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The kinetic parameters of ferrous iron oxidation, covering both lag and growth phases at low pH, were determined
using a free suspended culture of the bacterium Leptospirillum ferriphilum. A mathematical model was developed to
simulate the dynamics of a continuous bioreactor used for operation of a novel hybrid Fe(II)/Fe(III) redox flow fuel cell
system. By changing the current load within a predefined range, three runs were performed to predict time-varying
ferrous iron concentration, bacterial cell concentration, and pH as the major output variables of simulation program.
The model was experimentally validated through three runs. It was found out that the key variable in dynamic analysis
of the bioreactor was the current load applied. To optimize the bioreactor and the fuel cell conditions for a normal-
steady-state operation, the optimal current profile for a transient phase was determined. A selected optimal policy was
also implemented and validated during the mini-pilot-scale system experiments. VC 2013 American Institute of Chemical

Engineers AIChE J, 59: 1844–1854, 2013
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Introduction

The past few decades have seen an ever growing interest
in the development of novel energy technologies in two
major directions: finding energy sources alternative to fossil
fuels and increasing the efficiency of the energy conversion
from the available primary energy sources. Fuel cells are a
good example of the latter approach—the energy of the
chemical reaction between a fuel (e.g., hydrogen) and an
oxidant (typically oxygen or air) is directly transformed into
electrical energy in an electrochemical device, similar to a
battery. The fuel is continuously oxidized at an anode,
releasing electrons that flowing through an external circuit to
produce electricity and to reduce the oxidant at the cathode.
Because there are no moving parts or intermediate stages in
conversion of the chemical energy, the efficiency of a fuel
cell can be much higher than that of heat engines, for exam-
ple, microturbines. At the same time, the major disadvantage
of fuel cells is the fact that the electrochemical reactions
occurring therein require the presence of a catalyst or opera-
tion at elevated temperatures. In contrast, a redox flow cell
is a device with a similar construction that uses a spontane-
ous electrochemical reaction between paired redox couples
with a large redox potential difference, such as Fe21/Fe31

and Ce21/Ce31. External energy can be used to regenerate
the cathodic and anodic reagents; therefore, redox flow cells
are typically used as energy storage devices. However, if a

suitable fuel and/or oxidant are used for the regeneration
purposes, the redox cell will work as an indirect fuel cell.
The system, discussed here, is a hybrid between a fuel cell
and a redox flow cell: hydrogen gas (H2) is oxidized at the
anodic side (Eq. 1), while ferric iron is reduced at the
cathodic side (Eq. 2), which works as a redox flow half-cell
based on the ferric-ferrous iron (Fe31/Fe21) redox couple.
The cathodic and anodic compartments are separated by a
polymer electrolyte membrane (PEM). The catholyte (iron
sulfate solution in sulfuric acid, pH �1.0) is regenerated in
an external bioreactor using atmospheric oxygen with the
help of iron oxidizing bacteria (Eq. 3).

At the anode : 1=2H2ðgÞ ! H1
ðaqÞ1e2 (1)

At the cathode : Fe31
ðaqÞ1e2 ! Fe21

ðaqÞ (2)

Catholyte regeneration

2Fe21
ðaqÞ11=2O2ðgÞ12H1

ðaqÞ ������������!ðIron oxidizing bacteriaÞ
2Fe31

ðaqÞ1H2OðlÞ

(3)

The thermodynamic characteristics of all reactions taking
place in the hybrid fuel cell system are discussed in Support-
ing Information, Appendix A.

The iron oxidizing bacteria are autotrophic microorgan-
isms that use atmospheric carbon dioxide as their sole carbon
source and the ferrous iron oxidation (Eq. 3) for their energy
supply. In the course of the oxidation process, the bacterial
cells constantly divide and biomass is accumulated. The
overall system—a hybrid between a fuel cell and a redox
cell (redox fuel cell) with an integrated bioreactor—has been
previously described by Karamanev et al.1,2
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In the last decade, a significant effort has been made on
modeling and simulation of PEM fuel cells. Several one-
dimensional (1-D), 2-D, or 3-D theoretical as well as semiem-
pirical models have been developed to study the dynamic
or steady-state characteristics of PEM fuel cells, applied
mostly in automotive power systems or stationary power
plants. These approaches have been recently reviewed.3–5

Overall, the performance of PEM fuel cells is mainly limited
due to overpotential losses and is evaluated by voltage-
current density outcomes under different conditions (e.g., tem-
perature, composition and flow rate of streams, pressure, cath-
ode and anode porosities, catalysts, channel configuration, and
humidity). To implement these developments within the
described redox fuel cell, a working model of the cathodic re-
dox half-cell needed to be developed, in which the rate of the
ferric iron reduction (Eq. 2) is determined by the electrical
current withdrawn from the system. It means that the limiting
reaction can be considered the catholyte regeneration (Eq. 3),
that is, the biological ferrous iron oxidation in the bioreactor.

The kinetics of the biological ferrous iron oxidation has
been intensively studied for different species, modes of oper-
ations, and conditions of cultivation. At present, the most
important iron oxidizing bacteria are considered to be Acidi-
thiobacillus (At.) ferrooxidans and the species belonging to
the genus Leptospirillum (e.g., L. ferrooxidans, L. ferriphi-
lum).6–8 The Leptospirillum species generally have slower
growth rates, but tolerate lower pH and higher redox poten-
tial of the medium,7 which makes them more appropriate for
the purpose of the electrochemical system, described above.

Regarding the modeling of the biological ferrous iron oxi-
dation, we used the electrochemical-enzymatic model.9 This
model is derived from first principles and it accounts for
both the ferric and ferrous iron concentrations, but it does
not cover other factors, such as the temperature and pH
effects. In general, those effects are specific to the individual
species or even strains of bacteria, and depend on the mode
of operation: continuous or batch, with freely suspended or
immobilized microorganisms. For example, the temperature
effect on the cultivation of L. ferriphilum has been examined
by several groups, and the optimal temperature for cultiva-
tion has been found to vary between 37 and 40�C.10–12 The
bacterial strain, used in our system, has already been kineti-
cally examined under identical cultivation conditions by our
group.13 These findings were used in the overall modeling.

