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A B S T R A C T

Ceramic membranes can serve as viable alternatives to the less mechanically stable polymeric membranes uti-

lized in microbial fuel cells (MFCs). In this work, a series of polymer-derived ceramic (PDC) proton exchange

composite membranes with large ion exchange capacity (IEC) values, high cation transport numbers, and low

oxygen diffusion coeûcients have been synthesized at various pyrolysis temperatures using a pressing tech-

nique. These materials were composed of a polysiloxane matrix mixed with proton-conducting ûllers such as

montmorillonite and H3PMo12O40/SiO2 at different ratios. By tuning the average pore sizes of the membranes

between 0.1 and 1 µm and their hydrophilic/hydrophobic characteristics, the maximum IEC of 0.6072 mequiv/g

and cation transport number of 0.6988 were obtained, which is 67% and 72% of polymeric naûon performance,

respectively. In addition, the minimal oxygen mass transfer coeûcient achieved by this approach was equal to

5.62×10−4 cm/s, which is very close to the commercial naûon membrane value. The fabricated PDC composite

membranes meet all the essential criteria required for their use in MFC applications and represent a high po-

tential to overcome limitations of polymeric membrane.

1. Introduction

Renewable energy resources have attracted much attention around

the globe since it was found that the use of fossil fuels contributed to the

global warming [1]. Another serious issue is the shortage of wastewater

treatment facilities, which is often observed in rural areas [2]. Micro-

bial fuel cells (MFCs) represent a possible solution to these problems

due to their ability to simultaneously generate green electricity from

natural resources and perform wastewater treatment using an eco-

friendly approach. Generally, MFCs mimic biological electrochemical

systems, in which bacteria catalyze the oxidation of wastewater inside

an anaerobic anodic chamber and reduction of oxygen in an aerated

cathodic chamber, which are separated by a proton conducting mem-

brane [3–5]. The properties of this membrane strongly affect the mass

transport parameters, ohmic characteristics, voltage, and electro-

chemical performance of the cell. Moreover, the majority of MFC de-

signs utilize polymeric Naûon membranes because of their high proton

conductivity. However, the large-scale application of this technology is

limited by the relatively high costs of these membranes [6,7]. Van-

tanpour et al. reported that the use of sulfonated polyethersulfone

polymeric membranes as the proton-conducting MFC membranes re-

sulted in higher power density, higher chemical oxygen demand re-

moval, and greater columbic eûciency of the cell as compared to the

values obtained using commercially available Naûon membranes [8].

Nevertheless, these polymeric membranes possess low mechanical and

chemical stabilities as well as high permeability for oxygen molecules

[9]. In a recent study, the properties of various ceramic membranes for

MFC applications (including alumina, mullite, pyrophylite, and earth-

enware ones) were compared [10,11], and the power densities of

6.93Wm−3 and 6.85Wm−3 of the resulting MFC systems were

achieved using pyrophyllite and earthenware membranes, respectively.

However, these values were signiûcantly lower than the magnitudes

obtained for the commercial Naûon membranes [9]. Moon et al. re-

ported that the high resistances and low ion exchange capacities (IECs)

of membranes generally decreased the current and power densities of

the fabricated MFCs [12]. Furthermore, the diffusion of oxygen through

the membrane deteriorated the MFC performance due to the interrup-

tion of the anaerobic conditions maintained in the anodic chamber

[13]. Several research groups also found that the IEC, oxygen diffusion

coeûcient, and cation transport number of a membrane represent the

main factors affecting the ultimate performance of the resulting MFC

system [14–16].

Alternatively, a new class of ceramics derived from organosilicon

systems, which is called polymer derived ceramics (PDCs), is char-

acterized by tailored chemical compositions, enhanced surface char-

acteristics, and micro/meso/macroporous structures [17,18]. These
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2. Materials and methods

2.1. Chemicals

Commercial hydrophobic oligomeric methyl-phenyl polysiloxane

powder (Silres®H44, Wacker Chemie AG), monomeric aminopropyl-

triethoxysilane (APTES, ABCR Dr. Braunagel GmbH & Co. KG), mon-

tmorillonite K10 (Sigma Aldrich), phosphomolybdenic acid hydrate

(H3PMo12O40 xH2O, Alfa Aesar), tetraethylorthosilicate (TEOS, Sigma

Aldrich), ethanol solvent, ammonia solution, and water were used for

membrane preparation.

