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Summary 

The present work concerns a depolarization type bioelectrochemical 
fuel-cell with a bioanode consisting of a Micrococcus ceri f icans/glucose 
resting-cell  system. Its response is interpreted in terms of an oxygen 
supplying zone (electrode) and an oxygen-consuming zone (cellular mass) 
separated by the cell membrane  areas. The influence of the substrate 
and microorganism concentrations in the kinetics of the overall process 
is evaluated, and the max imum efficiency for cell design is discussed. 

Introduction 

Biological fuel cells operate through the contribution of two elec- 
trochemical processes occurring simultaneously in different regions, one 
anodic and the other cathodic, with the participation of a living system 
either in both or in only one of them. The living system consists either of 
a growing cell suspension, or resting cells or an isolated enzymatic  sys- 
tem. 1-8 According to the biofuel cell classification made by GRAY YOUNG 
et al., ~ the depolarization type  bioelectrochemical fuel cell uses either a 
microorganism (growing cell suspension or resting cells) or enzymatic  
systems to depolarize one half-cell  by consuming the oxygen formed at 
the anode while air or oxygen is supplied to the other half cell. 

For biological fuel cell design the determinat ion of the quanti ta-  
tive relationships among the different kinetic parameters  of the bio-  
electrochemical system is required. 8-18 The simplest type  of biological 
fuel cell is the anodic depolarization biological fuel cell where the mi- 
croorganism acts as a chemical depolarizer without  interfering in the elec- 
t rode processes. 7 This type  of cell can be coupled to non-cont inuous 
fermenta t ive  systems. 19-21 
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The aim of the present s tudy is to interpret  the mechanism of a 
biological depolarization type fuel cell in terms of a resistor model involving 
the interdependence of the biological and electrochemical parameters.  
A resting cell system is part icularly suitable for this purpose taking into 
account that  biological variables involved (cell and substrate concentra- 
tion) can be easily controlled. 

Experimental 

The schemes of the H - t y p e  cell and of the auxiliary measurement  
circuits are depicted in Fig. i. The cell is made of Pyrex  glass with ground 
glass joints. The anodic and cathodic compar tments  locate platinized pla- 
t inum electrodes isolated by cellulose acetate membranes.  The black 
Pt  electrodes (ca. lO.5 cm 2 apparent  area) are anodized at 0.2 3 A during 
IO min ill 2 N H~SO4 at room temperature  before each run. The com- 
position of the electrolyte containing the cell suspension expressed in 
g/1 is:  NaC1 (0.2); MgSO4-7H~O (0.2); KH2PO 4 ( I ) ;  K~HP04 (2); 
Na2HPO 4 (I). The electrolyte is buffered at pH 7. 

The cell suspension of the anodic compar tment  is continuously 
pumped at 15o cmS/min through an 02-moni tor ing electrode.22, ~3 The 
potential  vs. current relationships were obtained under constant  load 
discharge conditions. The current  vs. t ime relationships were obtained 
by using a IOOO gl external resistance between the anode and the cathode 
of the electrochemical cell. Under  these circumstances it should be 
emphasized that,  before each run, the working electrode pre t rea tment  
already referred was systematically repeated. Anodic and cathodic po- 
tentials are potentiometrical ly measured against sa turated calomel elec- 
trodes (S.C.E.). The concentrat ion of glucose is evaluated using the o- 
toluidine method and the number  of viable microorganisms is determined 
by plate-counting methods. 

The cells are cult ivated at 30 ~ on agar slant tubes with the ad- 
dition of the electrolyte and yeast extract  (5 g/l), (NH4)2SO4 (1.5 g/l) 
and glucose (4 g/l). After  24 hr the cells are transferred to ERLENMEYER 
flasks under stirring. When the culture reaches the logarithmic region of 
the growth curve (4 to 5 hr), the cells are centrifugated and washed with 
the electrolyte before preparing the suspensions of different concentration. 