The difference between the rates of electrochemical ferric
iron reduction and the biological regeneration (Eqs. 2 and 3)
determines the ratio between the ferrous and ferric iron in
the system, and hence the redox potential (Eh) of the solu-
tion (Eq. 4)

Eh5E02
RT

nF
ln
½Fe21�
½Fe31�

(4)

where E0 is the conditions-dependent formal redox potential,
R is the universal gas constant, T is the absolute temperature,
n is the number of electrons exchanged in the reaction, and
F is the Faraday constant; [Fe21] and [Fe31] denote the
ferrous and ferric ion concentrations, respectively.

The formal potential for the ferrous/ferric system at pH
�1.0 (in sulfuric acid) remains nearly constant, around 0.67
V vs. standard hydrogen electrode (SHE).13 However, the
redox potential of the catholyte can be much higher,
approaching 1.00 V vs. SHE.7 This value is slightly lower
than, but comparable to the standard redox potential of the

oxygen reduction reaction (Eq. 5), which is 1.23 V. The
difference accounts for the energetic needs of the bacterium
and thermodynamic losses.

O2ðgÞ14H1
ðaqÞ14e2 ! 2H2OðlÞ E051:23 V vs: SHE (5)

The redox potential of the catholyte determines directly the
voltage of the electrochemical cell and, ultimately, its
efficiency and power output. Therefore, optimal operation of
the redox flow fuel cell will require a high and constant redox
potential, that is, low and constant ferrous iron concentration.
The maximum potential, as aforementioned, is limited by the
energetic requirements of the bacterial cells. A second limita-
tion from the biological system comes in the need of main-
taining the pH within a narrow range. Very low pH can
inhibit or completely deactivate the iron-oxidizing bacteria,
whereas high pH promotes formation of biogenic ferric pre-
cipitates, such as jarosite, (K, NH4, H3O)Fe3 (SO4)2(OH)6. In
addition, increased pH decreases the diffusivity of the ferric
iron and hinders the cathodic process likely due to formation
of polyatomic complexes.14 The latter restriction is particu-
larly important for operation under transient conditions: as
seen from reactions (2) and (3), protons are involved in the
processes, so the pH decreases when the ratio between ferrous
and ferric iron increases and vice versa. For this reason, ther-
modynamic prediction of the pH of the solution during tran-
sient operation will also be included in the final model of the
system.

Considering the aforementioned, the current work was
aimed at the development of a mathematical model capable
of predicting the effects of a current drawn from a fuel cell
on dynamics of the bioreactor and catholyte composition,
and, finally, evaluation of the model by performing simula-
tions and using real data.

Model Development

Ionic speciation and pH of the catholyte

Thermodynamic modeling of the ionic speciation of
the catholyte solution was used to predict the changes in pH
during the operation of the system. The model details can
be found in Supporting Information (Appendix B: pH
Modeling).

Kinetic model for the ferrous iron oxidation

For microbial processes, the exponential growth phase of
batch cultivation can typically be modeled using the Monod
equation. However, the biological iron oxidation involves an
electrochemical equilibrium at the surface of the microbial
cell membrane and, therefore, the applicability of the Monod
model is not straightforward. A few models have been devel-
oped for such an oxidation reaction and reviewed by Ojumu
et al.15 In our view, electrochemical-enzymatic model9

developed for A. ferrooxidans is the most complex and com-
plete model; it is based on the enzymatic and electrochemi-
cal equilibria at the surface of the cell membranes of the
iron-oxidizing microorganisms. The model gives the follow-
ing relationship for the specific ferrous-iron oxidation rate

qs52
1

X

d½Fe21�
dt

5
qmax 2K2

½Fe31�
½Fe21�

11KS
1

½Fe21�1K1
½Fe31�
½Fe21�

(6)

where qs and qmax are the specific and the maximum specific
ferrous iron oxidation rates, respectively; X is the bacterial
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cells concentration; and K1, K2, and KS are the kinetic
constants of the model that have to be determined using
experimental data. Assuming a constant biomass yield coeffi-
cient, Y, the specific growth rate, l is given as

l 5
1

X

dX

dt
5 qs � Y (7)

Using a previous kinetic study of the same species of L.
ferriphilum,13 the mean oxidation rate was determined to
change linearly with pH within the range of 0.7–1.1. The lin-
ear variation can be related to a change of the maximum
specific oxidation rate

qmax 5 aðpHÞ1b (8)

where a and b are the constants that have to be estimated
from the experimental data obtained in that study. Further, it
was shown that during batch cultivation, various lag times
were observed within a predefined range of pH and total
iron concentration. During the lag phases, ferrous iron bioox-
idation did occur and it proceeded with an almost constant
rate showing very low cell division rate. In contrast, during
the exponential growth phase, strictly growth associated
ferrous iron biooxidation was seen and the yield coefficients
for each run were mainly constant.13 Such variations should
be included in kinetic study to analyze the process under the
unsteady-state conditions.

In a batch operation mode, the conservation equations for
bacterial cells and the ferrous iron concentrations can be
written as

dX

dt
5 ð12e2ktÞlX (9)

d½Fe21�
dt

5 2
1

Y
lX (10)

The right-hand side of the bacterial cells concentration
balance is multiplied by ð12ektÞ term, representing the con-
tribution of the lag phase in the cell growth rate. In this
term, t is the time and k represents reciprocal of a time con-
stant (s) for the lag phase, which describes how fast the lag
phase moves toward the cell growth phase. At early stages
of operation, the term is close to zero resulting in a very low
cell division rate; whereas, for t � 3s, the term approaches
unity, representing the exponential growth phase of cell
growth. The results from the previous study can be inter-
preted to show that the value of k was a function of initial
pH (pHo) and initial ferrous iron concentration (½Fe21�o).
The following empirical equation relating the above parame-
ters provided the best fit to our experimental results

k5cðpHoÞ
dð½Fe21�oÞ

f
(11)

where c, d, and f are the constants that should be estimated.

