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Abstract

We expand the biogeochemical model CCBATCH to include a precipitation/dissolution sub-model that contains
kinetic and equilibrium options. This advancement extends CCBATCH’s usefulness to situations in which micro-
bial reactions cause or are affected by formation or dissolution of a solid phase. The kinetic option employs a rate
expression that explicitly includes the intrinsic kinetics for reaction or mass-transport control, the difference from
thermodynamic equilibrium, and the aqueous concentration of the rate-limiting metal or ligand. The equilibrium
feature can be used alone, and it also serves as check that the kinetic rate never is too fast and “overshoots”
equilibrium. The features of the expanded CCBATCH are illustrated by an example in which the precipitation
of Fe(OH)3(s) allows the biodegradation of citric acid, even though complexes are strong and not bioavailable.
Precipitation releases citrate ligand, and biodegradation of the citrate increases the pH.

Introduction

The precipitation or dissolution of a solid phase can be
an integral feature of biogeochemical systems whose
chemistry is controlled by microbially catalyzed reac-
tions. A selection of examples underscores the intim-
ate interactions that can take place between solids and
microbial reactions.

• Being colloids, microorganisms can serve as nuc-
leation sites that increase the likelihood or rate of
nucleation, the first step of precipitation.

• Microbial mineralization generates inorganic car-
bon that can increase the concentration of CO2−

3 , a
common precipitating anion, such as with Ca2+ to
form CaCO3(s).

• Precipitation typically removes bases – e.g.,
CO2−

3 , PO3−
4 , and OH− – from solution, thereby

decreasing the solution pH and possibly affecting
microbial metabolism or viability.

• Precipitation of heavy metals can relieve inhibition
of microbial metabolism.

The main goal of the research described here is
to expand biogeochemical modeling so that it couples
precipitation/dissolution reactions with the microbio-
logical and aqueous geochemical reactions that inevit-
ably occur at the same time. VanBriesen & Rittmann
(1999) originally presented CCBATCH, a biogeo-
chemical model that comprehensively couples the mi-
crobial reactions, which are kinetically controlled, to
aqueous acid/base and complexation reactions, which
are at equilibrium. This contribution builds upon Van-
Briesen & Rittmann (1999) by adding a sub-model
for precipitation/dissolution, which can be kinetically
controlled or at equilibrium. One of the challenges
of this research is combining kinetic and equilibrium
methods in such a manner that the correct approach
is selected by the precipitation/dissolution sub-model,
rather than requiring an a priori choice.

The presentation of how the sub-model is de-
veloped and implemented requires four parts. The
first is a brief overview of CCBATCH, the biogeo-
chemical model (VanBriesen & Rittmann 1999) that
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is the foundation for the new precipitation/dissolution
sub-model. The second is a critical review of the equi-
librium and kinetic factors that control precipitation or
dissolution and that must be reflected mathematically
in the sub-model. The third is a description of the pre-
cipitation/dissolution sub-model; special emphasis is
given to how kinetics and equilibrium are combined.
The solid CaCO3(s) is used throughout parts two and
three to make the general concepts tangible. The final
part is an example that illustrates how the complete
model can provide unique insights into a complex
biogeochemical system in which precipitation and
biodegradation interact. The example involves pre-
cipitation of Fe(OH)3(s), which releases citrate from
its unavailable Fe3+ complex and accelerates citrate
biodegradation.

The CCBATCH biogeochemical model

CCBATCH was designed at Northwestern University
(VanBriesen & Rittmann 1999; Rittmann & Van-
Briesen 1996) to describe microbiological reactions in
batch systems that have complex geochemical reac-
tions. Aqueous-phase chemical reactions are acid/base
and complexation, both of which reach thermody-
namic equilibrium. They are modeled following well-
known patterns of multi-component equilibria (e.g.,
Morel & Morgan 1972; Lichtner 1985, 1996). Chem-
ical components can be combined through reactions to
form every possible chemical species, but a compon-
ent is unique and cannot be formed by a combination
of other components. In CCBATCH, the compon-
ents include all compounds formed or consumed by
microbiological reactions: e.g., the cells (C5H7O2N
by convention (Rittmann & McCarty 2001)), the
electron-donor and -acceptor substrates, any interme-
diates, inorganic carbon (as H2CO3), and nitrogen (as
NH+

4 ).
Simultaneous solution of the coupled, non-linear

mass balances for all components yields the equilib-
rium speciation. This is achieved by the SPECIATE
sub-model, which uses a Newton-Raphson method
(Press et al. 1992). CCBATCH can be run in a fixed-
pH mode or with a variable pH predicted by the model.
In the latter case, acid hydrogen is a component that
is defined by the proton condition (VanBriesen &
Rittmann 1999; Stumm & Morgan 1996), which is a
mass balance on acid and base equivalents produced
relative to reference levels established by the selection
of the components.

