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Abstract
Production of bacterial cellulose hydrogel and its evaluation as a proton exchange membrane (PEM) was evaluated. Initially, 
the bacterial cellulose hydrogel membranes (BCH) was produced by fermentation in a 600 mL bioreactor with a 300 mL 
medium volume, 10% v/v inoculum with Komagataeibacter hansenii under static conditions, and a temperature of 30 °C. The 
bacteria were cultivated in Hestrin-Schramm (HS) medium with pH adjustment to 6.6 with HCl and/or NaOH. Five culture 
media were evaluated to obtain uniformity on the surface and a rapid formation of BCH membrane: HS (M1), M1 + green 
tea extract (M3), M1 + mixture of extra thyme and green tea (M4), and M1 + glycerin (M5). The kinetics of BCH produc-
tion was followed by digital images. Subsequently, BCH production cellulose was carried out using M5 under the same 
operating conditions. After 3, 5, 10 and 13 days of fermentation, the thickness of BCH formed was measured, respectively, 
as 0.301 ± 0.008 cm, 0.552 ± 0.026 cm, 0.584 ± 0.03 cm and 0.591 ± 0.018 cm. Finally, BCH was characterized by poros-
ity, water absorption capacity, ion exchange capacity, mechanical strength and diffusivity. The results showed that thinner 
membranes favor the processes of ion exchange (0.143 H+mmol g−1) and water absorption (93%). On the other hand, thicker 
membranes enhance physical parameters of transport across the membrane and its operability. Nevertheless, BCH membranes 
can be a good alternative as PEM to microbial fuel cell once they are functionalized.
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Introduction

Global warming, atmospheric pollution, added to the deple-
tion of fossil fuels has promoted renewable energy produc-
tion technologies [33]. This corresponds to a world market 
valued at US$ 881 billion in 2020 that may reach US$ 1,977 
billion in 2030 [7].

A renewable energy approach may employ proton 
exchange membrane fuel cells (PEMFCs) [7, 55], in par-
ticular microbial fuel cells (MFCs) [38]. PEMFCs have an 
estimated market of US$2.10 billion in 2021 up to US$22.74 
billion in 2028 [11]. In this technology, in a typical con-
figuration, two-chambered MFC has the anode and cathode 
compartments separated by a proton exchange membrane 
(PEM), the anodic and cathodic electrodes are connected 
by a wire, and electrons from the oxidation reactions in the 
anode compartment are passed through the wire to the cath-
ode, where they are normally combined with oxygen and 
protons to form water [44].

The efficiency of an MFC is influenced by several fac-
tors, such as oxygen supply and consumption in the cathodic 
chamber, oxidation of organic substrate in the anodic 
chamber, electron transfer from the anodic chamber to the 
electrode surface, and cation transfer across the exchange 
membrane between the anode and the cathode [2].This 
can increase the pH gradient and, therefore, the internal 
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resistance of the cell, although it is essential for increasing 
coulombic efficiency [25].

Despite decades of development, PEM technology still 
lack wide acceptance in the market, especially in vehicu-
lar transport systems [61]. The cost of fuel cells needs to 
be reduced by over 40 to turn possible of global commer-
cialization of PEM [59]. The challenges for the market for 
this energy vector [21] are concentrated in the costs of ion 
exchange membranes [2, 22, 25], and suitable catalyst for 
the fuel cells [21].

Nafion is the most used membrane in PEM applications 
due to its high proton conductivity, good chemical stability, 
excellent mechanical properties and low internal resistance 
[18]. It is a fluoropolymer-copolymer based on sulfonated 
tetrafluoroethylene discovered in the late 1960s by DuPont. 
Despite its widespread use, its costs and its non-biodegrada-
ble nature, as well as its biofouling [41] has led to the search 
for alternative and innovative membranes for use in MFC. 
Thus, the research focus is to reduce the costs of these com-
ponents, so that energy on an industrial scale can be intro-
duced in the markets [15, 62].