Dynamic model development of the integrated
bioreactor-redox flow cell system

The major equations, describing continuous bioreaction dy-
namics, include the bacterial cells and ferrous iron balances.
Assuming a well-mixed system (the output concentration and
the concentration within the system are equal), constant volume,
and constant temperature, the following equations can be written

dX

dt
5ð12e2ktÞlX (12)

d½Fe21�
dt

5
v

V
ð½Fe21�in2½Fe21�Þ2 1

Y
lX (13)

where V and v are the volume of the bioreactor and the
recirculation rate of the solution through the fuel cell,
respectively. The input and output terms of the bacterial cells
balance equation are assumed to be equal (no growth in cir-
culation lines and the fuel cell); whereas, the difference
between the input and the output terms of ferrous iron con-
centrations can be related to the electric current, I, generated
by the fuel cell

vð½Fe21�in2½Fe21�Þ53600
IMFe

nF
(14)

where n, F, and MFe are the number of electrons participat-
ing in the electrochemical reaction (n 5 1 in our case), the
Faraday constant, and the molar mass of iron, respectively;
3600 is the conversion factor for the time unit. Substituting
Eq. 14 in Eq. 13 results in an equation in which ferrous iron
concentration changes within the bioreactor are independent
of the recirculation rate and is a function of an applied cur-
rent load. In fact, at constant current, an increase in the
recirculation rate decreases the fuel cell outlet ferrous iron
concentration, but the molar rate of ferrous iron addition into
the reactor remains constant.

Because the total iron concentration, [Fe]t, and the volume
are constant, the ferric iron concentration can be calculated
as follows

½Fe31�5½Fe�t2½Fe21� (15)

Limitations of the model

According to Penev and Karamanev,13 the optimal biooxi-
dation and cell growth rates can be achieved within the pH
and temperature ranges of 1.05–1.80 and 38–42�C, respec-
tively. Our experience, however, shows that working at such
pH conditions leads to precipitation of ferric iron complexes
in the bioreactor, causing problems such as scaling and clog-
ging. Although, as expected, both rates decreased linearly,
no solid particles formation was observed at varying pH
within 0.70–1.05 range, which was chosen for the experi-
ments described here.

Carbon dioxide and oxygen availability in the bioreactor
solution are other limitations, which may need to be consid-
ered in the modeling approach. Recently, it has been shown
that for L. ferriphilum cultivated under similar conditions:
freely suspended in a well-mixed reactor, the CO2 supply
with atmospheric air is sufficient.16 The dissolved oxygen
concentration depends on the solution composition, tempera-
ture, aeration method (distributor type), and the air flow rate.
Even under optimal bioreactor conditions, the oxygen mass
transfer could limit the maximum current obtainable from
the hybrid electrochemical cell. The limitations were investi-
gated in a series of experiments performed in our mini-pilot-
scale system. The results showed that the bioreactor could
handle a maximum of 1.0 A current load per 1.75 L of bio-
reactor volume. For the loads higher than the maximum
value, the oxygen mass transfer becomes the limiting process
of the system, which results in a decrease in biooxidation
rate, an increase in ferrous iron concentration, and a decrease
in pH of the catholyte. In turn, these changes further inhibit
the biological iron oxidation reaction and, ultimately, make
operation of the system unstable with a positive feedback

1846 DOI 10.1002/aic Published on behalf of the AIChE June 2013 Vol. 59, No. 6 AIChE Journal



mechanism in action. Therefore, for the purpose of this
study, the pH range and the maximum current drawn were
necessarily limited to the values declared above. The solu-
tion temperature was kept within the range of 39–40�C.

Since the recirculation rate of the catholyte through the re-
dox flow fuel cell may affect its performance by causing
concentration polarization that was maintained (for all the
fuel cell types used) at such a level to provide a catholyte
residence time in the electrochemical cell �1.75 s.

Materials and Methods

Bacterial culture and growth media

The main source of the microbial culture, L. ferriphilum,
was provided from acid mine drainage of Iron Mountain
Mine (Redding, CA), and has been cultured in our laboratory
since 2005. Solutions with required total iron concentration
were prepared by dissolving an appropriate mass of analyti-
cal-grade FeSO4.7H2O in deionized water, and then pH was
adjusted with concentrated H2SO4. A solution containing
(NH4)2SO4, K2HPO4, MgSO4�7H2O, and KCl was added to
the system to get a final concentration of 0.40, 0.05, 0.10,
and 0.01 g/L in the bioreactor liquid for each salt,
respectively.

Analytical methods

A transmitted light optical microscope Axioskop 40 (Carl
Zeiss, Germany) with 10003 magnification equipped with a
camera and image acquisition software was used to deter-
mine the cell concentration through direct manual counting.
For the cell concentrations less than 231010 cell/L, cell
numbers were counted directly in a sample taken from the
bioreactor. Otherwise, the sample was diluted 2–6 times and
then cells were counted. An average of 10 counts from pic-
tures taken in different spots on a microscope slide was con-
sidered to be an average microbial cells concentration in the
bioreactor liquid. The absolute error of a counting method

was expected to be 43109 cell/L in the range used in this
study.

Following the same procedure described by Penev and
Karamanev,13 UV-vis spectrophotometery (Cary 50, Varian)
was used for the determination of total iron and ferric iron
concentrations of less than 0.15 g/L. Otherwise, the ferrous
iron concentration was determined by titration with 0.1 N
K2Cr2O7 (VWR International, Canada) in �10% sulfuric
acid and using N-phenylanthranilic acid (Sigma Aldrich,
USA) as a potentiometric indicator. The ferric iron, on the
other hand, was titrated with EDTA (Sigma Aldrich) in an
acetic acid-sodium acetate buffer (pH �4) in the presence of
5-sulphosalicylic acid (Caledon Labs, Canada) as a
complexometric indicator. The difference between total and
ferric iron concentrations presented the ferrous iron
concentration.