Microbiological reactions are described in
CCBATCH with a multiplicative-Monod formulation
(Bae & Rittmann 1996):

rut = −qmax
S

Ks + S

A

Ka + A
X (1)

where rut is the rate of substrate utilization
(MsL−3T−1), S is the concentration of the bioavail-
able form of the electron-donor substrate (MsL−3), A
is the concentration of the electron-acceptor substrate
(MaL−3), and X is the concentration of active biomass
(MxL−3). Three parameters describe the kinetics of
substrate utilization: qmax, the maximum specific rate
of utilization of the electron-donor substrate by the
cells (MsM−1

x T−1); Ks, the donor concentration giv-
ing one-half the maximum rate (MsL−3); and Ka, the
acceptor concentration giving one-half the maximum
rate (MaL−3). The rate of substrate utilization deter-
mined by the multiplicative-Monod expression is then
coupled with stoichiometry describing the utilization
of donor and acceptor substrates to generate new bio-
mass to compute the rates of change in mass for all
components involved in the microbial reaction (Van-
Briesen & Rittmann 1999; Rittmann & VanBriesen
1996).

For each time step modeled, the rates of consump-
tion or production of components are transferred to
the master SOLVER sub-model, which updates total
concentrations of all components. SOLVER then calls
the SPECIATE sub-model, which respeciates all com-
ponents subject to equilibrium for all acid/base or
complexation reactions. These new concentrations are
then used to compute rates for the next time step, in
which the same procedure repeats.

Mechanisms of precipitation and dissolution

In many natural systems, the pH of water is buffered
by the precipitation and dissolution of minerals, usu-
ally metal oxides, hydroxides, and carbonates (Stumm
& Morgan 1996). Although many of these reactions
are kinetically controlled, it is useful here to begin
with the simple case of equilibrium between the solid
and aqueous phases. Calcite, CaCO3(s), a common
mineral, serves as a tangible example.

By convention, solid-phase reactions are written as
dissolutions. For calcite at 25 C (Stumm & Morgan
1996):

CaCO3(s) ⇔ Ca2+ + CO2−
3
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Ksp = 10−8.34 = {Ca2+}{CO2−
3 } (2)

where Ksp is defined as the solubility product and { }
refers to thermodynamic activity. The expression for
Ksp assumes that the activity of the solid phase equals
1. Once the activity of CO2−

3 is known, the equilib-
rium activity of is Ca2+ determined from Equation (2).
Equation (2) also shows that precipitation of one mole
of CaCO3(s) removes 1 mole of CO2−

3 , which is a base.
Modeling requires that mass concentrations be

used to satisfy mass balances. Within CCBATCH,
activities are converted to mole/l concentrations by
using activity coefficients (γ ) that depend on the
solution’s ionic strength (Stumm & Morgan 1996;
VanBriesen & Rittmann 1999). Equation (2) can be
rewritten in the concentration regime:

cKsp = Ksp

γCa2+γCO2−
3

= [Ca2+][CO2−
3 ] (3)

where cKsp is the concentration solubility product, [ ]
refers to mole/l concentration, and γCa2+ and γCO2−

3

refer to the activity coefficients for Ca2+ and CO2−
3 ,

respectively.
Although thermodynamic equilibrium is a good

starting point, solid-phase precipitation and dissolu-
tion often are kinetically controlled reactions. Solid
nucleation, crystal growth, and solid dissolution are
distinctly different mechanisms that can control the
kinetics.

Solid nucleation

As a homogeneous solution becomes super-saturated,
i.e., [Ca2+][CO2−

3 ] > cKsp, the random reaction
between the two solid precursors can form a “pure”
particle of solid. However, very small particles have
exceedingly high surface area to volume ratios, with
correspondingly high interfacial areas that have sur-
face energy (Flint 1963; Stumm & Morgan 1996). If
the energy gain caused by solid formation is not suffi-
cient to overcome the energy required to form the new
surface, the particle will redissolve or not grow. How-
ever, if the particle formed is large enough, the release
of energy from formation of new solid will overcome
the energy cost of creating new surface area. This ini-
tiation of solid formation from pure liquid phases is
known as homogeneous nucleation.