2.2. Preparation of PMA filler

The ûller material was prepared using a method previously devel-

oped by Li et al. [39] with minor modiûcations. First, 1.99 g of qua-

ternary dodecyltrimethylammonium chloride was dissolved in 200mL

of 2.5 M HCl aqueous solution in a 250-mL conical ûask followed by the

addition of 17.83mL of TEOS and 4.69 g of H3PMo12O40·H2O under

stirring at a speed of 800 rpm for 1 h. After that, the mixture was aged

at room temperature for 4 h, separated by ûltration, thoroughly washed

with ethanol, and dried inside an oven at a temperature of 80 °C for

24 h.

2.3. Synthesis of PDC membranes

A scheme of the utilized synthesis procedure is shown in Fig. 1a. The

as-prepared PMA composite or montmorillonite ûller was dispersed in

ethanol for 30min via ultrasonication followed by the addition of a

mixture of H44 and APTES with the subsequent polymerization for 3

days under reûux at a temperature of 70 °C (a solution containing

3.27mL of NH3 in 3mL of water was used as a catalyst). After removing

the solvent, drying, cross-linking in air at 200 °C for 2 h, and grinding

using a high-energy ball mill, the resulting ûne powder was pressed to a

monolithic membrane. The fabricated membranes were pyrolyzed at

temperatures of 400, 500, 600, and 1000 °C under nitrogen atmosphere

(see Fig. 1b). The material compositions and the sample nomenclature

are shown in Table 1.

2.4. Material characterization

The X-ray diffraction (XRD) pattern of the samples was measured

using SEIFERT XRD 3003 research edition, United States. The Fourier

Transform Infrared spectroscopy (FTIR) was measured using Bruker

equinox 55 with ATR unit. The surface morphology of the samples was

carried out by means of scanning electron microscopy (SEM, Camscan

Series 2, Obducat CamScan Ltd, 20 kV). The macroporosity of the

membranes was analyzed using mercury intrusion porosimetry (Pascal

140/440, POROTEC GmbH). The micro and mesoporosity, as well as

the resulting speciûc BET surface areas, were determined by nitrogen

adsorption/desorption isotherms at −196 °C (Belsorp-Mini, Bel Japan

Inc.). The samples were degassed at 120 °C for 3 h as a pretreatment in

order to remove water molecules adsorbed on the surface of the ma-

terial. The surface characteristics of the materials were analyzed by

placing the 0.5 g of dried PDC powder composite material inside a

closed Erlenmeyer ûask ûlled with the solvent (water or heptane, re-

spectively) in equilibrium with its vapor phase at room temperature.

Samples were weighed at the start and end of a 24 h measurement

period in order to determine the vapor adsorption of the material. Later,

the adsorption of solvent was recalculated into mmol/m2 using the BET

speciûc surface of the materials.

2.5. Ion exchange capacity

The ion exchange capacity of the membrane was calculated using

titration method, ûrstly the membrane was equilibrated with 100mL of

materials can be potentially used for electrical energy storage and 
membrane applications including hydrogen separation, membrane ûl-
tration, and adsorption [19–21]. Since the porosity, pore size dis-
tribution, surface characteristics, and ionic conductivity as well as the 
mechanical and thermal stabilities of porous ceramics are directly re-
lated to their ability to perform a desired function in a particular ap-
plication, these parameters must be thoroughly controlled to maximize 
the membrane performance [22–24]. Moreover, all these characteristics 
are strongly inûuenced by the utilized processing route, pyrolysis 
conditions, and additives used for producing porous ceramics [25,26]. 
The porosity of PDC-based ceramics can be tailored by varying the 
pyrolysis temperature or by adding a high surface area material (ûller) 
and/or sacriûcial template [27] to the polymer matrix. The IEC of the 
produced membrane depends on its selectivity and degree of perme-