Polymer membranes are the “heart” of fuel cells and 
therefore chemists are investigating new strategies to synthe-
size materials suitable for their production [59]. An alterna-
tive is the search for ecological materials to replace synthetic 
materials, with a view to the sustainability of the processes 
[45]. Therefore, the use of bio-based materials as substrates 
for the fabrication of key fuel cell components, to minimize 
the impact of their production, although incipient, is grow-
ing exponentially. Indeed, natural polymers such as cellulose 
and their nanoscale forms, cellulose nanocrystals, cellulosic 
nanofibrils and bacterial nanocellulose are suitable materials 
for engineering two main components of PEM cells. Despite 
intense R&D activity, little has been reviewed on the poten-
tial application of three forms of cellulose with less than 
one dimension at the nanoscale in the field of fuel cells [58].

Studies show that bacterial cellulose is a versatile renew-
able biomaterial that can be used as a hydrophilic matrix 
for incorporation of metals into thin, flexible and thermally 
stable membranes. Unlike plant cellulose, bacterial cellulose 
(BCH) catalyzes the deposition of metals within its structure 
to generate a finely divided homogeneous catalyst layer [9].

BCH is a type of cellulose that can be produced from 
bacteria such as Aerobacter, Alcaligenes and Achromobacter 
[32, 63]. Its characteristics are good mechanical properties, 
low density, large surface area, high porosity, non-toxicity, 
sustainable regeneration [32], high water absorption, high 
chemical purity, high crystallinity, good biocompatibility 
and biodegradability [29], easy growth on various substrates, 
in addition to controllable shape and texture [6, 14, 28, 54]. 
BCH can be applied in the form of hydrogels [19], sponges, 
films and capsules for many applications including food 
packaging, sensors, flame retardants, water treatment, wound 

dressings [32, 45], dielectric and magnetic components [20]. 
In addition, applications are found in the areas of medicine, 
nanomaterials, functional foods, among others [28, 54].

BCH has aroused several interests in the industry, 
although most studies focus on its properties for biomedi-
cine. It is possible to use BCH directly as a polymer matrix 
with ex-situ and in-situ modifications to adapt the functional 
properties of the material to its purpose [4].

Thus, in this research, bacterial cellulose hydrogel mem-
brane in static culture is produced using different culture 
media, and its performance as a proton exchange membrane 
is subsequently evaluated.

Materials and Methods

Culture Conditions and Synthesis of BCH 
Membranes

Bacterial cellulose hydrogel membranes (BCH) were pro-
duced in a 600 mL bioreactor with an effective volume of 
300 mL. Previously, the bioreactor was sanitized with 15% 
v/v sodium hypochlorite for 35 min. The fermentation was 
inoculated with 10% v/v Komagataeibacter hansenii under 
static conditions and at 30 °C. The bacterium was cultivated 
for 13 days in 5 modified media using Hestrin-Schramm 
(HS) as a base, summarized in Table 1 [6, 8, 14], with pH 
adjustment to 6.6 with HCl and/or NaOH.

HS medium containing glucose 20 g/L, yeast extract g/L, 
peptone 5 g/L, citric acid 1.15 g/L, Na2HPO4 2.7 g/L. Thyme 
and green tea infusion were used as supplements and pre-
pared using 0.6 g of each in 50 mL of water at 90 °C for 
30 min. Subsequently, they were filtered and incorporated 
into the culture medium.

After 3, 5, 10, and 13 days of fermentation, samples of 
BCH membranes were extracted, from the culture medium, 
for purification and further characterization. Figure 1 illus-
trates the production of BCH membranes.

Following cultivation, BCH pellicles were harvested and 
rinsed in deionized water. Next, BCH membranes were treated 
with 0.1 M NaOH at 80 °C in a water bath (3 ×) and then again 
rinsed in deionized water to remove residual NaOH. Purified 

Table 1   Culture media used in the production of BCH

Compound M1 M2 M3 M4 M5

HS (mL) 300 300 300 300 300 
without 
glucose

Thyme (mL) – 5 – 2.5 –
Green tea (mL) – – 5 2.5 –
Glycerin (g/L) – – – – 20
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BCH membranes was then stored at 4 °C for further analysis 
[6, 63].

BCH membranes thickness was determined from digital 
images (Image J software), according to the methodology 
used by Guilherme et al. [16]. Initially, the image scale was 
calibrated and later a line was drawn, from 10 different sec-
tions of the membrane, to determine the average thickness and 
decrease the measurement error [16].

