permeability was tested for three different gases: 
CO2, N2 and O2, using an absolute pressure difference of 0.5 bar as the 
driving force. Prior to their characterization, the freeze-dried bacterial 
cellulose membranes were stored in a desiccator at controlled temper
ature and relative humidity (30 ◦C, 75% RH). 

Highly permeable membranes could not be characterized in the same 
set-up and therefore were characterized using a continuous gas feed flow 
set-up (Fig. 2b). This set-up is constituted by a pure gas feed stream 

Fig. 1. Procedure for Bacterial Cellulose membrane fabrication. (*) represent the studied variables.  
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controlled with two mass flow controllers (MFC1 and MFC2), a back- 
pressure controller in the retentate side (BPR), and an outlet mass 
flow meter in the permeate side (MFM). The experiments were carried 
out at 30 ◦C, with pure gases with a controlled relative humidity of 75% 
RH (relative humidity). The desired relative humidity was obtained 
from the mixture of a non-humidified gas stream (MFC1, as in Fig. 2b) 
and a humidified gas stream (MFC2, as in Fig. 2b). Gas humidity percent 
was confirmed using a hygrometer-thermometer probe (% RH in 
Fig. 2b). The gas flux through the membrane was obtained from the 
permeate outlet flow (Eq. (4)) at different driving forces of up to 0.5 bar. 
Membrane gas permeance was calculated using the Fick’s law equation 
Eq. (5) which was converted into permeability by dividing by the 
membrane thickness measured with micrometer. Subsequently, the 
ideal selectivity was also calculated as the ratio of the gas permeability 
values, obtained from experiments with each individual gas. Perme
ability measurements performed with the two different set-ups show a 
very good adherence, when plotted against the membranes surface 
porosity or fiber diameter. 

J =Fp
out
/

A Eq.(4)  

J =L ⋅
(
pf − pp) Eq.(5)  

Where J is the flux through the membrane (cm3. cm− 2. s− 1); Fp
out , 

permeate flow measured by outlet mass flow meter (MFM) (cm3. s− 1); A, 
membrane area (cm2); L membrane permeance (cm3(STP). cm− 2. s− 1. 
cmHg− 1); and, p, pure gas pressure, given by back pressure regulator 
(BPR) at the retentate and pressure indicator (PI) for feed and permeate 
side, respectively. 

3. Results and discussion 

3.1. In situ bacterial cellulose production 

The cellulose biosynthesis potential of the strains NFXK3, LMG 
18909, and FXV3 was tested in HS media using two pure carbon sources 
(glucose and glycerol) and different ethanol concentrations (0%, 1.5%, 
and 3.0% v/v). It was found that strain NFXK3 produced denser and 
homogeneous bacterial cellulose membranes in all the tested conditions, 
when compared to strains LMG 18909 and FXV3 (Fig. S1). Moreover, 
strain NFXK3 produced the highest cellulose amount using glucose and 
glycerol as carbon sources (9.61 and 11.46 g/L), respectively (Fig. 3). 
Nevertheless, strain LMG 18909 biosynthesized cellulose in higher 
amount when using glucose as carbon source (5.93 g/L), while no sig
nificant differences were observed in strain FXV3 cellulose production 
abilities in terms of the effect of carbon source (glucose and glycerol) 
under the same cultivation conditions (5.65 and 5.05 g/L) (Fig. 3). 