ability [28]; the former parameter can be improved by tailoring the 
ratio between the hydrophilic and hydrophobic interactions, while the 
latter is typically enhanced by using macropores [25]. However, the 
proton-conducting characteristics of these materials must be improved 
by adding various ûllers to the PDC matrix, which also allows tuning 
the pore structure and promotes its binding ability. Nogami et al. re-
ported that the pore size distribution of a silica material strongly in-
ûuenced its proton conductivity and diffusivity since the transfer of 
protons across the pore surface was realized by hopping water mole-

cules [29]. Li et al. found that porous silica tended to adsorb water 
molecules on its surface, which improved the proton conduction 
properties [30]. According to Gelir et al., the diffusion of oxygen mo-

lecules through a membrane mainly occurs in two steps, which consist 
of their adsorption on its surface followed by the transport through the 
membrane pores [31].

Ghadge et al. reported that the ceramic membranes fabricated from 
montmorillonite-containing red soil utilized as a proton conducting 
ûller exhibited a higher cation transfer number and a lower oxygen 
diffusion coeûcient as compared to those of the commercial Naûon 
membranes, while the maximum power density of the MFCs manu-

factured from these membranes yielded to 7.5 W m−3 [32]. Youseû 
et al. reported that a chitosan/montmorillonite composite coating on 
the commercial ceramic membrane acts as an oxygen barrier layer in 
the ceramic membrane, which improved the performance of MFC [33]. 
A similar approach, the incorporation of montmorillonite into poly-
meric Naûon membranes, increased their proton conductivities and 
minimized the effect of methanol crossover; the maximum power 
output of the resulting PEM was 122% of the magnitude obtained for 
the commercial Naûon 117 membrane [34]. Furthermore, composite 
materials consisting of heteropolyacids and SiO2 were also used as 
conducting ûllers for Naûon membranes. The proton conductivities of 
the resulting materials were one order of magnitude higher than that of 
the commercial Naûon membrane [35–37]. Jiang et al. found that the 
incorporation of various heteropolyacids into a polyether ketone matrix 
increased the ion exchange and water retention capacities of the pro-
duced composite membrane [38].

The objective of this work was to synthesize and characterize in-
expensive porous PDC membranes for MFCs with good proton exchange 
properties. For this purpose, pure polysiloxane-based and composite 
membranes blended with different proton conducting ûllers (including 
montmorillonite and H3PMo12O40/SiO2 (PMA)) were fabricated by 
simple pressing and pyrolysis techniques. The functional properties of 
the as-prepared membranes were evaluated inside a dual chamber tank, 
and their oxygen diffusion coeûcients, mass transfer coeûcients, and 
cation transport numbers were determined and compared with those of 
the commercial polymeric Naûon 117 membrane examined under the 
same conditions.



1M HCl solution for 72 h. After that they were removed from the acid

solution and rinsed with D.I water in order to remove the surface ad-

sorbed ions on the membranes. Then they were transferred to 50mL of

1M NaCl to exchange the H+ to Na+ ions equilibrated for 24 h. After

that, the membrane was removed and the NaCl solution was titrated

with 0.005M of NaOH giving the amount of H+ ions present in the

solution. The IEC was expressed in milliequivalents of H+ per gram of

dry membrane using Eq. (1).

= WIEC (V xM )/NaOH NaOH dry (1)

VNaOH – volume of NaOH solution consumed

MNaOH – molarity of NaOH (0.005M)

Wdry – weight of dry sample

2.6. Cation transport number

Cation transport number (t+) were evaluated using the double

chamber tank, where the anode chamber is ûlled with 0.5M NaCl so-

lution and cathode chamber with 0.005M NaCl solution to create an

osmotic drag concentration gradient. Two identical Ag/AgCl reference

electrodes were used to measure the potential difference between the

closest point of both sides of the membrane and to monitor the potential

difference with respect to time. The t+ value was calculated using Eq.