BCH membranes, to the best culture media, who showed 
uniformity on the surface and a rapid formation of membrane 
were characterized.

Characterization Of BCH Membranes

Ion Exchange Capacity (IEC)

The IEC values of BCH were measured with the titration 
method according to a previous study [63]. The BCH mem-
branes were soaked in a 1.0 M NaCl solution for 24 h at ambi-
ent temperature to ensure the proton were replaced completely 
by the sodium ion. This solution was subsequently titrated 
against a 0.005 M sodium hydroxide solution to neutralize the 
exchanged protons using phenolphthalein as an indicator. After 
that, the calculated IEC value was obtained through Eq. (1).

where IEC is the ion exchange capacity (mmol g−1); a is the 
added titrant volume at the equivalent point (mL); b is the 

(1)IEC =
a × b

m

molar concentration of the titrant; m is the dry membrane 
weight (g).

Water Absorption Capacity

BCH membranes samples were removed from storage, the 
surface water was gently removed using paper filter, and 
then the wet mass was determined using an analytical bal-
ance. Next, BCH membranes samples were dried overnight 
at 50 °C in an oven, to completely remove water and then 
weighted again. The moisture content percentage (W%) was 
calculated using Eq. (2) [28].

where: Wwet is the wet mass of BCH in g, Wdry is the dry 
mass of BCH in g.

Porosity

The porosity of BCH membranes was determined by the 
liquid displacement method [52].The dimensions of samples 
were measured, and their volumes were calculated. The sam-
ples were weighed and soaked in water at room temperature. 
After immersion for 24 h, the samples were wiped by a filter 
paper and weighed. The porosity of three samples was cal-
culated as Eq. (3):

(2)W(% ) =
wwet − wdry

wdry

× 100

Fig. 1   Schematic diagram of synthesis of BCH membranes



2465Journal of Polymers and the Environment (2023) 31:2462–2472	

1 3

where mi is the initial dry weight of each sample, mf, is 
the weight of each sample after immersion, ρ represents the 
density of water and VMTP is the volume of each sample.

Test of Mechanical Properties

The mechanical performance, maximum breaking stress, and 
the modulus of elasticity of BCH membranes, were recorded 
using a texture measuring device (TA, XT-Plus) with a load-
ing velocity of 5 mm/min. Prior to the examination, samples 
were cut into 5 × 1 cm pieces. Each group was tested three 
times, and the mean value was determined [63].

Proton Conductivity

Proton conductivity was measured by an AC impedance 
technique using an electrochemical impedance analyzer 
(Metrohm AUTOLAB, PGSTAT204) where the AC fre-
quency was scanned from 100,000 Hz to 0.1 Hz at voltage 
amplitude of 100 mV [26]. The BCH with a diameter of 
1.5 cm and thickness of ~ 0.301 cm and Nafion® 117 were 
sandwiched in a Teflon conductivity cell equipped with 
graphite foil contacts on opposite sides of the membrane. 
The proton conductivity ( σ) (S cm−1) was calculated accord-
ing to the following Eq. (4):

where L is the thickness of membrane, R is the membrane 
resistance derived from the intercept of the high-frequency 
impedance with the real axis, A is the area of the membrane. 
The experiment was conducted in a room at 25° C.

Diffusion Coefficients Determination

The mass transfer coefficients of oxygen and Ca2+ (DO e 
DCa, respectively) through the raw BCH membrane were 
determined using abiotic cells [27]. A conductivity probe 
(DDS-11A, LIDA Instrument Co., China) was placed in the 
chamber filled with water. Both chambers were mixed inten-
sively with magnetic stirring. The mass transfer coefficient 
of Ca2+ through the membrane was determined by monitor-
ing the conductivity over time, which can be translated into 
Ca2+ concentration using a standard curve of concentration 
vs conductivity. In the case of DO, a dissolved oxygen (DO) 
probe (WTW) was placed in the anodic chamber as well as 
the cathodic chamber that was filled with water saturated 
with O2 and continuously mixed to maintain saturated DO 
conditions. DO was determined by monitoring the concen-
tration of DO over time and using mass balances Eq. (5) 
[64].