Previous studies have demonstrated that other than bacterial strains 
and carbon sources, bacterial cellulose production is highly influenced 
by the addition of ethanol in the growth medium [5,10,39,40]. The 
results obtained in this work showed that the bacterial cellulose pro
duction in the presence of ethanol is higher than without ethanol 
(Fig. 3), further corroborating the previously described results. Ethanol 
is oxidized to acetic acid, which is a feature of acetic-acid bacteria. High 
levels of acetic acid are extremely toxic and kill other bacterial com
petitors and may also be used as C source by the producing strain [13]. 
As different strains present different tolerances to acetic acid this may 
impact their ability to synthesize cellulose. It should be noted that, for 
strain NFXK3 with the glycerol source, addition of 1.5% ethanol is the 
optimum amount if the objective is to favor the maximum production of 
cellulose. Whereas, for the other strains, 3.0% of ethanol leads to a 

Fig. 2. Gas permeation set-ups: (a) low permeable membranes – closed system (b) high permeable membranes – open system and continuous flow. NOTE: V refers to 
valves; PT, pressure transmitter; PI, pressure indicator; TC, temperature controller; MFC, mass flow controller; MFM, mass flow meter; BPR, back pressure regulator; 
and % RH, relative humidity indicator. 
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higher bacterial cellulose production either using glucose or glycerol. 
Due to the limited cellulose production under no ethanol addition, the 
remaining section of this work will only include the study of bacterial 
cellulose membranes produced with ethanol concentrations of 1.5% and 
3.0%. Moreover, the strain and cultivation conditions selected corre
spond to the membranes with the best properties to act as a filter. 

3.2. Structural and morphological properties 

3.2.1. X-ray diffraction analysis 
The crystallinity of the obtained bacterial cellulose membranes was 

evaluated under the various cultured conditions as reported in Table 1. 
All bacterial cellulose membranes showed a diffraction profile of cellu
lose with prominent peaks at 2θ of 14.5◦, 16.6◦, and 22.7◦ that corre
spond to the Miller indices of diffraction planes of (100), (010), and 
(110), respectively (Fig. 4) [41,42]. It is clearly identified that the 
analyzed set of peaks attributed to the highly crystalline structure of 
cellulose I, tended to have a specific orientation in dried bacterial cel
lulose films [2,3,5]. Our data indicate that bacterial cellulose mem
branes produced from both carbon substrates show similar diffraction 
with high crystallinity ranging from 71 to 85%. The same trend was 
reported for bacterial cellulose produced by other bacterial strains [5, 
43]. Overall, both carbon sources have the potential to produce bacterial 
cellulose with high crystallinity. In contrast, cellulose produced from 
plants only show 40–60% crystallinity [7,44]. 

3.2.2. Bacterial cellulose morphology and SEM image analysis 
The detailed morphology of the bacterial cellulose membranes pro

duced by the three bacterial strains (NFXK3, LMG 18909, and FXV3) 
with two carbon sources using the optimal ethanol conditions selected in 

this study were examined by SEM (Fig. 5). Both top and the bottom 
surfaces of the membrane were analyzed. In all cases, the densest surface 
was the top surface (the surface in contact with air during the cutivation 
process), which seems almost identical for all the selected strains 
(Fig. S3). The bottom surfaces were clearly less dense (Fig. 5). The im
ages of the bacterial cellulose bottom surface revealed that each bacte
rial strain remarkably lead to a different interwoven pattern when 
producing bacterial cellulose. Therefore, to understand the differences 
in morphology, the fiber size, pore size and surface porosity were 
quantitatively determined from the SEM images and summarized in 
Table 2. The results showed that strain NFXK3 formed comparatively 
more compact, smooth, and dense bacterial cellulose surfaces, where 
fibers were tightly aggregated. Whereas the bacterial cellulose mem
branes formed by the FXV3 strain exhibited the thinnest porous cellulose 
fibers with high surface porosity, up to 48% and 30% using glucose and 
glycerol, respectively. It is also worth mentioning that the increase in 
ethanol concentration from 1.5% to 3.0% altered the bacterial cellulose 
morphology significantly by lowering the surface porosity and the pore 
size, resulting in surfaces with more compact densely interweaved fiber 
structures (Fig. 5b). A similar effect has been reported and explained in a 
study by Kazemi et al. [45]. 