(2)

= −F CE RT/ (2t 1)ln(C / )v 1 2 (2)

Ev – potential difference at the nearest point of the membrane (mV)

R – gas constant

F – Faraday constant (Cmol-1)

T – temperature (°K)

t – cation transport number

C1 – anode chamber concentration (0.5M)

C2 – cathode chamber concentration (0.005M)

2.7. Oxygen diûusion coeûcient

The D.I water ûlled anodic chamber was continuously purged with

N2 gas for 30min and maintain the anode chamber in the anaerobic

state with oxygen concentration less than 0.02mg/l, whereas the D.I

water ûlled cathodic chamber aerated continuously to maintain the

dissolved oxygen condition closed to saturation. The oxygen con-

centration in the anodic chamber was continuously monitored using DO

probe at regular interval of 15min and oxygen mass transfer and dif-

fusion coeûcient were calculated using the Eqs. (3) and (4), respec-

tively.

= − −v C CK /At ln(C )/o oc oa oc (3)

=D K * Lo o th (4)

Ko – oxygen mass transfer coeûcient (cm/s)

Do – oxygen diffusion coeûcient (cm2/s)

v – volume of the chamber (cm3)

A – area of the membrane (cm2)

t – time (s)

Coc – oxygen concentration in cathode

Coa – oxygen concentration in anode

Lth – thickness of the membrane

Fig. 1. (a) Process scheme of PDC membranes (b) synthesized PDC membranes at different pyrolysis temperature.

Table 1

Prepared membranes, their composition and pyrolysis parameters.

Samples H44 (mol) APTES (mol) Montmorillonite (wt%) H3PMo12O40/SiO2 (wt%) Temperature (°C)

PDC 1 1 0 0 400/500/600/1000

PDC:M20 1 1 20 0 400/500/600/1000

PDC:PMA10:M10 1 1 10 10 400/500/600



3. Results and discussion

3.1. Phase analysis

X-ray diffraction (XRD) patterns of the prepared membranes were

recorded to analyse their crystalline phases obtained at different pyr-

olysis temperatures as shown in Fig. 2a. The XRD pattern of the mon-

tmorillonite K10 mineral indicates that it belongs to the smectite group

of aluminosilicates containing some impurities such as quartz, cristo-

balite, and feldspar, as previously reported in detail by Varadwaj et al.

[40]. Fig. 2a demonstrates that the membranes formed at 400 and

500 °C have the stable structure of a smectite mineral. When the tem-

perature was further increased to 600 °C and 1000 °C, partial and

complete decompositions of this structure were observed, respectively,

followed by the formation of a stable silicate phase. The layered

smectite structure contains aluminate and silicate species with inter-

layer spacing [41], as shown in Fig. 2b. The obtained XRD patterns

reveal that PDC-based materials are amorphous in nature due to the

presence of amorphous carbon and silica in the Si–O–C matrix (even at

the pyrolysis at a high temperature of 1000 °C). The amorphous struc-

ture of Si–O–C is composed of tetrahedrally coordinated SiO4-xCx

(x= 1–4) structural units containing SiO2- and C-enriched regions, as

previously observed by other research groups [42,43]. In a similar way,

the XRD patterns of the PDC:PMA10:M10 based materials show that the

SiOC matrix and PMA ûller are amorphous compounds, whereas the

montmorillonite phase still retains its crystalline structure (see

Supporting information Fig. S1). Zhao et al. found that the addition of

SiO2 ûller increased the thermal stability of the H3PMo12O40 structure

in the temperature region up to 550 °C [39]. The FTIR spectrum of PMA

is displayed in Fig. S2. It shows the four characteristic bands between

1100 and 700 cm−1 (indicating the presence of a Keggin-type structure)

that are centered at 1079 cm-1 (P–O stretching in the central PO4 tet-

rahedron), 957 cm−1 (terminal Mo˭O groups of the exterior MoO6 oc-

tahedron), 881 cm−1, and 796 cm−1 (Mo–Ob–Mo and Mo–Oc–Mo

bridges, respectively). Fig. S3 visualizes the surface morphology of

PDC-1000 membrane and indicates that this ceramic membrane is

porous in nature. This porous nature of the ceramics improves the ef-

ûciency of proton transfer through the membrane in the MFC system.