(3)P(%) = (mf − mi)∕ρVMTP × 100

(4)� =
L

RA

 where Di (m2/s) is the mass transfer coefficients of i specie; 
Vo is the liquid volume in each chamber; Lo is the membrane 
thickness; Ao is the cross-sectional area of the membrane; 
x1;0 is the initial concentration of Ca2+ in the cathodic cham-
ber; x2;t is the Ca2+ concentrations in the chamber filled with 
water at time t. The diffusion coefficients for oxygen could 
be determined in the same way.

Results and Discussion

BCH Production

The BCH is excreted as exopolysaccharide by aerobic bac-
teria, such as Achromobacter, Alcaligenes, Aerobacter, 
Agrobacterium, Azotobacter, Komagataeibacter (formerly 
Gluconacetobacter), Pseudomonas, Rhizobium, Sarcina, 
Dickeya and Rhodobacter [4]. In the present study, bacterial 
cellulose was produced from Komagataeibacter hansenii as 
they are effective bacteria for BCH production according to 
studies carried out by [14].

Under a static culture condition, the acetic acid bacte-
ria extrude a cellulose nanofiber in random directions, and 
thereby a 3D network structure termed “pellicle” is to be 
formed [54]. K. hansenii are aerobic bacteria, which colo-
nize the oxygen-rich air/liquid interface of the spatially 
structured microcosm and metabolize sugar to produce a 
thick cellulosic film on their surface [51].

Likewise, bacteria, when propagated in static liquid cul-
ture, grow in the liquid phase, adhere to the film, and remain 
at the air–liquid interface starting as a thin film that first 
coats the surface and then thickens over time. The biosynthe-
sized surface film generated by the bacteria adheres tightly 
to the cell walls of the microorganism and gradually floats 
to the bottom as fermentation proceeds [51].

In the present study, static culture was used to create 
biofilms and Hestrin-Schramm (HS) medium as the initial 
medium, as it is a standard and more appropriate medium 
for cultivation. In order to scale the process, the system was 
sanitized and not sterilized. In addition, the modification of 
the culture medium with thyme was used, which has a broad 
spectrum of fungicidal activity [48], in addition to green tea 
[24] and glycerin [47], which is an oily source of carbon.

Green tea was added to the culture medium due to its 
content of polyphenols, flavonoids, proteins, and amino 
acids [60]. Its content increases the acidity content, which 
indicates the consumption of the carbon source and the 
development of acetic acid-producing bacteria [56]. Fur-
thermore, studies with green tea leaves observed a conver-
sion yield of 0.32 and 0.31 g of bacterial nanocellulose per 
g of sugar. Therefore, tea leaves are also considered a raw 

(5)Di =
(

VoLo∕2Aot
)

∗ Ln(x1;0∕(x1;0 − x2;t)
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material option for high yields with low production costs 
[30]. The caffeine content in a green tea beverage was 
estimated to be 0.039 mg/mL. When the tea concentration 
increases, the cellulose yield decreases, as the increase in 
polyphenol is an inhibitor of biofilm production by Gram 
negative bacteria [49].

The results of the growth of bacterial cellulose in the 
different culture media are presented in Fig. 2.

Sanitation of the system was effective; the culture 
media were not contaminated, and BCH was developed 
in each of them. Thus, the thermal process is reduced, 
making it possible to lower the costs on a future scale. 
The highest values for BCH membranes thickness growth 
were when M4 and M5 culture media were used, reach-
ing values of 0.291 ± 0.008 cm and 0.301 ± 0.008 cm on 
day 3, 0.405 ± 0.018 cm and 0.552 ± 0.026 cm on day 
5, 0.491 ± 0.078  cm and 0.584 ± 0.038  cm on day 10 
and 0.581 ± 0.022 cm and 0.591 ± 0.018 cm on day 13, 
respectively.

The M5 medium was selected to continue the process, 
due to uniformity on the surface of CB, which was not 
observed for the M4 medium. It is believed that glycerin 
may have contributed to the uniformity of the cellulosic 
film formed on the surface, as it inhibits the growth of 
fungi and cellulase production that can impair on manu-
facturing of BCH membranes. Glycerol helps to slow the 
process of dehydration, past studies reported than BCH 
with have a much stronger consistency compared BCH 
who growth in another cultures media without glycerol. 
[3, 30, 46].