The obligated aerobic M . c .  strain is generally grown with insoluble 
carbon sources such as hydrocarbons,  ~4-29 With this media, however, the  
determination of the number  of cells is inaccurate. The M . c .  strain is 
then successfully adapted to grow with soluble carbon sources such as 
glucose in the presence of yeast extract.  A resting cells system without  
the addition of yeast extract  is employed to keep a controlled cell con- 
centrat ion and to avoid turbidi ty  changes of the medium, s~ 
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Fig .  x. 
E x p e r i m e n t a l  s e t - u p  of cell a n d  m e a s u r e m e n t  c i rcu i t ry .  I : Ca lomel  e l ec t rodes  ; 2 : O x y g e n  
i n l e t ;  3 :  N i t r o g e n  i n l e t ;  4 :  C h a r g e  r e s i s t o r ;  5 :  A m m e t e r ;  6 :  P o t e n t i o m e t e r ;  7 :  x - t  
r e co rde r  ; 8 : O x y g e n  p robe  ; 9 : P e r i s t a l t i c  p u m p  ; IO : P l a t i n i z e d  p l a t i n u m  e lec t rodes  ; 
I i  : Cel lulose a c e t a t e  m e m b r a n e s  ; 12 : E l e c t r o l y t e  level.  

Results 

The galvanic cell containing the sterile medium without glucose 
(blank) at tains a residual current  (Io) of c a .  Io aA. In  the presence of 
glucose it decreases to 2 • 0.8 aA remaining at this value for at least 
2 4 hr. Under  these circumstances the open circuit potential  is 0.3 4- 
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o.o15 V (vs. S.C.E.). The electrolyte saturated with 02 at atmospheric 
pressure exhibits at 0.3 V an 02 limiting current equal to IO ~A, which 
is taken as the IOO % 02 threshold. 

The resting cells are then added to the anodic compartment and left 
without glucose for 30 min (Fig. 2). Then, the experiment is initiated 
(t = o) by adding different amounts of substrate to the system and fol- 
lowing the changes of the electrochemical parameters and the O, con- 
centration, the latter decreasing very fast. The current (I) reaches a 
maximum value (I,,) decreasing afterwards linearly when the resting 
cells consume glucose and when the latter is depleted, the current ap- 
proaches exponentially that of the blank. Otherwise, after the glucose 
addition, the concentration of dissolved 02 decreases to a low limiting 
value which depends only on the microorganism concentration and it 

Fig. 2. 
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remains practically constant  as long as glucose is present in the solution. 
When glucose is depleted, the O~ concentrat ion increases to reach ca. 
5o % O2 concentrat ion at 294 min. At this point a new addition of glu- 
cose is made and immediately  a decrease of the 0 2 concentrat ion is ob- 
served again. The anodic potential  decreases as the current  drawn from 
the biocell increases, otherwise, the cathodic potential remains practically 
unaltered. 
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Fig. 3. 
Repeti t ive experiments after successive glucose addi t ions:  ( 0 )  I vs. t ime ;  (O) % OI 
vs.  t ime ; (&) % anodic glucose vs. time. Microorganism concentration : 6 x lO s cell/cm S. 

Experiments  made by adding new amounts  of glucose to the ex- 
hausted medium show that  in spite of the constant number  of cells, the 
e~c iency  of the galvanic cell decreases after the successive glucose addi- 
tions (Fig. 3). This is apparent ly  related to the systematic damage of 
the biological material  during the cell operation which cannot be attri- 
buted to a partial  lysis of the cells. 

The current  drainage through the load resistance increases very  
remarkably  when cells are added to the substrate as compared to the plain 
substrate solution. This clearly shows the importance of the biological 
agent in the performance of the electrochemical cell. Under  each parti- 
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Maximum current (I,,-Io) vs.  glucose concentration. 
(0)  1.4• 8 cell/cmS; O):  1.4• ~ cell/cm s. 
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cular set of experimental  conditions, due to the gradual deterioration of 
the biological system, the maximal current value was taken as a measure 
of the electrochemical cell performance. 