3.2. Porosity and pore size distribution

The pore sizes of the prepared membranes determined by an Hg

intrusion technique varied from 0.1 to 1 µm, while their degrees of

porosity ranged from 25% to 40% depending on the pyrolysis tem-

perature and ûller composition (see Fig. 3a–c). The average pore sizes

of the pure PDC membranes decrease with decreasing particle size of

the pre-pyrolyzed material, as shown in Table S1. Moreover, the pore

size of the membrane ûrst increases with increasing pyrolysis tem-

perature to 600 °C, but then decreases at a higher pyrolysis temperature

of 1000 °C. This phenomenon is often attributed to the shrinkage of

particles and decomposition of organic molecules present in the poly-

siloxane matrix [27,44]. The PDC:M20–400 membrane exhibits an

average pore size of 410 nm, which is smaller than that of the PDC-400

membrane (620 nm) due to the smaller particle size distribution of

PDC:M20 pre-pyrolyzed powder. On the other hand, the

PDC:PMA10:M10–400 based material has an average pore size of

260 nm, which is much lower than those of the other PDC membranes,

owing to the further addition of PMA ûller, which decreases the average

particle size of the pre-pyrolyzed membrane. In addition, the formation

of mesopores (x= 2–50 nm) was observed for the PDC:PMA10:M10

based membranes, but not for the bare PDC and PDC:M20 ones due to

the presence of micro- and mesopores in the PMA structure. The

membranes containing macropores with sizes as high as 250 nm are

most suitable for MFC applications because of their limited oxygen

permeability and good ionic transport properties. Similarly, Li et al.

concluded that the performance of porous membranes for MFCs was

strongly dependent on their oxygen transfer, cation transfer, and proton

diffusion characteristics, which drastically affected the columbic eû-

ciency and power density of the resulting MFC systems [45]. A porous

ceramic membrane promotes proton transfer due to its high porosity

rather than good ionic conductivity, as previously observed by Winûeld

et al. [46].

3.3. Specific surface area

N2 adsorption/desorption isotherms were obtained to identify the

type of the membrane pore structure and determine its speciûc surface

area. Fig. 4a–b show the Brunauer–Emmett–Teller (BET) isotherms re-

corded for all the as-prepared PDC materials. The PDC and PDC:M20

based membranes pyrolyzed at 400, 500, and 600 °C exhibit type I

Fig. 2. (a) XRD image of PDC:M20 based membranes with respect to pyrolysis temperature (b) structure of montmorillonite clay mineral.



isotherms typical for microporous structures (according to the classiû-

cation of the International Union of Pure and Applied Chemistry). The

sample pyrolyzed at 1000 °C has no micropores, and its speciûc surface

area is low because of the collapse of pores caused by the viscous ûow

at pyrolysis temperatures greater than 500 °C [47]. The surface area of

the PDC-400 material is about 2.5 m2/g, whereas that of PDC:M20–400

equals 112m2/g, which can be explained by the presence of the layered

montmorillonite structure in the PDC matrix (the surface area of pure

montmorillonite is 250m2/g). After pyrolyzing the montmorillonite-

functionalized PDC material at 500 °C, its surface area increased to

428.83m2/g. The further increase in the pyrolysis temperature to

600 °C slightly lowered the surface area due to the partial decomposi-

tion of the montmorillonite structure, as conûrmed by the XRD spectra.

On the other hand, the surface area of the PDC material functionalized

with both montmorillonite and PMA ranged between 88 and 300m2/g

at pyrolysis temperatures from 400 to 600 °C due to the presence of

microporous and mesoporous structures identiûed by the type IV iso-

therms depicted in Fig. 4c. Between 500 and 600 °C, the PMA ûller

starts to decompose simultaneously with the PDC matrix, leading to a

slight decrease in the surface area.

