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Abstract

Interpolymer cation exchange membranes have been prepared from the system polyethylene/poly(styrene-co-divinylbenzene) [PE/poly(St-
co-DVB)] by their sulfonation with a solution of chlorosulfonic acid in 1,2-dichloroethane. The membranes have been characterized elec-
trochemically in mediator-less microbial fuel cell (MFC). MFC has workedEspherichia colibacteria with ferrocyanide as an oxidizer.
Real-time voltage and current measurement gave us reliable results. Consequently, it was found that the amount of DVB in the copolymer is
the main factor that determines the electrical efficiency of the membrane.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 2-hydroxy-1,4-naphtoquinone, neutral red, methylene blue)
work much more effectively. Mediators shuttle electrons be-
Inrecentyearsthe interestin renewable energy sources hasween the bacterial cells and the electrode, but there are still
been rapidly grown. Microbial fuel cells (MFC), like other difficulties in using mediators at a commercial scale.
members of fuel cell family, directly convert biochemical The driving force of our MFC is redox reaction of glucose
energy into electricity without the use of combustion. MFC using anEscherichia colias catalyst.
works in mild conditions: room temperature, normal pres- N _
sure, and neutral pH. CsH1206 + 6H 0 — 6COy + 24H" + 24e
Microbial fuel cells use microorganisms as biocatalysts
[1,2]. Microorganisms are capable of metabolizing food to 602 + 24H" 4 24" — 12H,0
provide them with energy. By breaking down the substrate
material through a complex series of stages in respiratory Fe(CNx>~ + e~ — Fe(CN)*~
chain microorganisms store the energy of substrate oxida- ) .
tion. In a typical mediator-less MFC, an anodic electrode po- S€veral types of MFCs have been documented in the liter-
tential is generated when the electrons from the oxidation of 8turé, but only on Nafion membranfis-5]. DuPont devel-

the substrate by microorganisms are available at the electrodé&?Ped the perfluorinated ion exchange membrane Nafion in
(Fig. 1) [3]. In the cathode chamber the oxidant is reduced. the early 1960s during work with General Electric on a fuel

MFCs with the use of mediators (thionine, methyl viologen, cell. The major application of Nafion has been as a separating
membrane in electrolytic cells used to produce chlorine and

sodium hydroxidg6]. Other applications have included its
* Corresponding author. use as asolid polymer electrolyte in fuel c§fifand batteries
E-mail addressmichal.grzebyk@ae.wroc.pl (M. Grzebyk). [8]. The morphology of Nafion has been extensively studied
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Fig. 1. Basic schematic diagram of a mediator-less microbial fuel cell.

using SAXS, and although it is agreed that ion clusters exist
within Nafion[9].

Membranes obtained by chemical modification of the 4
pOIyethylene/pOIy(Styrene-co-dMnylbenzene) mterpOIymer Fig. 2. Schematic diagram of the microbial fuel cell assembly: (1) cell

also have gOOd_ion exchange properties. These I'T!embr"5‘-ne§ody, (2) cation exchange membrane, (3) graphite electrodes, (4) zinc coated
are used for active transport of catifd®], for separation of  screws, and (5) zinc coated nuts.

water—pyridine mixtures by pervaporatifii] as well as for

deacidification of aqueous solutions by means of diffusion ; q < for both sfi vel
dialysis [12,13], Donnan dialysis, and/or Rniak dialysis 0f 0.25 an 0.75s" for . ot ) stirrers, respectively, at 8Q
[14] for 210 min. The resulting interpolymer was then homoge-

nized in an extruder with a screw 45 mm in diameter and a
dength/diameter ratio 20/1, equipped with a rod-forming die.
The extruder temperatures were 180, 185, 195 and 00

Interpolymer cation exchange membranes from PE/poly
(St-co-DVB) system have been synthesized and characterize
electrochemically in mediator-less microbial fuel cell (MFC). ) ]
Microbial fuel cells with interpolymer cation exchange mem- thel, Il, Il and IV barre| heating zones, respectively. The two-
branes can be used in wastewater treatment facilities as pre-Zone head temperatures were both200The extr_udate was
liminary reactors gaining power to maintain further apparatus granulated and then formed into a sheet fqrm Ina hydraulic
in that plant. Highly efficient MFC technology may provide press (pressure 10 MPa, temperature“I5aime 5min).