In most environmental systems, precipitates are
formed in the presence of other solid particles, such

as mineral and biological surfaces and suspended col-
loidal particles. In these systems, precipitation is pre-
ceded by heterogeneous nucleation, i.e., part of the
nucleus surface is in contact with another solid, and
part is in contact with the liquid phase (Stumm &
Morgan 1996). When the forming nucleus is com-
patible with the present solid surface, the energy of
nucleation is minimized, and nucleation is promoted
(Flint 1963; Stumm & Morgan 1996). Heterogeneous
nucleation seems to be preceded by surface com-
plexation or polynuclear complex formation at kink
sites on solid surfaces (Brady & House 1996; Las-
aga 1995; Lasaga et al. 1994; Paquette & Reeder
1995). Microbial cell membranes can serve as nuc-
leation sites; therefore, nucleation is unlikely to be
a rate-controlling mechanism for situations in which
CCBATCH is applied.

Crystal growth

Solid surfaces are not homogeneous structures, but
consist of numerous defects, sites where the crystal
structure is interrupted. Because these defect sites af-
fect the lattice integrity of the adjacent crystals, they
tend to serve as the active sites for the dissolution
or precipitation of the solid (Brady & House 1996;
Jordan & Rammensee 1996; Lasaga 1995; Lasaga et
al. 1994; Morel & Hering 1993; Paquette & Reeder
1995; Stumm & Morgan 1996). The availability of
reactive sites, which should be proportional to the sur-
face area of the solid particle, directly affects the rate
of crystal growth.

In addition to a dependence on surface area, solid
crystal growth rates can be controlled by one or more
of (1) the mass transfer of reacting species to the solid
surface, (2) surface adsorption of one or more reacting
species, (3) diffusion across the surface, (4) reaction
at the solid surface active site, and (5) incorporation
of the new precipitate into the crystal lattice (Brady
& House 1996). Most often, (1) or (4) is the rate-
controlling step in precipitation reactions (Brady &
House 1996). Since mechanistically these two steps
are different, the mathematical descriptions of the
processes also may differ.

The overall rate of surface reaction is limited by
step (4), the rate of the chemical reaction, when
the solution concentrations of the reactive species are
close to equilibrium with the solid. For example, cal-
cite precipitation/dissolution can be considered micro-
scopically reversible at high pH and low CO2 partial
pressure (Morel & Hering 1993). Following Morel
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& Hering (1993), the dissolution rate rd normalized
to surface area is equal to a constant coefficient (kd,
ML−2T−1) near equilibrium:

rd = kd (4)

The precipitation rate depends on the concentrations
of the two reactive species:

rp = kp[Ca2+][CO2−
3 ] (5)

where rp is the surface-normalized precipitation rate
(ML−2T−1) and kp is the second-order precipitation
rate coefficient (L4M−1T−1)

Assuming that the calcite reaction is reversible,

cKsp = [Ca2+][CO2−
3 ] = kd

kp
(6)

then, the net rate of precipitation is the difference
between the precipitation and dissolution rates:

rnet
p = rp − rd = kp[Ca2+][CO2−

3 ] − kd. (7)

Substituting kd = kp
cKsp (from Equation (6)) into

Equation (7) and rearranging give

rnet
p = kp([Ca2+][CO2−

3 ] −c Ksp)

= kp
cQ

( cKsp
cQ

)
(8)

where cQ equals the actual reaction product of the
reacting species, or cQ = [Ca2+][CO2−

3 ].
Often precipitation/dissolution reactions depend

on the concentration of only one of the reacting spe-
cies, the other being relatively constant. Notable ex-
amples include calcite precipitation in an open system
and metal-hydroxide precipitation at fixed pH. In this
case, [CO2−

3 ] can be taken as a constant in the cQ term
outside the brackets in Equation (8). Making this sub-
stitution and multiplying it by the specific surface area,
a (L−1), give