Other types  of experiments are made, namely, those with a con- 
stant  number  of cells and a variable concentrat ion of glucose and those 
with a constant  glucose concentrat ion and different microorganism con- 
centrat ions (Figs. 4-5). To avoid irreproducibil i ty derived from the dif- 
ferent inocula a liquid culture previously obtained from a 24 hr culture 
tube  at 3o ~ is used. Control experiments show no appreciable cell dam- 
age in the diluted media before adding the cells to the bioanode com- 
partment .  

For  a constant  glucose concentrat ion the current maximum and the 
rate of O~ consumption depend directly of the microorganism concen- 
trat ion (Fig. 6). 

After reaching I .... a linear log I vs. t ime relationship is observed 
which holds until  the O~ concentrat ion at the bioanode begins to increase 
clue to glucose depletion. The t ime to at tain the maximum current de- 
pends inversely on the glucose concentrat ion and on the microorganism 
concentrat ion (Table I). 

, \  

 ~ 2:- 
Fig. 6. 
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([~) ~ X Io 8 cell/cm 8 ; (X) 2.9 x IOs cell/cm 8. Init ial  glucose concentration [Go] : 0.363 g %. 
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T a b l e  i .  T i m e  t o  r e a c h  Im c o u n t e d  f r o m  t = o fo r  d i f f e r e n t  g l u c o s e  a n d  ce l l  

c o n c e n t r a t i o n s .  

I n i t i a l  g l u c o s e  Cel l  c o n c e n t r a t i o n  T i m e  t o  r e a c h  Im 
c o n c e n t r a t i o n  

(g %)  ( c e l l s / c m  3) ( m i n )  

0 . 3 6 3  

0 . 3 6 3  
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0 . 3 6 3  
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The current  vs. potential  (I vs. U) plot (Fig. 7) was obtained differ- 
ently from the conventional polarization curves. In this case a constant  
charge resistor (IOOO ~) was used to record the U vs. t and the I vs. t 
displays. The pair of the instantaneous I - U  values were read from the 
U - t  plot and from the I - t  plot at different t. The I vs. U plot, therefore, 
reflects the whole evolution of both the biological and the electrochemical 
systems. Thus, under working conditions the bioanode potential becomes 
more negative than the corresponding equilibrium potential. The I vs. U 
plot apparent ly  shows a predominant ly  ohmic- type  behaviour. The in- 
crease of microorganism concentration shifts the bioanode potential  
towards more negative potentials as it would be expected for a decrease 
of the oxygen concentration due to the presence of the microorganism. 
For  a microorganism concentrat ion lower than 5 • lO7 cells per cm a the 
current depends linearly both on the glucose and on the microorganism 
concentrations (Fig. 8). For glucose concentrations lower than 1.5 g/l, 
I,, also depends linearly on glucose concentrat ion (Fig. 4). At higher con- 
centrations a saturat ion effect is observed indicating that  the bioelectro- 
chemical process is controlled by the microorganism concentration. 

I t  is notewor thy  tha t  the cell response is only achieved whenever 
microorganisms, substrate and oxygen are present. Only under  these 
circumstances the bioelectrochemical reaction takes place. This discards 
the possible discharge of glucose as being the responsible of the cell po- 
tential. ~1 
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Fig.  7. 
Anod ic  po t en t i a l  vs.  I plot .  ( 0 )  m ic roo rgan i sm c o n c e n t r a t i o n :  3 x lO 7 ce l l /cm 8, in i t ia l  
glucose c o n c e n t r a t i o n  [go]:  o.26 g % ; (O)  9 . 6 •  6 ce l l /cm 3 and  o.23 g % ; (A) 7.7XLO 6 
ce l l /cm 3 a n d  o.28g % ; ( + )  9 . 2 •  6 ce l l /cm a a n d  0.6 g % ; ( •  3 . 5 x i o  8 ce l l /cm 3 a n d  
o.19 g %. ([-7) E s t i m a t e d  values.  