The calculated average pore size range for bacterial cellulose mem
branes are typically below 200 nm (Table 2), which is similar to the 
results reported in a study by Mautner et al. [46]. This pore size range 
makes these membranes excellent candidates for air/gas filtration, if the 
aim is to retain not only particles but also bacteria. Moreover, carbon 
source comparison showed that glycerol-based membranes were more 
compact than glucose-based membranes. This morphology variation 
could be explained in terms of various factors such as microorganism 
properties, how they consume the carbon source, their metabolic path 
and kinetics [35,47,48]. Besides the bacterial strain, ethanol content and 
carbon source, it is also important to take into account the effect of 
oxygen diffusion that has an impact in order to grow the selected bac
teria strains and tune the surface morphology [49]. 

3.2.3. Nitrogen adsorption/desorption 
The surface area of bacterial cellulose membranes was determined 

using N2 adsorption/desorption isotherms and reported in Table 2. Both 
glucose and glycerol supported the bacterial growth that led to the 
production of membranes with diverse thicknesses, surface porosity and 
fiber diameter (Table 2). SEM images revealed that pores and fiber 
channels of varied sizes were present in the structure of all the bacterial 
cellulose membranes. Among all strains, FXV3 produced membranes 

Fig. 3. Bacterial cellulose production (g/L) by NFXK3, LMG 18909, and FXV3 strains under the following conditions: 28 ◦C, 7 days incubation, pH 6. Cultivated in 
media with (a) glucose; (b) glycerol, under different ethanol concentration (0%, 1.5% and 3.0%). 

Table 1 
Crystallinity (%) of bacterial cellulose membranes produced by NFXK3, LMG 
18909, and FXV3 strains using as carbon source glucose or glycerol, at various 
ethanol concentrations (1.5%, 3.0%).  

Bacterial Strains Ethanol (%) Crystallinity (%) 

Glucose Glycerol 

NFXK3 1.5 76 83 
3.0 78 80 

LMG 18909 1.5 83 80 
3.0 84 71 

FXV3 1.5 79 78 
3.0 84 85  
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with the highest surface area. Furthermore, and overall, adding ethanol 
made the bacterial cellulose membrane structure denser, resulting into 
low surface areas. Interestingly, NFXK3 showed the lowest surface area 
using both glucose and glycerol. 

3.3. Chemical-physical properties analysis 

3.3.1. Fourier transform infrared (FTIR) spectroscopy analysis 
The FTIR spectra of bacterial cellulose membranes prepared from 

strains NFXK3, LMG 18909, and FXV3 under different conditions were 
obtained (Fig. 6). Despite the fact that carbon substrates and ethanol 
concentration had a considerable impact on bacterial cellulose produc
tion (Fig. 3), all FTIR spectra revealed the typical cellulose vibration 
bands with little variations. The broad absorption band at 3340 cm− 1 is 
attributed to the –OH strectching present and C─H streching appears at 
around 2800-2900 cm− 1 in the bacterial cellulose network. The strong 
CH2 bond stretching is visible at 1427 cm− 1. The absorption peaks from 
800 to 1200 cm− 1 are associated with the chemical groups (C ─ C) 
present in polysaccharides [5,42,43,50]. The results obtained showed 
that the bacterial cellulose prepared from both glucose and glycerol 
presented the same chemical composition, with high purity. Moreover, 
the purity of cellulose produced from bacteria is higher than that of plant 
based cellulose [51]. The complete analysis of functional groups corre
sponding to the vibrational bands in Fig. 6 from the bacterial cellulose 
membranes can be found in Table S4. 