Rnet
p = k′a

(
1 −

cKsp
cQ

)
[Ca2+] (9)

where k′ = kp[CO2−
3 ] and Rnet

p is the net rate in

concentration units (ML−3T−1) or Rnet
p = rnet

p a.
It is necessary to compare Equation (9) to a rate

equation derived from mass-transport limitation of
precipitation, i.e., step (1) above. Once again, the
rate of surface reaction often depends only on the

concentration of the metal in solution, the ligand con-
centration either being in great excess or relatively
constant. For the CaCO3(s) case, the rate of surface
reaction is controlled by the disequilibrium between
the metal concentration that would be in equilibrium
with the solid surface ([Ca2+]eq) and the actual metal
concentration [Ca2+]:

Rp = ka([Ca2+] − [Ca2+]eq) (10)

or

Rp = ka

(
1 − [Ca2+]eq

[Ca2+]

)
[Ca2+] (11)

where k is the mass-transport rate coefficient for Ca2+
(LT−1). Since [Ca2+]eq = cKsp/[CO2−

3 ] and [Ca2+] =
cQ/[CO2−

3 ], the rate expression reduces to:

Rp = ka

(
1 −

cKsp
cQ

)
[Ca2+] (12)

which has the same form as Equation (9). Even though
the mechanistic bases for k and k′ differ, the rate
expressions are of the same form whether surface re-
action or mass transfer limits. In either case, when cQ
> cKsp, the solution is super-saturated, and Rp > 0,
which corresponds to a net gain of solid and a net loss
of Ca2+ from solution.

In modeling actual systems, it is often difficult to
separate the rate coefficient, k or k′, from the solid sur-
face area, a. However, when homogeneous nucleation
is not relevant, often the surface area is relatively un-
affected by the solid precipitation/dissolution. In these
cases, k or k′ and a can be lumped together into one
overall term, ka or k′a.

Solid dissolution

Under conditions near equilibrium, mineral dissolu-
tion rates can be treated as reversible reactions. In
these cases, the rate law is the same as Equation (9) for
the near-equilibrium precipitation of calcite (Morel &
Hering 1993). Sometimes mineral dissolution occurs
in dilute solutions far from equilibrium and can be pro-
moted or inhibited by the presence of aqueous species
that pull the speciation away from equilibrium. The
simplest model of mineral dissolution far from equilib-
rium assumes that the dissolution rate (Rd, ML−3T−1)
is limited by mass transfer of dissolved species away
from the solid surface. When one species concentra-
tion is relatively constant, it is apparent that the rate
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expression is the same as derived for mass-transfer-
limited precipitation (Equation (12)), although with
the opposite sign. Again, for CaCO3(s),

Rd = −Rp = −ka

(
1 −

cKsp
cQ

)
[Ca2+]. (13)

When the Ca2+ concentration is very small,(
1 −

cKsp
cQ

)

aproaches (
−

cKsp
cQ

)
= −

cKsp

[Ca2+][CO2−
3 ] ,

and Equation (13) approaches the limit case of

Rd = ka cKsp

[CO2−
3 ] (14)

Thus, in an under-saturated solution far from equilib-
rium with the solid phase, mass-transport-controlled
dissolution reaches a maximum rate that is inde-
pendent of the solution concentration of the metal
cation (Brady & Zachara 1996; Morel & Hering 1993;
Stumm & Morgan 1996), but is inversely proportional
to the concentration of the anionic ligand.

Comparison of rate expression

Table 1 summarizes and generalizes the precipitation-
rate equations. For generality, [Ca2+] is replaced by
[Me], [CO2−

3 ] is replaced by [L], and cQ = [Me][L].
The dissolution rate simply takes the opposite sign.
The key trend in Table 1 is that each mechanistic
model yields an expression of the form:

Rp = k′a
(

1 −
cKsp
cQ

)
[Me]. (15)

We use this generalized kinetic form in the precipita-
tion/dissolution sub-model of CCBATCH. This form
contains three parts. The first k′a, is which is the
lumped product of reaction or mass transfer rate times
the specific surface area. The second part is (1 −
cKsp/cQ), which expresses the thermodynamic state of
the system through a “difference from equilibrium”.
When cKsp/cQ = 1, the system is at equilibrium, and
(cKsp/cQ) equals zero, ensuring no net reaction. When
cKsp/cQ < 1, the system is super-saturated, and Rp
is positive. The difference-from-equilibrium method

requires that the solubility-limiting solid be identi-
fied and its Ksp estimated. Finally, the aqueous con-
centration of the rate-controlling metal [Me], which
quantifies the rate expression in actual-mass units.