“green” and cheap source of energy. ) )
2.1.3. Preparation of cation exchange membrane

The interpolymer PE/poly(St-co-DVB) was chlorosul-

2. Experimental fonated at room temperature with a 30vol.% solution of
chlorosulfonic acid in 1,2-dichloroethane for 4 h and then
2.1. Membranes hydrolyzed with a 20 wt.% NaOH aqueous solution for 18 h.
The cation exchange membranes in the sodium form were
2.1.1. Materials thus obtained.

The low-density polyethylene (granulate) was purchased
from Blachownia, Poland. Its viscometrical average molec- 2.1.4. Water content
ular weight was 33kDa and the degree of crystallinity =~ The water contentRy) of the final membrane was deter-
obtained by WAXS-ray analysis was 52wt.%. Styrene Mmined after equilibrating a sample of membrane in sodium
and divinylbenzene were commercial product$\@cim,
Poland). Chlorosulfonic acid, reagent grade, was supply
by Fluka, Switzerland, 1,2-dichloroethane and benzoyl
peroxide were obtained from POCh, Poland.

2.1.2. Preparation of interpolymer PE/poly(St-co-DVB)

The interpolymerization was initiated with 1 wt.% ben-
zoyl peroxide[15]. The two-phase reaction mixture con-
tained 70 wt.% of PE (granular form) and 30 wt.% of liquid
monomers: styrene and divinylbenzene. The proportion of
DVB (crosslinking agent) in the monomer mixture was ad-
justedto obtain 1,5, 10 and 20 wt.%ofandp-isomersin the
aromatic component of the product mixture. The reaction was
carried out in a Werner-Pfleiderer mixer with a stirring rate Fig. 3. Schematic diagram of a measuring system.




Table 1
Membranes characteristics
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DWB content (wt.%) lon exchange capacity Water contenPy, (g/g) Molar concentration of ionic
Z. (mmol/g) groupsCr, (mmol/cn?)
1 2.05 0.830 2.47
5 1.89 0.545 3.47
10 1.63 0.336 4.85
20 0.95 0.193 4.92

Fig. 4. Microdomains (1 wt.% DVB).

Fig. 5. Microdomains (5wt.% DVB).
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Fig. 6. Microdomains (10 wt.% DVB).

form with deionized water at room temperature. The mem- washed free of excess HCI with distilled water and equili-
brane samples were removed from the water and weighedbrated in it to remove last traces of acid. The membrane was
immediately after blotting the free surface water. Then, they then equilibrated with 50 ctnof 0.1 M NaCl solution for
were dried for over 4 h at 10%C. The water content was de- 24 h and its cation exchange capaci®)(was determined
duced from the difference in weight between the wet and the from the increase in acidity, which in turn, was determined
dry membrane in unit gram #®/g dry membrane. by acid titration.

The molar concentration of ionic groupS,{) was deter-

2.1.5. Cation exchange capacity and molar mined from the ratio:

concentration of ionic groups Zcdw
After dipping in pure water, a membrane sample was im- Py
mersed for 1 day in a large volume of 1 M HCI solution to

convert the membrane into'Horm. The membrane was then ~ whered, is the density of water (g/cP).

Fig. 7. Microdomains (20 wt.% DVB).
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2.2. Construction of microbial fuel cells

Microbial fuel cell used in our experiments was made up
of the cell body, cation exchange membranes, graphite elec-
trodes and zinc coated screwsd. 2). The body cell was
cut from poly(methyl methacrylate) and each electrode com-
partment has a volume of 65 mx20 mmx 10 mm. An ac-
tive surface of cation exchange membrane sheet was equal to
13 cn?. Graphite electrodes was used both as anode and cath-
ode rods, diameter — 5 mm — approximated working surface
area~17 cnf. Construction was squeezed by set of zinc-
coated screws and sealed by vacuum grease put between the
body cell plates.