PDC and its composites typically contain micro-, meso-, and mac-

ropores, which strongly inûuence the proton transfer properties of the

produced membranes. Xu et al. reported that the presence of mesopores

in a material enhanced its proton conduction characteristics as com-

pared to those of non-porous membranes [48]. However, the formation

of highly ordered narrow pores also increases the ûux of water mole-

cules and promotes the diffusion of oxygen species, which negatively

affects the long-term performance of MFC systems. Since the ceramic

membranes produced in this work contain a mixture of micro/meso-

and macropores in the SiOC structure, they represent a potential solu-

tion to these problems. The smooth surface characterized by irregular

or non-linear pores that decrease the permeability of oxygen gas and

water from one chamber of the MFC system to another exhibits good

diffusion properties [49].

3.4. Surface characteristics (hydrophilicity/hydrophobicity)

The surface characteristics of the prepared membrane materials for

MFC applications (including their degrees of hydrophilicity) were

analyzed by n-heptane and water vapor adsorption methods, and the

obtained results are shown in Fig. 5a. The amounts of adsorbed vapors

(in mmol m−2) were determined from the changes in the speciûc sur-

face area measured by recording N2 adsorption-desorption isotherms.

When the water/heptane ratio is higher than one, the studied material

is assumed to possess hydrophilic properties (see Fig. 5b). The PDC-

based materials exhibit a higher degree of hydrophilicity with in-

creasing pyrolysis temperature due to the decomposition of the hy-

drophobic methyl and phenyl groups of the polysiloxane (H44) matrix

[50]. Prenzel et al. found that increasing the APTES content in the

polysiloxane precursor made the ûnal pyrolised PDC material more

hydrophilic due to the lower temperature stability of the propylamino

chains of the APTES groups [51]. The water/heptane ratio slightly

decreased after the functionalization of the synthesized PDC materials

with montmorillonite, due to its hydrophobic nature [52,53]. However,

its ratio greater than one were obtained for PDC:M20–600 and

PDC:M20–1000, while their degrees of hydrophilicity were smaller

than those of the PDC-based materials. The PDC:PMA10:M10 material

exhibited a similar hydrophilic nature, while the samples pyrolyzed at

Fig. 3. (a–c) Pore size distribution versus relative pore volume and open porosity curves obtained from Hg-porosimetry histogram of pyrolyzed samples (d) average

pore size and open porosity versus as prepared PDC membrane plots.



500 °C and 600 °C were characterized by the highest water/heptane

ratios as compared to those of the other specimens due to the alignment

of the Keggin H3PMo12O40 structure. The utilized ûller possessed the

ability to retain water molecules inside its micro- and mesopores, which

was consistent with the types of the N2 adsorption isotherms recorded.

3.5. Ion exchange capacity

The IEC values (Fig. 6a) of the PDC:M20 based materials obtained

using a back titration method were higher than those measured for the

PDC-based materials. In contrast, the IEC of the sample pyrolyzed at

1000 °C was relatively low because of the decomposition of its layered

montmorillonite structure containing aluminates and silicates. More-

over, for the PDC:M20–600 sample, a dramatic increase in IEC value

was observed as compared to that of the PDC-600 sample due to the

existence of the montmorillonite structure with negative charges. On

the other hand, the specimens containing montmorillonite and PMA

ûllers exhibited a tremendous increase in IEC after the pyrolysis at

400 oC and 500 °C, whereas the PDC:PMA10:M10–600 membrane

showed a drop in IEC as compared to the values obtained for the PDC-

600 and PDC:M-20–600 samples, owing to the thermal instability of the

PMA ûller. The IEC magnitudes of the PDC:PMA10:M10–400 and

Fig. 4. (a–c) Nitrogen adsorption desorption isotherms of PDC and composite membranes, pyrolyzed at 400, 500, 600 and 1000 °C (d) speciûc surface areas of

pyrolyzed (400/500/600/1000 °C) membranes as determined by nitrogen adsorption isotherm.