Discussion 

The possible kinetic control at the bioanode 

The foregoing results show that  at the bioanode the current output  
involves both glucose and 02 consumption and depends on the cell per 
cm 3 N and glucose concentration [g]. The overall anodic process involves 
the rate of transport  of g and 02 through the different physical and 
biological interfaces. The complementary reaction at the cathode is 
at tr ibuted to the electroreduction of 02. 

From the kinetic s tandpoint  the bioelectrochemical process at the 
bioanode involves three regions, namely, the electrodelelectrolyte inter- 
face acting as the electrochemical 03 supply region, the microorganism 
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Fig.  8. 
C u r r e n t  s u b s t r a t e  c o n c e n t r a t i o n  r e l a t i onsh ips .  M i c r o o r g a n i s m  c o n c e n t r a t i o n  : ( •  2 • Io  e 
ce l l / cm a ; (&) 9.2 to  9.6 • IO ~ cel l /cmS; ( + )  7.7 x lO 6 ce l l / cm s ; (Q)  3 • xo7 ce l l / cms  ; 
( O )  3"5 X 10 8 ce l l / cm 3. 

mass which is the 0 2 consumption region and the cell membranes.  The 
substance itself cannot be considered responsible for the current produc- 
tion because in the absence of the  bacteria practically no current is pro- 
duced. 31 Under  limiting circumstances the anodic process may  be rate 
controlled either b y  the electrochemical reaction or by  the biological pro- 
cess itself. Under  intermediate conditions the cell behaves as an oxygen 
concentrat ion type  cell where the electrochemical reaction at the anode is 
assisted by  a biological agent (M). Thus, 

I/Rx I M' 
2 0 H - + M  --> H 2 0 + - -  0 3 +  + 2 e -  (I) 

and for the cathode" 

I 
- -  O, + H,O + 2 e-  ---> 2 OH-  (I') 

2 

where M yields M' during the anodic reaction and I/R1 represents the 
reaction rate of the anodic step (I) and R1 stands for the specific reaction 
resistance. The lat ter  consists at least of the t ransport  of the reactive 
species from the bulk  of the solution towards  the electrochemical interface 
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at the rate  vl, the proper electrochemical reaction yielding 0 3 at the rate  
v 2, and the t ransport  of reaction products  from the electrochemical in- 
terface outwards at the rate %. If either vl or v3 are smaller than  v2, 
the  rate of the reaction (I) becomes ra te-determining by the t ransport  
of reacting species either from or towards the electrochemical interface22 

The biological process involves the t ransport  of O 3 and g through 
the cellular membrane  to .the interior of the cells. These t ransport  pro- 
cesses occur through the two interfaces of the cellular membrane.  Thus, 
at the outer solutionimembrane interface 03 and g are transferred from 
the solution, namely  : 

IIR~ 
0 3 (solution) ~ 03 (membrane) (2) 

I/Re 
g (solution) -->. g (membrane) (3) 

The t ransport  of g (R4) and O 3 (Rs), through the cellular membrane  is 
produced by  the corresponding concentrat ion gradients across the mem- 
brane. The glucose t ransport  is probably related to a facili tated diffusion 
process.33, 34 At the membrane ]inner solution interface the corresponding 
t ransport  phenomena can be expressed as follows: 

~/Re 
02 (membrane) --~ 02 (cell interior) (4) 

i/Rv 
G (membrane) --> G (cell interior) (5) 

I 
I 

R~ R2 I R4 

I 
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I R 3 R s 

t I / ,' emb oo 1 
I I i n t e r f a c e  I 

I , I 

R6 

R~ 
inner solbtion/I 
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I 

Fig. 9. 
Simple equivalent circuit for the bioanode. 