Figure 3 shows the behavior of the BCH membrane 
formed using the M4 and M5 culture media.

BCH membranes were obtained from day 3 to day 13. 
Studies carried out by Laavanya et al. [30] show that a 
period of 7 to 15 days is adequate to obtain good BCH 
membranes.

Effect of Thickness on Physical and Chemical 
Properties

In this study, BCH from M5 with thicknesses of 
0.591 ± 0.018 cm were produced on day 13, a value approxi-
mately ten times greater than the results of the study carried 
out by Costa et al. [8] by fermentation at 30 °C for 10 days. 
These authors achieved a thickness of 0.062 ± 0.08 cm with 
a 100 mL culture medium in 500 mL bioreactors.

Structurally, BCH is thinner and less branched com-
pared to plant cellulose, which gives BCH properties such 
as a large surface area, greater water absorption, and better 
mechanical strength in the wet state [30].

The BCH produced in the M5 culture medium was 
characterized and the results are shown in Fig. 4. The ion 
exchange capacity (IEC) of BCH was determined, as it is 
a relevant property in fuel cell membranes. It is important 
to highlight the fact that ion exchange capacity values are 
associated with the proton conductivity and membrane elec-
tric resistance. Thus, a membrane with higher IEC showed 
a higher proton conductivity as well as energy production 
[50].

As it can be observed in Fig. 4A, IEC is substantially 
enhanced with increasing BCH thickness, and values rang-
ing between 0.082 and 0.143 H+mmol g−1. The maximum 
test thickness differs only by 10% from the IEC of the 
smallest.

This must be credited to the presence of large amounts of 
–OH groups on the surface of neat BCH [31]. The hydroxyl 
groups have an affinity toward hydrogen ions and could 
form bridges. Therefore, the higher thickness of BCH might 
have made the membrane more acceptable to H+ ion and 
exchanged by Na+ ion.

The IEC values of pure BCH are very close to zero [13], 
that is, they are low in relation to other membranes used 
in fuel cells, but functionalization or doping with organic 

Fig. 2   Growth of bacterial cel-
lulose in different culture media
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or inorganic acids such as H3PO4, pigments, or other sub-
stances can improve this property [26]. In tests carried out 
by Gadim et al. [12], BCH was functionalized with poly(4-
styrene sulfonic acid) showed and an increase in the IEC to 
2.25 mmol g−1. In another work, BCH was functionalized 
with LiCl and reached an IEC of 2.57 mmol g−1, indicating 
that when functionalizing BCH, the IEC increases [23]. The 
chemical structure of BCH and the presence of hydroxyl 
groups on the surface allow functionalization or doping with 

additives to improve its physical, chemical and mechanical 
properties [30].

The behavior of BCH in terms of water absorption is very 
similar in all thicknesses (Fig. 4B). The magnitude of water 
uptake for BCH membranes was between 93 and 68%, for 
0.301 cm and 0.531 cm of thickness, respectively. Proton 
diffusion from the anode chamber to the cathode compart-
ment is indispensable for MFC to perform efficiently. One 
type of mechanism of proton transport is vehicle diffusion 

Fig. 3   Behavior of the BCH membrane formed using M4 and M5 culture media
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via protonated water molecules in the form of H3O+ or 
H9O4+ which contributes about 22% of the total proton pas-
sage [41]. Therefore, the magnitude of water uptake through 
absorption by the exchange membrane is critical in deter-
mining its proton conductivity [53]. Some studies report 
water uptakes of BCH pure in the range of 30–150% [10, 
17] due to the hydrophilic nature of BCH. However, this 
property depends on the culture medium in which BCH was 
developed because this is the basis of its structure.

The applications of BCH are effective due to the water 
retention capacity, which is attracted by the covalent bonds 
present in the molecular structure and contributes directly to 
the increase in IEC. The smaller the thickness of the mem-
brane, the smaller the internal resistance to the passage 
of water through it. Therefore, the reduction in thickness 
contributed to higher hydration [40], confirming the results 
presented in Fig. 4B.