3.3.2. Bacterial cellulose membrane surface wettability 
To evaluate the bacterial cellulose surface wettability, the apparent 

contact angle between probe liquid (water or glycerol) and the bacterial 
cellulose membrane surface was measured. It was observed that water 
(used as a probe liquid) immediately penetrated the bacterial cellulose 
porous fiber structure and caused swelling of the surface. Therefore, to 
assess the surface wettability was quite challenging with water, which 
indicates that these membranes are highly hydrophilic. To quantify the 
apparent contact angle, glycerol was used instead. It should be noted 
that it was not possible to measure the contact angle for more than 10 s 
(Fig. 7). The penetration of both probe liquids (water or glycerol) in 10 s 
of interval is shown in Fig. 7c. It can be hypothesized that both chemistry 
of bacterial cellulose material and morphological characteristics were 
responsible for the liquid/surface interaction. The results revealed that 
in both case (1.5%, and 3.0% ethanol), the contact angles after 10 s of 
equilibrium were below 90◦. However, the bacterial cellulose surface 
contact with glycerol (probe liquid) was more stable with 3.0% ethanol 
concentration. It can be speculated that the surface morphology 

(membrane porosity) is the dominant membrane surface feature that 
explains the contact angle effect at 1.5% ethanol concentration (Fig. 7a). 
On the other hand, the contact between the surface and the probe liquid 
at 3.0% ethanol concentration (Fig. 7b), could be related to the surface 
chemistry and distribution of the –OH group on the membrane surface 
rather than just the membrane morphology. 

Among all the strains, it was found that the effect of carbon source 
was not significant for the contact angle of membranes produced by 
strain LMG 18909. In contrast, the use of glycerol as a carbon source led 
to higher contact angle values for both NFXK3 and FXV3 strains. It 
should kept into account that for FXV3, the bacterial cellulose mem
brane surface was more porous, therefore making the penetration of 
probe liquid easier. In terms of surface chemistry, it can be hypothesized 
that the studied experimental conditions could greatly influence on the 
distribution of – OH groups inside the material, which may impact the 
surface interaction with the probing liquid. 

3.4. Membranes mechanical properties 

The mechanical properties of freeze-dried bacterial cellulose mem
branes produced at the various conditions were evaluated and are pre
sented in Table 3. The data showed that ethanol addition increased the 
Young’s modulus and tensile strength values for all the membranes 
produced by the bacterial strains using the diverse carbon sources. As a 
result, a higher force was required to break the material. The only 
exception was found with NFXK3 using glycerol where the material 
strength increased with 1.5% ethanol addition rather than 3.0% ethanol. 
Furthermore, both Young’s modulus and tensile strength values for the 
various membranes increased in the following order: NFXK3 > LMG 
18909 > FXV3. The cellulose concentration as well as the morphology of 
the fiber network were the key determinants factor that determine the 
overall strength of bacterial cellulose membranes [52]. In the case of 
strain FXV3, a high surface porosity resulted in membrane surface 
delamination and the membrane deformed more easily under low 
applied stress, therefore, a decline in both Young’s modulus and tensile 
strength values were observed (Table 3). On the other hand, NFXK3 and 
LMG 18909 membranes showed the opposite trend due to more compact 
fiber network structure (Tables 2 and 3). In general, bacterial cellulose 
membranes produced were found to be mechanically stable, tough, stiff, 
and firm due to the strong hydrogen bonding and intermolecular in
teractions. The tensile strength of these bacterial cellulose membranes 
are comparable to commercially used synthetic polypropylene (30–40 
MPa) [53]. 

Fig. 4. Comparative X-ray diffraction (XRD) analysis of bacterial cellulose membranes produced by NFXK3, LMG 18909, and FXV3 strains using two carbon sources 
(a) glucose; (b) glycerol, at various ethanol concentrations (1.5%, 3.0%). 
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3.5. Membranes gas permeation 

The performance of all produced bacterial cellulose membranes was 
firstly evaluated with N2 gas. The values of N2 permeance were deter
mined and reported in Table 4. N2 permeance was higher for membranes 

prepared with 1.5% ethanol concentration. Furthermore, N2 permeance 
was also found to be higher in membranes produced when glucose was 
employed as the bacterial feed. 

The highest N2 gas permeation behavior across FXV3 based mem
branes is clearly associated with the larger pore size and surface porosity 

Fig. 5. SEM bottom surface morphology of bacterial cellulose membranes produced by NFXK3, LMG 18909, and FXV3 strains under different studied conditions. 
SEM images were otained with a magnification of 10,000. 