2.3. Preparation of microorganism

E. coli (K12) was bought from Institute of Immunology
and Experimental Therapy in Wroctaw, Poland. It was main-
tained on a nutrient agar plate at@. Each time the ex-
perimental culture was prepared by dissolving 1.5 g of broth
bouillon and 1.8 g of glucose in 100 énof distilled water.

At the end microorganism was added.

Fig. 8. Morphology of membranes®) SO;~ Me* site): (A) PE/poly(St-
co-DVB) with 1 and 5wt.% of DVB; (B) PE/poly(St-co-DVB) with 10and ~ 2.4. Potential and current measurements
20 wt.% DVB and Nafion.
Potential (V) and current (A) of the fuel cell were mea-
sured using a multimeters (Digital Multimeter M-3890D,
Conrad Electronic, Germany) connected to the computer
2.1.6. Structure of membrane through the USB port. Data were recorded digitally using
Transmission electron microscope (Philips EM 301) was control software DMM ProfiLab v2.0, by Electronik-
used to investigate the structure of the obtained membranesSoftware. InFig. 3 was shown diagram of a measuring
Samples for microscopy examination were colored with system. Total resistance of a measuring system amounts
uranyl acetate. Each sample was taken at 36506&gni- approximately 83@ (resistor (R) 33@ and ammeter’s
fication. internal resistance-500%2).
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Fig. 9. Dependence of voltage and current on measurement time (membrane with 1 wt.% of DVB).
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Fig. 10. Dependence of voltage and current on measurement time (membrane with 5wt.% of DVB).
2.5. Procedure 3. Results and discussion

Each cell chamber was disinfected with 70% ethanoland  The cation exchange membranes were prepared from the
purged with distilled water. Before each measurement that PE/poly(St-co-DVB) interpolymer by its shaping followed
operation was repeated at least two times. Next fresh pre-by chemical transformatiofiL5]. It was assumed that the
pared microorganisms were added into the anode chamberpoly(St-co-DVB) in this interpolymer had properties similar
The cathode chamber was filled with 20 mM of potassium to those of a poly(St-co-DVB) copolymer obtained by sus-
ferrocyanide KFe(CN). Both microorganism mixture and  pension copolymerization. It is well known that the amount
potassium ferrocyanide solution was added in approximatedof DVB in the copolymer is the main factor that deter-
amount of 12 cri. Afterwards electrodes were put in cham- mines the structure of ion exchange mater[aB]. In this
bers and connected to the monitoring system. The change inype of membrane, PE serve as the matrix and poly(St-
cell voltage and current was recorded digitally using a com- co-DVB) with sulfonic groups as the crosslinked polyelec-
puter as a function of time immediately after connecting the trolyte. The characteristics of the membranes are shown in
resistor. Table 1
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Fig. 11. Dependence of voltage and current on measurement time (membrane with 10 wt.% of DVB).
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Fig. 12. Dependence of voltage and current on measurement time (membrane with 20 wt.% of DVB).

The ion exchange capacity and the water content of the amount of protons. After 10 h d. coliincubation current
membranes depend on the content of DVB; decrease wherand potential levels are growing rapidly to reach the highest
content of DVB increases. The higher content of crosslinking values at about 21 N65uA, ~50 mV). After 27 h, current
agent produces more chain entanglements and slower diffu-and potential start to drop gently. Membrane with 5wt.%
sion of sulfonic acid into the poly(St-co-DVB) (see Section content of DVB Fig. 10 runs worst of all. After 22 h mea-
2.1.95. Anincrease of DVB content leads to the decrease of sured value starts to rise, just like in previous case. After next
swelling of strong crosslinked polyelectrolyte domains (see 40 h the state of equilibrium is established and after 66 h both
Section2.1.4. The charge density in the membrane is pro- current and potential violently grow. The highest value was
portional to the molar concentration of ionic groups. The obtained after 80 h{30u.A, ~15mV). The membrane con-
membranes with a DVB content of 10 and 20% have values taining 10 wt.% of DVB Fig. 1J) is the most homogeneous
of molar concentration of ionic group higher than with DVB  of all. Almost on the entire length of the graph the values stay
content 1 and 5%. on the same level, except from the period from 22 to 36 h.