Orion Benchtop meter (Thermo Scientific) equipped with
an Orion Ross

VR

combination pH electrode with built-in tem-
perature sensor was used to measure pH of the solution with
the accuracy of 0.01. The dissolved oxygen concentration
was occasionally measured with an Orion dissolved oxygen
probe (Thermo Scientific).

Experiments

The data from the kinetic study on the ferrous iron biolog-
ical oxidation carried out in a circulating bed bioreactor13

were used for finding the parameters of the kinetic model
described in the previous section. All other experiments
regarding simulation and optimization sections of this work
were carried out in a setup, schematically shown in Figure 1.
An acid-resistant vessel was used as the bioreactor. Aeration
and gentle mixing were achieved by sparging pressurized air
through the bioreactor liquid. Throughout the experiment,
the dissolved oxygen concentration ranged between 50 and
30% saturation (�3–2 mg/L). The solution temperature was
maintained at 40 6 0.5�C by circulating the heated water
through an acid resistant coil immersed in the solution (not
shown in the figure for simplicity).

Figure 1. Experimental setup of bio-fuel cell system.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Besides being mechanically robust and resistant to
strongly oxidizing solutions containing ferric iron used at the
catholyte, the membrane, as a core component of the hybrid
fuel cell, must possess high proton conductivity. The effect
of such solution on the proton conductivity of some proton
exchange membranes was previously investigated by our
group.17 The contamination of proton exchange membranes
such as Nafion (DuPont, USA) in the presence of iron ions
was reported. However, a bipolar proton exchange mem-
brane Selemion HSF (Asahi Glass Company, Japan) had the
highest proton conductivity as well as showed the lowest
sensitivity to contamination by iron ions in the acidic media.
There was also no membrane fouling observed thanks to the
design of the electrochemical cell and specifics of attachment
of acidophilic bacteria to surfaces.18 Thus, the Selemion
HSF was used to separate the anodic and cathodic half-cells.
Three different configurations provided with 16, 100, and
400 cm2 effective electrodes working area for the hybrid
cell. A variable flow rate pump was used to circulate the
bioreactor solution through the cathode compartment. The
hydrogen pressure in the anodic compartment was kept
constant at 35 kPa (gauge) through a controlled supply of
ultrapure hydrogen (grade 5.0) and recirculated through a
condenser at flow rate of 15 L/min to remove any water that
would pass through the membrane. The current, drawn from
the redox flow fuel cell, was adjusted and controlled using
DC electronic load (Chroma 6314, USA) through an open-
loop control strategy. The voltage corresponding to the
drawn current was also monitored.

To test and fine-tune the newly developed model, a series
of experiments were performed in the operational hybrid re-
dox flow fuel cell system, using reactors of different sizes
(22 and 55 L). The bioreactors were started in a batch mode,
using 40 g/L total iron concentration at pH from 0.7 to 1.0.
Once all the ferrous iron got converted into ferric iron, the
bioreactor solution started to be circulated through the fuel
cell. Altering the fuel cell current load allowed to adjust the
incoming concentration of ferrous iron into the bioreactor.
At the onset of each run, the following initial parameters
were measured: total and ferrous iron concentrations, bacte-
rial cells concentration, pH, as well as the corresponding
open and short circuit voltages, and the short circuit current
of the fuel cell. At a start-up of the system, the DC elec-
tronic load was set at an open circuit mode and the catholyte
was started to be circulated through the cell. Once the fuel
cell voltage had stabilized, the selected current load, at t 5

0, was implemented using the constant current mode of the
electronic load. For t > 0 in different time intervals, samples
of the liquid were taken from the bioreactor and the varia-
bles required for the further analysis were measured. During
the operation of the hybrid cell, water losses were observed
due to evaporation from the bioreactor and passage of water
through the cell membrane. For this reason, an appropriate
amount of deionized water, if necessary, was added to the
bioreactor to compensate for those losses. In all cases, no
iron was detected in water that had penetrated through the
membrane.

Mathematical solver package

All technical computing was performed in MATLAB
VR

environment. Required MALTAB codes were written to
solve the described modeling equations in all stages. The set
of linear and nonlinear equations were solved by using the

fsolve command (Gauss–Newton algorithms with line-search
method), whereas the ode45 command (explicit Runge–
Kutta) was applied to solve the set of ordinary differential
equations. Optimization of all constrained nonlinear multi-
variable functions was done using the fmincon command
(iterative method using a sequential programming to solve a
quadratic programming subproblem and estimating Hessian
at each iteration).

Results and Discussion

Kinetic parameter estimation

The equations describing the batch bioreactor dynamics are
Eqs. 6-15. Their simultaneous solution gives the microbial
cells and ferrous iron concentrations for both the lag and
exponential growth phases. Through an optimization method
and a simulation program, the predicted data corresponding to
experimental data can then be applied to estimate the
unknown coefficients of K1, K2, KS, Y, a, b, c, d, and f. The
error (ei;j) between the jth value of ith measured variable (yi;j)
and its corresponding simulated value (~yi;j) is defined as

ei;j 5 yi;j 2 ~yi;j (16)

An objective function for the optimization method can be
defined in such a way to minimize the sum of the square
errors (model residuals). An important issue in formulation
of the objective function is the scaling of the variables.
Particularly, the measurement errors in the cell counting are
much higher than those associated with the ferrous iron con-
centration determination. In general, the optimization on its
own cannot recognize the order of magnitude, dimensions,
accuracy of a value measured, and importance of each vari-
able; hence, an objective function without proper scaling or
weight factors may results in excessive sensitivity toward
one variable (e.g., cell concentration) while ignoring other
variables (e.g., ferrous iron concentration). Thus, the
weighted least-squares method was used to overcome such
problems. In this study, the weight factors were first scaled
to bring the measurements of errors for both variables to the
same order of magnitudes and then determined on a relative
scale due to measurement precisions of cell counting and
ferrous iron concentration described in pervious sections.