Fig. 5. (a) Water and n-heptane vapor adsorption at 25 °C for as prepared membrane materials (b) ratio of hydrophilic and hydrophobic nature for all membranes as

prepared.



PDC:PMA10:M10–500 membranes were ûve and six times higher than

those of the PDC-500 and PDC-400 samples, respectively, and were

equal to almost 68% of the IEC of the polymeric Naûon membrane. The

ion transfer in ceramic membranes is realized via the hopping of pro-

tons between the hydroxyl groups and water molecules adsorbed on the

porous PDC surface, whereas the addition of montmorillonite and PMA

ûllers facilitates the transfer of protons by the presence of charged ions

in their structures [54].

3.6. Cation transport number

The functionalization of PDC with montmorillonite slightly in-

creases its cation transport number (Fig. 6b) as compared to those of the

bare PDC and PDC:M20 materials pyrolyzed at 400, 500, and 600 °C. At

a pyrolysis temperature of 1000 °C, its magnitude decreases due to the

complete decomposition of the aluminate layer in the montmorillonite

structure. In addition, the presence of micro- and mesopores in the

membrane provides better pathways for the diffusion of ions from one

chamber to another. Many researchers concluded that the diffusion of

ions through porous membranes represented a classical problem of

diffusion chemistry [46,48]. The presence of SiOC species in the mon-

tmorillonite structure along with aluminate and silicate species leads to

optimal surface characteristic for MFC applications, which are also as-

sumed to promote the diffusion of ions through the membrane body.

The adsorption of water molecules on the ceramic surface is enhanced

by the negatively charged sites of the layered montmorillonite struc-

ture, which promotes the ion transfer from one MFC chamber to an-

other. The PDC:PMA10:M10 based membrane exhibits a higher cation

transport number as compared to those of the other membranes, due to

the incorporation of PMA ûller into the Keggin structure. According to

Wang et al., this material possesses the ability to retain water molecules

in its mesoporous structure and acts as a proton-conducting ûller even

for polymeric Naûon-based membranes [55]. The higher cation trans-

port number obtained for the sample pyrolyzed at 400 °C resulted from

the alignment of the Keggin shape and mesoporous structure of the

PMA ûller. However, PMA decomposes at temperatures above 550 °C

(even under inert atmosphere), leading to a sharp decrease in the cation

transfer number of the PDC:PMA10:M10–600 sample. The destruction

of the PMA Keggin structure observed at 600 °C and the beginning of

the transformation of the alpha-MoO3 phase decreased the number of

mesopores and thus negatively affected its water-retaining ability [39].

The cation transport number of the composite membrane with mon-

tmorillonite and PMA ûllers pyrolyzed at 400 °C is equal to 72% of that

of the polymeric Naûon membrane, which represents a relatively high

value for MFC ceramic membranes. This phenomenon can be attributed

to the smallest average pore size (260 nm) and highly hydrophilic

surface of this membrane, which presumably promote the transfer of

protons via a proton hopping mechanism, as previously reported by

Nogami et al. [29].

3.7. Diûusion of dissolved oxygen

One of the major purposes of using membranes in MFCs is to pre-

vent the leakage of oxygen molecules from the aerobic cathode

chamber to the anode chamber and maintain its anaerobic conditions.

In this work, the diffusion of dissolved oxygen species through the PDC

membranes was compared with their diffusion through the commercial

polymeric Naûon membrane. This process can be suppressed by tai-

loring the average membrane pore size since its degree of porosity

strongly affects the oxygen diffusion coeûcient [45]. The PDC-600

membrane exhibits a degree of porosity and an average pore size of

920 nm. These values are higher than the values obtained for the other

membranes synthesized in this study. As a result, its oxygen diffusion

coeûcient of 7.06× 10−4 cm2/s is noticeably higher than that of the

PDC:M20–600 membrane (6.86×10−4 cm2/s), owing to the presence

of montmorillonite in the SiOC matrix, which decreases its porosity

degree to 28% and to an average pore size of 510 nm. The pyrolysis

temperature also produces a signiûcant effect on the degree of porosity

and average pore size of the membrane that decreases the amount of

diffused oxygen. For instance, the diffusion coeûcient of dissolved

oxygen obtained for the PDC-400 membrane is 2.41×10−4 cm2/s, and

that of the material pyrolyzed at 1000 °C (PDC–1000) is equal to

1.93×10−4 cm2/s due to the increase in porosity and average pore

size of the ceramic membrane with increasing pyrolysis temperature.