Table 2 
Analysis of bottom surface of bacterial cellulose membranes: mean fiber diameter (nm), surface porosity (%), mean pore size (nm) measured by imageJ software. 
*Surface Area refers to the whole membrane and was measured by N2 adsorption/desorption isotherms.  

Bacterial Strains Ethanol (%) Mean Fiber Diameter (nm) Surface Porosity (%) Mean Pore Size (nm) * Surface Area (m2/g) 

Glucose Glycerol Glucose Glycerol Glucose Glycerol Glucose Glycerol 

NFXK3 1.5 82.3 ± 3.28 86.7 ± 4.11 13.7 ± 0.03 13.6 ± 0.02 104.9 ± 0.12 81.8 ± 0.55 68.5 22.3 
3.0 88.6 ± 4.12 90.5 ± 2.22 13.2 ± 0.01 12.7 ± 0.08 52.3 ± 1.11 41.4 ± 1.31 53.9 21.6 

LMG 18909 1.5 64.1 ± 5.11 73.8 ± 2.31 28.1 ± 0.01 23.7 ± 0.30 118.1 ± 2.11 148.3 ± 2.31 70.5 45.0 
3.0 75.4 ± 3.61 76.5 ± 4.41 26.3 ± 1.03 21.9 ± 0.07 109.1 ± 3.21 129.9 ± 2.56 48.6 32.4 

FXV3 1.5 68.8 ± 4.31 71.1 ± 3.11 48.4 ± 1.52 29.5 ± 1.41 285.4 ± 4.21 174.8 ± 3.76 73.6 50.1 
3.0 71.6 ± 3.56 74.5 ± 2.11 40.1 ± 1.22 25.3 ± 1.04 128.2 ± 3.11 101.2 ± 4.77 54.3 38.7  
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depicted in Table 2. NFXK3 based membranes, on the other hand, had 
the lowest N2 gas permeability of all the strains examined, owing to the 
fact that they were more compact and less porous. Apart from pore size, 
fiber entanglement/bonding, fiber diameter, and the pore shape inside 
the membrane matrix all had a significant impact on the resulting 
membrane gas transport. 

From the obtained data (Fig. 8) it can be concluded that the 
permeability of N2 through the various membranes prepared correlates 
clearly with the mean pore size of the membranes. Also, it shows that the 
mean pore size can be modulated by selecting the appropriate strain and 
cultivation conditions (carbon source and concentration of ethanol in 
the media). The membranes minimum and maximum pore size values 
are summarized in Table S3. This feature offers the possibility to design 
the membrane according to a particular target application. 

From Fig. 9 it is confirmed, as expected, that the cellulose mem
branes do not exhibit selectivity between the various gases tested (N2, 
O2 and CO2). The ideal selectivity values obtained, defined for each pair 
of gases as the ratio between their individual permeabilities are very 
close to 1 and, when the values deviate from the unity, that results from 
a higher relative error associated with low absolute values of perme
ability (for the cases where glycerol was used). The results obtained 

Fig. 6. Comparative Fourier transform infrared (FTIR) analysis of bacterial cellulose membranes produced by NFXK3, LMG 18909, and FXV3 strains using two 
carbon sources (a) glucose; (b) glycerol, at various ethanol concentrations (1.5%, 3.0%). 

Fig. 7. Wettability of bacterial cellulose membranes produced by NFXK3, LMG 18909, and FXV3 strains using two carbon sources (glucose, glycerol). a) 1.5% 
ethanol; b) 3.0% ethanol c) Contact angle measurements at two different moments using water, and glycerol as a probe liquid. 

Table 3 
Mechanical Properties of bacterial cellulose membranes produced by NFXK3, 
LMG 18909, and FXV3 strains using two carbon sources (glucose, glycerol) at 
various ethanol concentrations (1.5%, 3.0%).  