The new sub-model, described in detail in the
next section, allows CCBATCH to describe pre-
cipitation/dissolution reactions that are caused by
changes in aqueous-phase speciation. This capabil-
ity is relevant for many common carbonate, hydrox-
ide, sulfide, and phosphate solids (Stumm & Morgan
1996). Changes in aqueous-phase speciation often are
brought about by microbially catalyzed redox reac-
tions (VanBriesen & Rittmann 1999; Stumm & Mor-
gan 1996), and the new sub-model has as its main
goal to make this connection. On the other hand, the
sub-model does not explicitly describe reductive dis-
solution reactions in which the microorganisms work
directly on the solid surface (e.g., Myers & Myers
1993; Lovley 1991).

The precipitation/dissolution sub-model

The precipitation/dissolution sub-model added to
CCBATCH contains kinetic and equilibrium features
that can be selected by the user. If the user selects
the equilibrium approach, the kinetic feature is dis-
engaged. At each time step, the equilibrium feature
ensures that the product of concentrations of the metal
cation and ligand anion equal cKsp. If the user selects
the kinetic approach, Equation (15) is used to com-
pute a rate of precipitation or dissolution based on k′a,
cKsp, cQ, and [Me] for that time step. This rate is
used to compute the changes in mass to any compon-
ent involved in the precipitation/dissolution reaction.
The SOLVER part of CCBATCH adjusts the masses
of all aqueous components, as well as the mass of
the solid phase, based on the rates returned from the
precipitation/dissolution sub-model.

When the user selects the kinetic approach, the
equilibrium feature is not disengaged. Instead, it is
used in parallel to the kinetic feature in order to en-
sure that the kinetic computation never “overshoots,”
or goes from one side of equilibrium to the other side
due solely to a precipitation or dissolution reaction.
This equilibrium “check” is an essential and unique
part of the sub-model and is described in detail later.

The SOLVER sub-model calls the precipita-
tion/dissolution sub-model after equilibrium speci-
ation and all microbiological reaction rates are deter-
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Table 1. Comparison of the forms of the precipitation rate equations

Mechanistic model Rate expression for precipitation, Rp k′ Special conditions

Reversible equilibrium k′a
(

1 −
cKsp
cQ

)
[Me] kp [L] [L] ≈ constant

Mass-transport controlled ppt/dss k′a
(

1 −
cKsp
cQ

)
[Me] k Rate dependent only on Me transport

mined. The precipitation/dissolution sub-model re-
quires the following input information:

• The identity of the solid component.
• The stoichiometry of the solid-dissolution reac-

tion.
• The solubility product (i.e., cKsp) for the solid-

dissolution reaction.
• The identity of the rate-controlling species (i.e.,

[Me] in Equation (15)).
• The kinetic parameters describing the fixed sur-

face area rate constant, k′a, for precipitation and
dissolution.

The sub-model sets the activity of each solid phase to
1 (currently the model is based on the formation of
pure solid phases) and calculates cQ, the ion-activity
product of the solid reaction, based on the equilib-
rium speciation calculated previously for the given
time step.

Once cQ is calculated, a checking routine is used
to evaluate the state of the system. If cQ is greater
than the equilibrium constant, the system is super-
saturated, and a precipitation rate is calculated and
sent to the SOLVER, which updates the component
concentrations based on the kinetic (and concurrent
biological) reaction rates (VanBriesen & Rittmann
1999). If cQ is less than the equilibrium constant, the
system is under-saturated. The model then checks to
determine if any solid is in the system. If no solid
is present, no rate is calculated. If solid is present, a
dissolution rate is calculated and sent to the SOLVER.

Equilibrium precipitation/dissolution

Inspection of the form of the precipitation rate equa-
tion (Equation (15)) shows that the rate calculated
by this expression can range over many orders of
magnitude. This effect is most pronounced when pre-
cipitation or dissolution is initiated in a greatly super-
or under-saturated system, respectively. In these cases,
the rate calculated in one time step can be very large.
Our preliminary modeling work indicated that, in

some cases, the rate calculated in a single time step
was so large that the kinetic algorithm “overshot”
the equilibrium condition. For example, a solution
greatly super-saturated had such a large precipitation
rate that the loss of component mass drove the reac-
tion to under-saturated in one time step. To avoid this
error, we developed a solid-equilibrium subroutine to
set limits for the kinetic algorithm. In this way, the rate
of precipitation/dissolution calculated by the kinetic
algorithm is checked during each time step to avoid
“overshooting” the equilibrium condition. This equi-
librium feature also can be selected by a user who
chooses not to describe precipitation/dissolution as
kinetically controlled.