The porosity of the BCH membranes was determined 
through the infiltration method according to the procedure 
described by Xu et al. [64]. Porosity is important, once in 
porous membranes there are fixed physical paths for pass-
ing through molecules. The porosity of the BCH studied 
varied between 73 and 91%, for thicknesses of 0.301 cm 
and 0.591 cm, respectively. As can be seen in Fig. 4C, there 
were changes in porosity for each of the thicknesses. There 

was a gradual increase as the thickness increased, which 
could be influenced by the overlapping of cellulose layers 
as a function of the time of the bioprocess [35]. In this case, 
the thickness of the membrane increases, forming a structure 
of suspended layers that are not cultured but more porous. 
Similar studies reported a porosity of ~ 94% for BCH, when 
synthesized under conditions like those presented in this 
research [34, 35].

Barros et al. [1] state that the time of biosynthesis directly 
influences the properties of bacterial cellulose, including 
porosity and mechanical resistance. The BCH porosity gives 
rise to two aligned pores of the bacterial cell and forms sub-
fibrils ~ 1.5 nm in length that crystallize into microfibrils not 
cultured. The diameter of the microfibrils makes hydrated 
BCH much more porous. The presence of these pores and 
tunnels inside the hydrated film results in an intumescent 
fibrous structure, with water retention values of 100%, 
against 60% in vegetable cellulose [42].

It is possible to attribute the difference in the value of the 
porosity compared to other works, which are different for 
the physiological conditions of bacterial growth, such as the 
composition of the culture medium, pH, temperature, and 
oxygen concentration.

Tensile strength is an important mechanical characteris-
tic of a PEM because low-resistance membranes can break 

Fig. 4   Effect of thickness on the main physical and chemical properties of BCH: A IEC, B water up take, C porosity and D tensile stress
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during operation. The tensile strength and the elastic defor-
mation coefficient were obtained from two tensile tests car-
ried out on 4 samples of different thicknesses in triplicate. 
The experimental results obtained are presented in Table 2.

The results presented in Fig. 4D indicated that there was 
an increase, both in the maximum rupture stress and in the 
modulus of elasticity, with the increase in the thickness of 
BCH membranes. Membranes with 0.591 cm of thickness, 
present the best performance on mechanical properties, 
because this property depend to time of fermentation, a 
longer time, leads to a great polymerization degree increase 
and on the level of hydration too (Rebelo et al., 2018), there-
fore, mechanical strength increases [5]. It is important to 
remember that BCH is a biopolymer with an asymmetric 
structure, composed of regions with a high degree of crys-
talline ordering and others where the degree is low. These 
membranes contain various types of irregularities,therefore, 
the total surface area of a cellulose fiber is much greater 
than the surface area of an ideally smooth fiber of the same 
dimension, therefore, it shows mechanical anisotropic 
behavior it, with a high tensile modulus (0.058–2.481 MPa) 
along the fiber-layer direction but a low compressive modu-
lus perpendicular to the stratified direction, some studies 
indicated this modulus is around 0.007 MPa [37].

The characterization of the specimens showed that the 
difference in thickness affects the way the membranes 
respond to stresses, which in turn support greater elongation. 
The sample with the greatest thickness (0.591 cm) showed 
a 30.86% greater strength compared to the sample with the 
smallest thickness (0.301 cm) and a 2.33% greater modulus 
of elasticity.

The thickest membrane had the highest modulus of elas-
ticity. Thus, it is valid to add that the more compact the 
cellulose sheets are in the culture medium, there will be an 
increase in the crystallinity index and, consequently, in the 
thickness.

These values are linked to the hydrophilic nature and, 
therefore, to the thickness obtained by BCH during its 
formation, thus increasing the strength of the material by 
increasing its thickness.

The results of electrochemical impedance measurements 
on Fig. 5 indicate and increase on proton conductivity of 

BCH with the decrease of the thickness of the membrane. 
BCH Membrane with 0.301 cm and 0.591 cm of thickness 
showed a proton conductivity of 0.0114 and 0.0105 Scm−1, 
respectively, as soon as nafion membrane showed a proton 
conductivity of 0.137 Scm−1. In other tests it was found a 
proton conductivity of 0.0107 Scm−1 and 0.0106 Scm−1 for 
the membranes of 0.51 cm and 0.5552 cm, respectively. 
The smaller the thickness of the membrane, the smaller the 
internal resistance to the passage of protons through it. The 
data revealed that BCH (0.301 cm) also have highest water 
uptake and IEC than BCH (0.591 cm). Morin et al. [36] indi-
cated that water content in membrane have positive effort to 
performance of the membrane so, hydration of membrane 
will create tunnel between clusters. The tunneling play key 
role on ionic conductivity of the membrane and help proton 
carrier, in the membrane [36].On the other hand, the nafion 
membrane presented higher proton conductivity than the 
BCH membranes, within its chemical structure it has sul-
fone groups that help, mainly, in the transport of protons, 
resulting in a value of 0.137 Scm−1.