min
h

UðhÞ5
XNm

i51

XNi

j51

xi;je
2
i;jðhÞ

subjected to Eqs: 9–18

hL � h � hU

where Nm is the number of variables and Ni is the number of
measurements of each variable; h and xi;j denote the param-
eter vector and nonnegative weight factor, respectively. In
the optimization program, the latter was chosen small for
variables measured on a large scale or measured with lower
precision (e.g., cell counting). Otherwise, it was chosen
large. Two variables—ferrous iron and bacterial cells con-
centrations—were included in the objective function. The
modeling objective was to find a set of kinetic parameters
that minimizes the square of errors between the measured
and simulated values for the ferrous iron and the bacterial
cells concentrations, subject to constrains imposed by the
model equations and known boundaries (hL and hU) of the
parameters for better and faster convergence.
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For the estimation of the kinetic parameters, we used four
of the five data sets from our previous kinetic study of the
microbial ferrous iron biooxidation.13 The last data set was
applied to validate the developed model. The obtained esti-
mates are presented in Table 1 and compared with the
parameters determined by the previous study. The most
interesting result of the simulation is the K2 value. It is esti-
mated to be zero, a value that was postulated in our previous
work.13 Also, the predicted coefficients for k (Eq. 11) show
that the initial pH has greater influence on the lag phase than
the initial ferric iron concentration.

The measured and simulated ferrous iron and bacterial
cells concentrations are presented in Figure 2. For all data
sets, the experimental and simulated ferrous iron concentra-
tions are in a very good agreement for both lag and growth
phases. However, small discrepancies are observed in the
case of bacterial cells concentrations, which can likely be
related to the corresponding weight factors applied for the
less reliable experimental data, associated with cell counting.
The ferrous iron and bacterial cells concentrations for the
fifth data set was used to validate the model (see Figure S1
from Supporting Information, Appendix C). A reasonable
agreement between the experimental and simulated values is
observed for both phases as well.

Assuming zero value for the K2 parameter as well as an
average value for qmax (with no pH dependency), Penev and
Karamanev13 used a different approach to estimate the
kinetic parameters only for the exponential growth phase;
the lag phase was estimated by a linear function separately.
For a comparison, their estimates are presented in Table 1.
The observed differences in KS, qmax, and Y parameters may
be due to the different approach, taken in that work.

In general, the good agreement between the simulated
and experimental data indicates that the model is well-
defined.

Simulation

Model Solution. Once the coefficients of the kinetic
model (Eqs. 6–8) as well as the k equation (Eq. 11) for the
lag phase were well-defined, the pH modeling (see Support-
ing Information, Appendix B) and Eqs. 6–15 were applied to
simulate the dynamics of a continuous bioreactor for any
current loads within a studied range. Before the simulation
runs were executed, the microbial cells, ferrous iron, and
total iron concentrations as well as pH of the solution were
measured. The sulfate concentration, [SO4

22], was unknown,
but it could be calculated using the measured initial condi-
tions and the total charge balance equation (Eq. S10 from
Supporting Information, Appendix B: pH Modeling).

Finding the sulfate concentration required solving a com-
bination of linear and nonlinear algebraic equations (Eqs.
S1–S12 from Supporting Information, Appendix B: pH Mod-
eling) simultaneously in an iterative procedure. The proce-
dure was repeated until the difference between two consecu-
tive iterations for the summation became less than 1 3 1024

mole=kgwater. Then, the calculated sulfate ions concentration
and the summation of concentrations were saved for further
calculations.

For t > 0 and constant electrical current loads, the explicit
Runge–Kutta method was applied to solve Eqs. 12–14 and to
predict the bacterial cells, ferrous iron concentrations, and
pHs at any step size within the time interval [t0, tf]. First,
the pH value, at a particular step size, was estimated by
solving the combination of linear and nonlinear algebraic
equations (Eqs. S1–S12 from Supporting Information, Ap-
pendix B: pH Modeling) simultaneously. Then, the estimated
specific growth rate was used to determine the bacterial cells
and ferrous iron concentrations for the next step size.

Simulation Results. Three simulation programs, S1–S3,
were used at different initial conditions to show the effect of
current variations on the dynamic behavior of the system
(Table 2). The upper value of a current range was limited to
either short circuit current (Isc) measured at the onset of each
experiment or maximum achievable current (Imax) accounted
for by oxygen mass-transfer limitations.

For the first simulation, S1, the variations of ferrous iron
concentration, cell concentration, and pH at different fuel
cell current loads are sketched in Figure 3. The initial pH
was selected to be close to its optimal value, corresponding
to a relatively short lag time, and the cell concentration was
fairly low (Table 2). The simulation shows that at current

Table 1. Estimated Parameter Values

Parameter This Study
Penev and

Karamanev (2010)

K1 0.0206 0.0209
K2 0.0000 Assumed to be zero
KS ðgFe21=LÞ 0.0150 0.0067
qmax ½gFe21=ðcells � hÞ� 11:1310212

(average value)a 22:0 3 10212

b 211:2 3 10212

Y ðcells=g
Fe21 Þ 6:13 3 109 6:973109

k ð1=hÞ –
c 0.0235
d 0.6977
f 6.9334

Figure 2. Comparison of experimental and modeling
results for kinetic parameter estimation: (a)
total ferrous iron concentration; (b) cell
concentration.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Run 1: [Fe]t,o 5 38.2 g=L; pHo 5 0.89.

Run 2: [Fe]t,o 5 20.8 g=L; pHo 5 0.95.

Run 3: [Fe]t,o 5 10.8 g=L; pHo 5 1.08.