cell interior 
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Finally, inside the cell, the  g oxidat ion is biologically accomplished. The 
to ta l  biological reaction is :  

I/R8 
g + O~ + Enzimat ic  system --~ Oxidat ion products ,  (6) 

the  reaction products  diffusing o u t :  

~/R9 
Oxidation products  --> Oxidation products.  (7) 

(cell interior) (cell exterior) 

Therefore, the  bioelectrochemical react ion can be conceived as the  sum 
of successive stages which are represented by an equivalent  electrical 
circuit (Fig. 9). The current  ou tpu t  th rough this circuit depends on the 
sum ~ Ri, including R ,  the  internal  galvanic cell resistance. The kinetic 

i 
analysis involves various l imit ing cases which are considered below 
disregarding for the m o m e n t  any ohmic - type  polarization. 

n 

When R1 >> ~ Ri, the  ra te  of the react ion at the bioanode is the  ra te  

determining step and this implies either a net  electrochemical act ivat ion 
control  or a diffusion control  due either to the reacting species or to the 
reaction products .  In  the former case, the rate of either reactions (I) or 
react ion (I') fit the kinetic laws of ac t ivated processes namely  :z3 

Ia = k'A CM x COM y - - 0  exp ( cca l~a R T  .] (8) \ 
o r  

I c = k " A  ( I - - 0 )  P ~  ( 0cF~)RT (9) 

respectively, where k' and k" are formal  rate constants ,  A is the  electrode 
area, the  ~'s ~ are the  charge transfer  overpotent ia ls  referred to the  02 
reversible electrode, the  cr are the transfer  coefficients assisting the  
react ion either in the anodic (a) or in the cathodic (c) direction, 0 is 
the  degree of electrode area available, the c's refer to the concentrat ions 
at  the  electrode surface of the  species indicated by the subindices, p de- 
notes the oxygen gas pressure ad x, y and z are the  corresponding reac- 
t ion orders. The  charge transfer  overpotentials,  in the  case of the  oxygen 
electrode are the  kinetically deciding parameters .  

If R1 ~ ~ Ri, the  resistance of the  electrochemical O z produc-  
i=2 

t ion is smaller than  the resistance of any of those processes involving the  
02 consumpt ion  by the  biological system. Then,  the  metabolic  charac- 
teristics of the  biological species regulates the  O~ level in the  system. 
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Under  quas i -s ta t ionary  state the  amoun t  of 02 generated at  the  electrode 
equals the  amoun t  of 02 incorporated to the  cellular mass. Therefore, 
the  corresponding fluxes, respectively Jo,,= and Jo2,c are equal. Under  
these circumstances the  rate of 02 electroformation can be expressed by 
means of the  simple convective-diffusion equa t ion :  

Jo~,e = Doe co~,r - -  Co..,, 8N = do~,c (IO) 

where Co~,e is the  02 concentra t ion at equil ibrium determining the  bio- 
anode potential ,  CO~s is the  sa turat ion concentrat ion and 8N is the  ap- 
parent  diffusion layer thickness. Independen t ly  of the  controll ing step, 
the  02 and the g fluxes at the outer  solut ion Imembrane interface, at the  
membranel inner  solution interface are equal" 

JR~ = JR~ = JR. ---- JR, • JR 9 (1I) 

These fluxes may  be expressed by an equat ion  such as" 

Ji -~ k iA '  Acl (12) 

where A'  is the  to ta l  membrane  area available which is proport ional  to  
N, and ki is the permeabi l i ty  coefficient of the  /-species 

De ~i 
- ( 1 3 )  

Z 

~vhere Di is the diffusion coefficient at the  membrane  ; ~i is the  par t i t ion 
coefficient, and l is the  average membrane  thickness. 