The PE/poly(St-co-DVB) interpolymer is known to be a The highest peak is after 29 k80pA, ~25mV). The last
heterogeneous one: microdomains of poly(St-co-DVB) are graph — membrane with 20 wt.% of DVBig. 12 —has more
distributed in the PE matrix. This can be seen on the electroninteresting course. The first changes in its pattern can be seen
micrographs shown ikigs. 4—7 Microdomains of poly(St- after 15h. Then both current and potential steeply grow to
co-DVB) with ionic groups one can see as dark places. A reach the highest values after 36H80 A, ~67 mV). Af-
relation between DVB content in membrane and its struc- terwards in the next 16 h the current and potential drop to a
ture has been observed. After incorporating sulfonic groups stable level ¢16 A, ~14 mV).
into PE/poly(St-co-DVB) interpolymer with 1 and 5wt.% Together with increasing the amount of DVB in mem-
of DVB, strong expansion of the polyelectrolyte domains brane, the higher current and potential peaks are delaying
might cause the polyelectrolyte network to become con- (1wt.% DVB (after 21 h), 5wt.% DVB (after 24 h, concern-
tinuous Figs. 4 and h With a DVB content of 10 and  ing microbial grow phase only), 10wt.% DVB (after 29 h),
20 wt.%, however, such an expansion is very small and poly- and 20 wt.% DVB (after 33 h)). Considering energy yield re-
electrolyte domains are still isolated by the PE matrix; nar- sults from MFC with membranes containing 1 and 20 wt.%
row channels are observe#figs. 6 and Y. Structures of DVB are similar (concerning areas under graphs from 0 to
the interpolymer membranes containing 10 and 20 wt.% of 44 h).

DVB are similar to cluster structure of Nafion membr§@j
(Fig. 8).

A relationship between structure of interpolymer cation 4. Conclusions
exchange membranes and their electrical properties has been
determined. InFigs. 9—-12is clearly visible that electrical In this paper, we develop a prototype microbial fuel cell
properties of the cation exchange membranes are not changusing interpolymer cation exchange membranes from PE/
ing linear with increasing the crosslinking agent. Membrane poly(St-co-DVB) system with different amount of crosslink-
with the least content of DVBHig. 9) passes the largest ing agent. Consequently, it was found that the amount of



328 M. Grzebyk, G. Pmiak / Separation and Purification Technology 41 (2005) 321-328
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electrical efficiency of the membrane. Enzyme Microbial Technol. 30 (2002) 145. _
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8 ; [5] R.M. Allen, H.P. Bennetto, Appl. Biochem. Biotechnol. 39/40 (1993)
or cluster structure of the material. The high molar concen- 27.
tration implies the high charge density that in turns is mostly [6] S.C. Stinson, Chem. Eng. News 60 (1982) 22.
responsible for co-ion (ion with the same sign as fixed ionic [7] A. Parthasarathy, C.R. Martin, S. Srinivasan, J. Electrochem. Soc.
groups of membrane) exclusion from the membrane phase. 138 (1991) 2247..
In conseguence, the selectivity of ion exchange membrane is [8] R.S. Yeo, D.T. Chin, J. Electrochem. Soc. 127 (1980) 549.
. g ! y 9 [9] T.D. Gierke, G.E. Munn, F.C. Wilson, J. Polym. Sci.: Polym. Phys.
improved. Moreover, the cluster structure of membrane has ~  gq. 19 (1981) 1687.
a vital effect on transport properties of membrane. [10] G. Pdniak, W. Trochimczuk, Environ. Prot. Eng. 16 (1990)
The membrane with only 1% DVB is permeable to pro- 103. o '
tons, which are transported through water phase (the higherf1] \é\; E(ltgg‘;")s';'é;- Pdniak, Q.T. Nguyen, J. Neel, Sep. Sci. Technol.
wat.er content) and eXpanded. parts of polyelectrolyte do- [12] G. Pa&niak, W. Trochimczuk, Angew. Makromol. Chem. 92 (1980)
mains. Thus, the weakly crosslinked membrane may be con- 155
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