In geochemical modeling, two methods are used
for calculating aqueous chemical equilibria with pre-
cipitating or dissolving solid phases (Bethke 1992;
Morel & Morgan 1972). In a static system (i.e., a
one-time equilibrium calculation) or in a system in
which the solid is always present (does not dissolve
completely), the simplest method for calculating solid
equilibria is to write the component basis in terms of
the solid phase. In this case, all the aqueous species are
“complexes” of the component solid. In the equilib-
rium expressions for these “complexes,” the activity of
this component is the activity of a solid phase, almost
always 1. This method works well for strictly equilib-
rium calculations, and it would work in CCBATCH, as
long as the solid phase always were present.

The solid-component approach is inadequate when
the solid phase completely dissolves or when pre-
cipitation must begin from a homogeneous, dynamic
aqueous system. In the case of complete dissolution,
if (mathematically) the component concentration goes
to zero, so do the “complex” concentrations. How-
ever, we know from conservation of mass that, when
all of a solid dissolves, its ions distribute among one
or more aqueous species. Similarly, when a solid
exists in a system at equilibrium, the relative con-
centrations of the ions that make up the solid are
fixed by the solubility product. Simply stated, the
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solid cannot be the component when it does not ex-
ist. Thus, upon complete dissolution of a solid (or,
initiation of precipitation from a homogeneous liquid
system), the component basis must be re-written in
terms of one of the dissolved ions from the solid to
account for this discontinuity correctly. This concept
is called “basis switching” and is used successfully
in several geochemical models capable of handling
multiple solids (e.g., The Geochemist’s Workbench,
Bethke 1992). The major advantage of this method
for calculating chemical equilibrium involving solid
phases is computational efficiency.

In the alternate methodology, the component basis
is fixed and written in terms of an ionic species, e.g.,
the fixed component for calcite is Ca2+. This al-
ternate method couples better to kinetic mass-transfer
expressions. Using calcite precipitation in an under-
saturated, open system (i.e., the carbonate concen-
tration is independent of calcite precipitation) as an
example, when chemical conditions in the system
change, as long as calcite remains under-saturated, the
mathematical description of the system is correct. As
soon as calcite becomes over-saturated, mass (Ca2+
and CO2−

3 ) must be transferred from the aqueous
phase to the solid phase to re-attain equilibrium.

It is easy to conceptualize how to use this in-
cremental kinetic calculation to determine the equi-
librium condition. For a simple calcite system, we
incrementally make the kinetic mass transfer coef-
ficient larger until just the right amount of calcite
is precipitated (in a given time step) and the ex-
act amount of the component, Ca2+, is removed, so
that the saturation index (cKsp/cQ) for calcite equals
one (Morel & Morgan 1972). As solid phases be-
come super- or under-saturated with respect to the
equilibrium aqueous speciation, mass is successively
transferred into or out of the aqueous system until all
of the solid dissolves or the remaining aqueous species
are at equilibrium with the solid.

The rate calculated when the amount of mass trans-
ferred into or out of solution just attains equilibrium
is significant to the CCBATCH application. It is the
“maximum” rate (for a given time step) that mass
can be transferred without overshooting the equilib-
rium point. By comparing the rate calculated by the
actual kinetic expression (Equation (15)) to this max-
imum rate, we can ensure that model calculations in
a dynamic system do not defy thermodynamics by
overshooting equilibrium. The key to determining the
maximum rate is calculating the correct adjustment to

the component concentrations, for this example, Ca2+
and CO2−

3 , so that equilibrium is attained.
Because of its inherent benefits, we use the

second approach for implementing equilibrium pre-
cipitation/dissolution into the sub-model. The major
steps of this equilibrium feature are:

1. An initial guess for the total component concentra-
tion is made for the metal species associated with
the solid. In the current code, this is a preset value,
1 × 10−15 M. The range of component concentra-
tions allowed by the model currently is 10−30 to
1 M.

2. The difference between the guess concentration
of the metal component and the initial value is
computed. For example, for calcite dissolution
when the initial Ca2+ concentration is 0, the first
difference calculated is 1 × 10−15 − 0 = 10−15 M.