Bacterial 
Strains 

Ethanol 
(%) 

Tensile Strength (MPa) Young’s Modulus (MPa) 

Glucose Glycerol Glucose Glycerol 

NFXK3 1.5 18.6 ±
2.9 

34.1 ±
4.3 

93.1 ±
6.2 

210.8 ±
4.7 

3.0 23.8 ±
3.7 

17.4 ±
2.1 

161.2 ±
3.3 

145.1 ±
3.1 

LMG 18909 1.5 3.6 ± 1.9 5.5 ± 2.8 40.8 ±
5.3 

51.3 ± 3.8 

3.0 8.5 ± 2.6 9.2 ± 3.5 133.5 ±
2.9 

68.6 ± 5.2 

FXV3 1.5 2.2 ± 3.3 1.3 ± 4.5 18.1 ±
4.2 

17.4 ± 4.4 

3.0 6.3 ± 4.1 12 ± 3.6 48.8 ±
3.7 

121.4 ±
2.9  
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during the gas permeation studies showed that the membranes produced 
are excellent candidates for use as air/gas filtration, allowing for the 
retention of particles larger than 0.2 μm including biological agents, 
such as bacteria (from the supplementary material it can be seen that it is 
possible to produce membranes where even the largest pore size is below 
200 nm). The retention of virus would require a detailed study but the 
membranes produced in the low range of pore size could be referred as 
potential candidates [54]. 

4. Conclusions 

A systematic approach has been carried out to produce bacterial 
cellulose from Komagataeibacter strains: Komagataeibacter sp. FXV3, 
Komagataeibacter sp. NFXK3, and K. intermedius LMG 18909. Optimal 
fermentation conditions were identified to convert a carbon source 
(glucose and glycerol) into cellulose. All the strains exhibited higher 
potential to produce cellulose membranes from the carbon sources 
tested. It was observed that the NFXK3 strain produced the highest 
cellulose mass, amounting to 9.6 g/L using glucose and 11.46 g/L using 
glycerol. Contrarily, the LMG 18909 strain produced more cellulose 
(5.93 g/L) using glucose whereas the cellulose production by FXV3 
strain remained the same (~5 g/L) using both the carbon sources. To 
assess the potential of bacterial cellulose for air filter applications, flat 
sheet membranes were produced. The usage of ethanol had a significant 
impact on the bacterial cellulose yield and on the morphology of the 
membranes produced. The synthesized bacterial cellulose membranes 
possessed remarkably distinctive physical properties such as surface 
porosity, fiber diameter, pore size distribution and specific surface area. 
These pristine membranes also offered desirable characteristics like 
biocompatibility, biodegradability and mechanical stability. Amongst 
the plethora of applications reported for bacterial cellulose membranes, 
gas permeation was explored in this study by conducting permeability 
and selectivity measurements for N2, CO2 and O2. Lastly, this work 
potentiate the application of bacterial cellulose membranes as eco- 
friendly air filters or facemasks. 
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N2 
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3 3.0 ± 0.4 165.0 491.6 ± 0.04 

Glycerol 1.5 0.3 ± 0.5 37.1 14.8 ± 0.02 
3 0.1 ± 0.3 32.6 1.6 ± 0.01 

LMG 
18909 

Glucose 1.5 1.4 ± 1.1 28.1 41.0 ± 0.03 
3 1.2 ± 0.2 92.2 32.6 ± 0.01 

Glycerol 1.5 12.9 ± 0.2 74.1 957.2 ± 0.04 
3 6.0 ± 0.3 28.0 168.0 ± 0.01 

FXV3 Glucose 1.5 249.9 ± 0.5 29.5 7247.9 ±
4.01 

3 313.4 ± 7.2 29.1 9247.5 ±
3.02 

Glycerol 1.5 78.1 ± 0.2 28.0 2188.7 ±
2.11 

3 40.0 ± 0.5 22.2 880.0 ± 2.78  

Fig. 8. N2 permeability plotted against mean pore size of prepared membranes 
considering different cultivation conditions. 
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