Run 4: [Fe]t,o 5 5.3 g=L; pHo 5 1.08.
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loads less than 3 A, the ferrous iron concentration would
increase sharply, reach a peak value, and then gradually
decrease showing a reasonable balance between the genera-
tion of ferrous iron in the fuel cell and its consumption by
microorganisms. The ferrous iron concentration spike would
be quite low, which would allow keeping the pH close to its
initial value for a higher ferrous iron biooxidation rate. The
cell growth kinetics would pass through a reasonably short
lag phase before continuing in exponential growth. These
conditions would lead to a smooth operation (steady state) in
which an equal number of protons would be released from
hydrogen oxidation (Eq. 1) and consumed by the bacteria
(Eq. 3) resulting in a constant value for the average pH of
the catholyte. The excessive biomass/microorganisms would
be also harvested from the bioreactor by a process such as
continuous centrifugation.

An increase in the fuel cell current load to more than 4 A,
however, would result in a larger ferrous iron concentration
spike at which the pH of the solution would drop signifi-
cantly, leading to lower biooxidation and cell growth rates,
and, ultimately, to unstable behavior of the system. In fact,
either during start-up operation or high fuel cell current load
condition, protons would generate faster from hydrogen oxi-
dation (Eq. 1) than they would be consumed by the ferrous
iron biooxidation reaction (Eq. 3) resulting in pH drop.

The second simulation, S2, was performed with improved
initial conditions for the bioreactor. The cell concentration
was relatively high, and the pH was even closer to its opti-
mal value (Table 2). Figure S2 (see Supporting Information,
Appendix C) displays the corresponding evolutions of fer-
rous iron concentration, bacterial cells concentration, and pH
at applied current load ranging from 2.0 to 5.0 A. The simu-
lation results show that the generation and consumption
terms of Eq. 13 are well-balanced to minimize the deviation
of pH from its initial value even for the highest current load
applied, 5 A (the maximum deviation of pH was calculated
to be 0.01). The ferrous iron concentration peak would be
relatively low and it would appear at the early stages of
operation due to the relatively short lag-phase time. As the
bacterial growth phase would start considerably earlier, the
microorganism concentration would reach a significantly
higher level in shorter times as well. As a result, the genera-
tion rate of ferrous iron in the fuel cell would be just slightly
higher than the rate of its oxidation by microorganisms. In

comparison with simulation S1, a smooth operation of the
fuel cell would be expected under the improved initial condi-
tions even if the current load value was higher than 4 A.

For the third simulation, S3, a 22-L bioreactor containing
the growth medium with moderately high bacterial cells
concentration (Table 2) and the fuel cell with 100 cm2

electrodes working area capable of producing 14.5 A at short
circuit, Isc, was used instead of 16 cm2, as in two previous
runs. The upgraded fuel cell allowed for increasing the
applied operation current range to 5–11 A. The pH of the
solution, however, was adjusted to 0.77 to investigate the
process responses at low pH as well as ability of the model
to predict ferric and ferrous iron concentration at pH below
the lower limit of 0.7, selected for this study. The evolutions
of the same variables for simulation S3 are presented in Fig-
ure S3 (see Supporting Information, Appendix C). Because
of the low initial pH, the microorganisms would show a lon-
ger lag-phase time (no major growth would be observed
within first 50 h). At the same time, working at low pH
would lead to a decrease in the biooxidation rate of ferrous
ions, that is, slower generation of ferric iron. For applied
current loads less than 6 A, in spite of very low biooxidation
and microorganisms growth rates, the initial cells concentra-
tion would be high enough to handle amounts of the ferrous
iron generated in the fuel cell and, consequently, to keep the
pH fairly close to its initial value. However, for current loads
higher than 6 A, the amount of generated ferrous iron would
hike rapidly, which would result in an increased ferrous iron
concentration and, ultimately, in a drop of pH below 0.7,
leading to a very poor overall performance of the system.

The validity of the model within predefined ranges can be
assured if the simulated program outcomes are comparable
with corresponding variables measured during experimental
runs, in which a selected constant current, Is, from the
applied current load range was implemented. Three runs,
R1–R3, for the current load values 4, 3, and 10 A were
selected to be implemented at the onset of experiments in
which the initial conditions were the same (Table 2) as those
applied in simulations S1, S2, and S3, respectively. At all
stages of each run, the circulation rate, the withdrawn cur-
rent, and the inlet and outlet ferrous iron concentrations
were measured, and the change of the ferrous iron concentra-
tion was predicted using Eq.14. A very good agreement
between the predicted and measured values was observed

Table 2. Fuel Cell Dimensions and Initial Conditions Used for the Simulation and Optimal Current Profile Programs

Variables

Initial Conditions

Simulations

S1 S2 S3 Optimal Current Profile

V (L) 21.5 21.5 22.0 55.0
[Fe] (g=L) 44.0 43.5 40.4 45.5
[Fe21] (g=L) 0.00 0.00 0.10 0.14
X (cells=L) 4:8 3 1010 10:6 3 1010 14:2 3 1010 20:2 3 1010

pH 0.94 0.99 0.77 0.89
T (oC) 39–40 39–40 39–40 39–40
Fuel cell dimensions (cm 3 cm)

Compartments 5:0 3 5:0 5:0 3 5:0 12:0 3 12:0 24:0 3 24:0
Electrodes 4:5 3 4:5 4:5 3 4:5 11:0 3 11:0 22:0 3 22:0
Effective surface area 4:0 3 4:0 4:0 3 4:0 10:0 3 10:0 20:0 3 20:0

Isc (A) 8.1 8.1 14.5 35.4
Imax (A) 11.5 11.5 12.0 30.5
I (A) 1.0–4.5 2.0–5.0 5–11 –
Is (A) 4.0 3.0 10.0 –
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(see Supporting Information, Appendix D) to validate 100%
cathodic current efficiency assumption behind the model.

Figure 4 depicts the experimental and predicted results at
the aforementioned applied current loads. It can be seen that
all simulated ferrous iron concentrations, bacterial cells con-
centrations, and pHs are in a reasonable agreement with ex-
perimental data. Although the pH values are slightly overes-
timated for all runs, those are still within the range specified
for accuracy of the pH measurement. The apparent overesti-
mation of pH may be caused by some of the simplifications

taken in the activity coefficients model (see Supporting In-
formation, pH Modeling).