The mass diffusion coefficient of oxygen (DO) is a meas-
ure of the oxygen permeability of membranes. In MFC, for 
example, it is important that the membranes do not allow 
oxygen crossover from the cathode into the anode chamber. 
Otherwise, the efficiency of the CCM in terms of chemical 
oxygen demand removal (COD) would be affected, affect-
ing the growth of anaerobic microorganisms responsible for 
the oxidation of the substrate for the generation of electrons 
and finally causing the absence of current generation [41].

Table 2   Mechanical performance of the membranes in function of 
the BCH thickness

Thickness (cm) Tensile strength (MPa) Tensile 
modulus 
(MPa)

0.301 1.536 0.058
0.510 2.663 1.753
0.552 3.290 2.347
0.591 4.976 2.481

Fig. 5   Nyquist diagrams of Nafion membrane and BCH membrane 
with thickness 0.01778 and 0.301 cm, respectively
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The DO value found in this research for a BCH mem-
brane with a thickness of ~ 0.301 cm was 1.27 × 10−4 cm2 s−1 
(Table 3), which is a value similar to clay membranes for 
MFC (1.3 × 10−4 cm2 s−1–9 × 10−5 cm2 s−1 [39] but much 
higher than those presented by Nafion (2.4 × 10−6 cm2 s−1) 
[27], and biopolymer PHA-PHB composite membranes 
(2.7 × 10−6 cm2 s−1) [41]. This can be attributed mainly to 
the membrane thickness and the presence of porous on BCH 
hydrogel membrane. In some studies, some substances as 
oly(glycidyl methacrylate) [10] and fucoidan [57] decrease 
CB porosity.

On the other hand, the mass diffusion coefficient of Ca2+ 
(DCa) obtained in the present work for a BCH membrane 
with a thickness of 0.301 cm was 1.084 × 10–6 cm2  s−1, 
slightly lower than that reported for Nafion membranes 
8.4 × 10–6 cm2 s−1 [64]. Limitation of cation transfer due to 
decreased diffusion coefficients may contribute to a decline 
in the performance of MFCs. Likewise, a PEM with high 
DCa and low resistance must be developed to alleviate the 
scaling problems and, consequently, guarantee a long-term 
stable operation.

Conclusions

The best method of culture found was M5, where there was 
the addition of glycerol and allowed the production of homo-
geneous membranes and a higher kinetics reflected in the 
thickness of the membranes. In relation to the determined 
parameters, it was possible to observe that the IEC has a 
convex behavior in relation to the thickness of the BCH and 
the values of the pure BCH are close to zero. Likewise, it is 
suggested that, to improve ion transport, membranes should 
be functionalized or doped for applications such as PEM.

The water absorption capacity of BCH was greater than 
70% for all thicknesses, prevailing the finer ones and proton 
conductivity showed the same tendence with thicnesses. The 
lower the thickness of the membrane, the lower the internal 
resistance to the passage of water through them. Therefore, 

the reduction of the thickness contributed to a greater hydra-
tion and more proton conductivity.

The mechanical resistance of the BCH membranes 
increased with their thickness. This allows, in applications 
such as PEM, a greater capacity for handling and operability.

The porosity has a gradual increase with the increase in 
thickness, which may be influenced by the overlapping of 
cellulose layers in function of the time of the bioprocess.

The mass diffusion coefficients of BCH membranes are 
high, but not as much as those reported by commercial 
membranes. Therefore, efforts must be invested to investi-
gate different modifications in the membranes through the 
functionalization of BCH to improve characteristics such as 
IEC, porosity, and mass diffusivity.
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