In  the interior of the  cell, the  combust ion  react ion is a funct ion of 
bo th  the  cellular g concentra t ion and the 02 concentrat ion.  For  the  
overall process, expressed by ds, independent ly  of the  consecutive pro- 
cesses of g incorporat ion and oxidation,  it can be assumed tha t  the  
enzyme system involved in reaction (8) is in the  neighborhood of the  
membrane .  Then, Q,cen = c,,e and the  to ta l  react ion pa thway  can be 
concisely expressed by 

I I 
g + E + - -  0~.-+ g E + - -  02 ~___ E + P r o d u c t s .  (14) 

2 2 

Where E represents  the  enzymat ic  sys tem par t ic ipat ing in the  glucose 
oxidation.  

The  cellular combust ion  fits the  MICHAELIS--MENTEN equa t ion :  

N ds,max C~,e 
,/8 = (15) 

KM + C,~.e 
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where K u  is the reciprocal of a complex affinity constant  involving 
g input and conversion. Hence, under a quasi-s ta t ionary state d 8 = do~ 
and the rate of 02 production at the electrode is controlled by the con- 
version of g to products in the interior of the cell. 

Kinetic interpretation of the cell response 

The s teady current, I, floxing through the cell can be expressed 
either in terms of O 3 production or cellular combust ion:  

N ds.m,x c,,, 
I = n F A  do,  = KM + cg,, (16) 

where n is the number  of charges per mole of reacting species, and F is 
the FARADAY constant. For  the system involving a large N, before g 
addition cg , ,=o ,  d s = o ,  I = o  and eo2c----Co21. After g i s  added, the 
microorganism consumes 02 and an 02 g}adient '~s established. Then I is 
given by : 

I = n F A N  ko2 ACov (17) 

Depending on the amoung of g added, cg.e <> KM. When cg,e >> KM, 
Ira, independently of the g concentration, ds = riB.max and Aco, = const. 
When cg.~ ~ KM, I depends on the g concentrat ion and ,  under  s teady 
state conditions, it is linearly related to cg. 

For a constant N, once g is depleted, a new addition of g implies 
that  the current  again increases to at tain a new steady state. Then, the 
shorter the t ime required for attaining I,,,, the larger the [g]/N ratio. 
For a particular g concentration, the slope of the percentage of dissolved 
02 vs. t ime relationship depends only on N and the slope of the I,,, vs. 
N plot depends on the external g concentration. If the current  output  
is low and the Oz uptake  by the microorganism becomes larger than the 
contribution of the electrochemical reaction the rate is controlled by  the 
dissolved 02 concentration. When N is large, the 0 2 t ransport  from the 
electrode or the g t ransport  to the cellular mass results scanty  influenced 
by the viscosity variation, since the lat ter  enters the k i ne t i c equa t i on  
just with a I /6th  exponent. 82 

A deviation from the linear relationship when N is high m a y  prob- 
.ably be due to a diminution of the active membrane area (A I) by  the 
increasing cell contacts which affects directly the g and 02 transport .  
This effect is part ial ly compensated by stirring. 

The total  overpotential  (~]T) of the working biocell can be expressed 
as the sum of the charge transfer (~]o), concentrat ion (~c) and ohmic 
(~o) overpotentials. For the ohmic cell resistance, however (Re = 1500 ~1), 
the biological fuel cell response depends markedly  on the ohmic over- 
potential. For low values of R~ the current  depends linearly on the  mi- 
~srOOrganism concentration and on the concentrat ion of the oxidizable 
ubstrate.  On the other side, each biological species has its own max imum 
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rate of consumption at a critical concentration. Therefore, to achieve 
such a situation when designing a depolarization type bioelectrochemical 
fuel cell, thece is an optimal cell concentration for which the cell mem- 
brane area restriction by contact between microorganism is avoided. 
For this type of depolarization bioelectrochemical fuel cell the oxidizable 
substrate must produce under its metabolic pathway the larger oxygen 
uptake. 
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