For the first run, R1, the ferrous iron concentration was
slowly increasing at the beginning of the experiment and
reached its maximum of �4 g/L after 60-h operation, then
gradually decreasing until the experiment ended. The fuel
cell still was able to operate at constant current of 4 A dur-
ing the concentration peak, though a considerable drop in
the voltage due to an increase in ferrous ions concentration
was observed. The fuel cell performance, however, was
improving when the ferrous iron concentration started
decreasing after 60 h of operation. The small drop in pH did
not significantly affect the ferrous iron biooxidation rate
resulting in a reasonable bacterial cells growth rate after a
comparatively short lag time. For the second run, R2, no
major variations of the ferrous iron concentration and pH
were noticed, therefore, a smooth operation for both the fuel
cell and bioreactor was observed. After passing a lag phase
that was shorter than the corresponding lag time in run R1,
the cell growth rate was reasonably augmented and improved
the regeneration of ferrous iron. The experimental results for
the run R3, however, showed a worse scenario in operation
for both the bioreactor and fuel cell. The low initial pH pro-
vided a long lag phase during which no major increase in a
bacterial cells concentration was observed. Although the ini-
tial cell concentration for this run was the highest among the
experimental runs (Table 2), the ferrous iron concentration
sharply increased and caused the pH to drop below 0.7
resulting in a relatively low ferrous iron biooxidation rate. In
turn, the high ferrous iron concentration resulted in a voltage
decline to a level at which the redox potential of the solution
was not high enough to keep the current constant at 10.0 A
and, which consequently, led to unstable operation and shut
down of the system. It can also be seen that the experimental
results do not agree well with simulated outputs for pH less
than 0.6. The deviation can be accounted for by the nonlin-
ear dependence between the ferrous iron biooxidation rate
and pH at that pH value, as shown by Penev and

Figure 3. Results of simulation S1: (a) total ferrous iron
concentration; (b) cell concentration; (c) pH.

Figure 4. Comparison of experimental and simulation
results for currents (Is) selected within the
applied current ranges of simulations S1, S2,
and S3: (a) total ferrous iron concentration;
(b) cell concentration; (c) pH.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Karamanev13; in contrast to the linear dependence (Eq. 8)
used in this study.

Overall, a good agreement between the predicted and
measured variables indicates that the model was well-identi-
fied within the predefined ranges of variables. All the results,
simulated and experimental, indicate that the implemented
current loads should be selected with great care in order not
to imbalance the system, that is, the ferrous iron concentra-
tion should be kept at a minimum possible level for a better
fuel cell performance, but still high enough (higher ferrous
iron concentration creates favorable conditions for microor-
ganisms, provided that the pH is kept within an optimal
range for their growth) to provide efficient bioreactor opera-
tion. The initial pH and initial microbial cells concentration
have to be considered as factors influencing a choice of
implemented current load, because they have a significant
effect on the length of a lag phase. Therefore, an optimal
current profile for a transient phase of operation is required
to achieve a smooth steady-state operation at which an even
balance between generation and consumption of ferrous ions
and no significant pH changes are observed, while the maxi-
mum attainable current is being drawn from the system.

Optimal current profile

The goal of the optimization is to achieve the maximum
attainable current as fast as possible without creating an
unstable condition for either the bioreactor or the fuel cell.
Applying the maximum current load at the onset of opera-
tion would result in a sharp increase in a ferrous iron con-
centration on early stages of operation, which would lead to
a significant pH drop. Although the high ferrous iron concen-
tration is favorable for the microorganisms, lowering a pH
decreases the rate of biooxidation, which may cause an
unstable condition. In addition, a high ferrous iron concen-
tration reduces the redox potential of the catholyte (based on
Eq. 4) and increases the concentration polarization within
the fuel cell. So, a high ferrous iron concentration results in
two negative effects that lower performance of the fuel cell
(e.g., decrease the maximum attainable current). Determina-
tion of a maximum ferrous iron concentration for the fuel
cell as a limit for optimization program is out of the scope
of this study and we assume that the value has been given.

The general statement of the optimal current profile prob-
lem is

max IðtÞ w
�

IðtÞ; ½Fe21�
�

subject to

Continuous bioreactor model

1 � I � Isc

1 � I � Imax
dI

dt
> 0

0 � ½Fe21� � ½Fe21�max

where I(t) is the current profile.
The objective function of the program was to maximize

the function of current load and ferrous iron concentration
profiles, while keeping the current and the concentration less
than Isc (or Imax ) and [Fe21]max, respectively.

Four different maximum ferrous iron concentrations (0.6,
0.8, 1.0, and 1.2 g/L) were chosen for finding the optimal
current. The current profiles that maximize the objective
function profiles are given in Figure 5. A rapid current
increase at early times is observed in all profiles. This results

in fast accumulation of ferrous iron in the system, the con-
centration of which reaches the acceptable maximum within
the first 20–60 min. Once the current reaches its maximum
value, Isc or Imax, the ferrous iron generation rate becomes
constant and its consumption rate in Eq. 13 gradually
surpasses the generation rate, leading to a sharp decrease in
ferrous iron concentration. Although the transient phase of
operation is ended at almost the same time and with the
same ferrous iron concentration for all runs, the lower maxi-
mum concentration provided better conditions (low ferrous
iron concentration with less fluctuation) for the fuel cell to
operate smoothly.

The validity of the model as well as the program
developed can be assured, if the optimization program is
combined with a mini-pilot-plant experiment in which the
bacterial cells concentration, the ferrous iron concentration,
and the pH are measured based on implemented optimal cur-
rent profile. The mini-pilot-scale system used for open-loop
control of a current load (based on the predicted optimal pro-
file) was basically the same as that shown in Figure 1 except
for the volume of the bioreactor and electrodes working area
of the fuel cell, which were increased to 55 L and 400 cm2,

Figure 5. Simulation results for maximizing the value of
w for various upper limits given for total
ferrous iron concentration: (a) current profile;
(b) total ferrous iron concentration profile.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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respectively. The modified setup allowed to increase maxi-
mum attainable current to 35 A. However, the highest cur-
rent could only be drawn, when the catholyte with highest
redox potential was used. The initial conditions of the
experiment are given in Table 2.