On the other hand, the PDC:PMA10:M10 based membrane pyrolyzed at

500 °C is characterized by the smallest oxygen diffusion coeûcient of

1.68×10−4 cm2/s (as compared to those of the PDC and PDC:M20

based membranes), owing to the changes in the average pore size and

degree of porosity as well as the presence of the PMA Keggin structure.

The mass transfer coeûcient of dissolved oxygen through the polymeric

Naûon membrane is equal to 3.06×10−4 cm/s, which is very close to

the value of 5.45×10−4 cm/s obtained for the PDC:PMA10:M10–500

membrane in this work. The oxygen diffusion coeûcient mainly de-

pends on the membrane thickness; therefore, its value determined for

the thin polymeric Naûon 117 membrane (with a thickness of 170 µm)

was 2 orders of magnitude smaller than those of the ceramic mem-

branes with thicknesses of 3–4mm. The oxygen mass transfer and dif-

fusion coeûcients of the membranes prepared in this work are listed in

Table 2.

4. Conclusion

In this study, PDC composite membranes were synthesized from

Fig. 6. (a) Ion exchange capacity measured for as prepared ceramic membrane compared with naûon (b) cation transport number of ceramic membrane compared

with naûon.

polysiloxane precursor mixed with the montmorillonite and PMA 



proton-conducting ûller materials, and their IEC values, cation trans-
port numbers, oxygen mass transfer coeûcients, and diffusion coeû-
cients were determined. The obtained results revealed that the
PDC:M20–600 and PDC:PMA10:M10–400 based membranes exhibited
better performances as compared to those of the other PDC membranes,
while the IEC value and cation transport number of
PDC:PMA10:M10–400 were equal to 67% and 68% of the magnitudes
obtained for the commercial polymeric Naûon membrane, respectively.
Similarly, a small oxygen diffusion coeûcient of 1.79× 10−4 cm2/s
was observed at an average membrane pore size of 260 nm, which was
very close to that of the Naûon 117 membrane. Therefore, the as-pre-
pared PDC composite ceramic membranes can be potentially utilized as
the separators in MFC systems. Testing the real-scale performance and
wastewater treatment eûciency of the MFCs fabricated from PDC
composite membranes will be conducted in future studies.
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Membranes KO (cm/s) DO (cm2/s) t+ IEC
(mequiv/
g)

Pore
size
(nm)

PDC–400 7.56× 10-4 2.41× 10-4 0.5104 0.1402 630
PDC–500 7.21× 10-4 2.23× 10-4 0.5185 0.1131 590
PDC–600 7.06× 10-4 2.11× 10-4 0.5447 0.2068 920
PDC–1000 7.15× 10-4 1.93× 10-4 0.5985 0.1483 760
PDC:M20–400 5.54× 10-4 1.77× 10-4 0.5233 0.1844 410
PDC:M20–500 5.23× 10-4 1.50× 10-4 0.6378 0.1989 420
PDC:M20–600 6.86× 10-4 2.18× 10-4 0.5999 0.3723 510
PDC:M20–1000 8.20× 10-4 1.97× 10-4 0.5371 0.1006 420
PDC:M10:PMA10–400 5.62× 10-4 1.79× 10-4 0.6988 0.6072 260
PDC:M10:PMA10–500 5.45× 10-4 1.68× 10-4 0.6405 0.5686 340
PDC:M10:PMA10–600 6.88× 10-4 2.06× 10-4 0.5234 0.1516 330
Naûon 3.06× 10-4 5.45× 10-6 0.9680 0.9026 –

Table 2
Physical characterization of as prepared PDC and composite ceramic mem-
branes.
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