The result of the optimization calculations were tested in
the mini-pilot-scale system, operated at current loads in
accordance with the predicted profile for [Fe21]max 5 0.8 g/L.
The experimental results, compared with the simulations,
are shown in Figure 6. As expected, the ferrous iron con-
centration rose rapidly to �0.8 g/L, remained at that level
for �100 h, and then dropped sharply to its final level.
Unfortunately, these changes affected performance of the
fuel cell quite significantly and, at the ferrous iron peak con-
centration, a redox potential of the catholyte was not high
enough to maintain the fuel cell voltage constant. It can be
seen that here the pH is also overestimated; however, the
differences between the predicted and measured values
remain within the range of the pH measurement accuracy. In
general, a good agreement between the experimental and
predicted variables is an indication of an accurate estimation
of a current profile.

The question may arise about how the ferrous iron con-
centration would change if the current was set at Isc (or Imax)
at the onset of experiment. The simulation results for these
conditions indicate that at first the ferrous iron concentration
would sharply increase up to almost 3 g/L within first 30 h
of operation and then slowly decrease and reach 0.5 g/L
after 200 h. This relatively low maximum concentration is
accounted for by the high concentration of microorganisms,
but it still, based on our previous experience, cannot provide
favorable conditions for the maximum fuel cell performance.
The simulations performed for the same initial values also
showed that the conditions would deteriorate significantly if
the bacterial cells concentration was decreased by only 10 or
15%, which would cause the maximum ferrous iron concen-
tration to reach almost 5 and 32 g/L, respectively, with the
pH plummeting down to 0.79 and 0.42, respectively. Such
drastic condition changes in the bioreactor would lead to an

unstable operation of the system. It should be mentioned that
unstable operation refers to the conditions under which the
pH drops below 0.6, inhibiting ferrous iron oxidation by
microorganisms. Once the bacterial growth rate and ferrous
iron oxidation decrease sharply, the ferrous iron concentra-
tion increases drastically, which leads to even larger drop in
pH as well as tremendous reduction in a redox potential of
the bioreactor liquid. The operation of the system would
continue until no activity is observed from microorganisms
and the fuel cell performance becomes nil.

Conclusions

A novel hybrid Fe31/Fe21 redox flow fuel cell system
using L. ferriphilum bacterium for catholyte regeneration
was experimentally studied, and the model describing the
system operation was developed and successfully tested. To
take into account both the lag and growth phases of bacterial
growth dynamics in the kinetic study, when estimating the
kinetic parameters of a bioreaction involved, an exponential
term of the growth profile was embedded in the model. Once
the model was identified and validated through an autono-
mous run, a dynamic mathematical model representing the
redox flow fuel cell system was developed to predict the fer-
rous iron concentration, bacterial cells concentration, and pH
for any current drawn from the fuel cell. Three independent
runs were performed theoretically and experimentally.
Because the contribution of a lag phase in the developed
model is well-established, the prediction ability of the model
for pHs below lower limit (down to 0.6) was assured.
Unfortunately, for all the studied cases, a slight overestima-
tion of pH was observed. The issue likely is related to short-
comings of the model selected for estimation of activity
coefficients of protons in the solution. However, notwith-
standing the discussed limitations, the model was shown to
adequately describe the parameters of the system, and
showed a good agreement between the simulated and experi-
mentally obtained values.

The results obtained also showed that the transient state of
fuel cell operation requires an appropriate balance between
the set current, ferrous iron concentration, and pH in the bio-
reactor to achieve stable-steady-state operation. The optimal
current load profile was implemented through an open-loop
control strategy and then validated by the results obtained
experimentally from the redox flow fuel cell mini-pilot-scale
system. Nonetheless, further studies on applicability of the
developed model to scaling up the process as well as use of
other models to estimate the activity coefficients of ions are
highly recommended.

Notation

a = ionic activity
c, d, f = model constants

Eh = redox potential of solution, mV
E0 = formal redox potential, mV
F = Faraday constant, C/mol

[Fe]t, [Fe21],
[Fe31]

= total, ferrous, and ferric iron concentrations, g/L

Go
r = standard Gibbs free energy for chemical reactions
I = electrical current, A

Im = ionic strength of the solution (on molality basis)
k = exponential constant for the lag phase, 1/h
K = equilibrium constant

K1, K2 = kinetic constants

Figure 6. Comparison of experimental and simulation
results for implemented current profile
calculated for ½Fe21�max 50:8 g=L.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

AIChE Journal June 2013 Vol. 59, No. 6 Published on behalf of the AIChE DOI 10.1002/aic 1853



Ks = half-saturation constant, g/L
m = molality, mol/kgwater

M = molecular mass, g/mol
n = numbers of electrons exchanged in electrochemical

reaction
qs, qmax = specific and maximum specific ferrous iron bio-oxida-

tion rate, g/(L h)
R = the universal gas constant, J/(mol K)
t = time, h

T = absolute temperature, K
v = circulation rate of solution through the fuel cell, L/h
V = volume, L
X = microbial cell concentration, cells/L
Y = biomass yield coefficient, cells/gFe

z = charge of ions

Greek letters
a, b = constants

c = activity coefficient of ions
U, w = objective functions for optimization programs

l = specific growth rate, 1/h
q, = density of solution, kg/Lsolution

t = stoichiometric coefficients in chemical reactions
x = weight factor for optimization programs

Subscripts and superscripts
b = bounded state of ion in the solution
f = free state of ion in the solution

L = lower limit
max = maximum

s = selected
sc = short circuit

t = total
U = upper limit
o = initial value of variable
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