3. The total concentrations of all components that
participate in the solid reaction are adjusted us-
ing the difference calculated in step (2) and the
dissolution-reaction stoichiometry. For this calcite
example, the component concentration of CO2−

3 is
increased by 10−15 M. The new total component
values are sent to the aqueous-speciation model,
which returns the chemical speciation of all the
components and complexes in solution. So, in the
first iteration for calcite dissolution, the speciation
is calculated based on the total Ca2+ component
concentration given in step 2 above, 1 × 10−15 M,
and the adjusted total concentrations of the other
components affected by calcite dissolution.

4. The reaction product, cQ, is calculated based on
the updated speciation to determine if the system
is super- or under-saturated. Using the bisection
method, the total component concentrations are
adjusted again, and steps 2 to 4 are repeated.
Continuing with the calcite example, when the
Ca2+ component concentration is 10−15 M, the
solution is still under-saturated with respect to cal-
cite. A new guess concentration is calculated by
bisecting the difference between the last guess,
10−15 M, and the maximum allowed concentra-
tion, 1M. The actual numerical calculations are
based on the log of the concentration to improve
numerical accuracy.

5. Steps 2 to 4 repeat until a specified convergence
tolerance is met or if the preset maximum number
of iterations is exceeded. In the former case, con-
vergence is currently set to when the new guess
concentration differs from the last guess by less
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than 10−12 M, converted to log units. In the latter
case, an error message is generated.

6. The solution returned to the SOLVER sub-model
is the total component concentration of the metal
component in the solid that is in equilibrium with
the system for the initial conditions. For example,
if calcite were under-saturated, the value for the
total Ca2+ concentration returned from the sub-
routine would be higher than the initial concentra-
tion.

7. The SOLVER sub-model calculates the maximum
precipitation (or dissolution) rate from the differ-
ence between the initial total component concen-
tration and the value returned from the equilibrium
subroutine.

8. The maximum precipitation (or dissolution) rate is
compared to the rate computed based on kinetics.
The smaller of the two rates is used to calculate the
amount of mass transferred to or from the solid in
the current time step.

Incorporation into CCBATCH and testing

Consistent with the rest of CCBATCH (VanBriesen
& Rittmann 1999), the precipitation/dissolution sub-
model was coded in FORTRAN and uses double-
precision variables. The complete FORTRAN code for
the sub-model is listed in Banaszak (1999). Implemen-
ted into CCBATCH, the sub-model retrieves all in-
formation it needs from SOLVER. Information passed
between the precipitation/dissolution sub-model and
the SOLVER sub-model includes the total component
concentrations, the dissolution reaction stoichiometry
(recall that solid-phase reactions must be written
as dissolution reactions), and the solubility product
for the solid dissolution reaction. The equilibrium-
solution algorithm is based on the bisection method
adapted from Borse (1991).

We performed extensive testing to ensure that the
implemented sub-model achieves mass-balance clos-
ure, proceeds to an exact equilibrium solution, and
perfectly reproduces the results for special cases for
which analytical solutions are available (Banaszak
1999).

Example: the iron (III)-citrate-P. fluorescens system

Citric acid (C6H5O7H3), abbreviated H3Cit, is a key
intermediate in the tricarboxylic acid (TCA) cycle, and
many respiring organisms can use it as an energy and
carbon source (Madigan et al. 2000). VanBriesen &

Rittmann (1999) used citric acid to illustrate how the
basic CCBATCH works and how speciation among the
many acid/base and complex forms of citrate controls
its biodegradation rate. In particular, VanBriesen &
Rittmann (1999) predicted the effects of pH and Fe3+
complexation on the rate and extent of citrate biode-
gradation when HCit2− (the twice-dissociated form of
citric acid) is the bioavailable species. This means that
the HCit2− concentration is used as S in the Monod
expression (Equation (1)). Increasing pH from 6 to 8
nearly stops biodegradation, since the acid/base spe-
ciation is shifted from HCit2− to Cit3− (pcKa,3 for
HCit2− ↔ H+ + Cit3− is 5.8 for an ionic strength
of 0.1). Thus, the concentration of the bioavailable
rate controlling HCit2− is very small, making the
utilization rate small. Addition of Fe3+ to solution
essentially stops citrate biodegradation whenever the
Fe3+: Citrate mole ratio is greater than or equal to
one, because Fe3+ forms strong citrate complexes that
sequester citrate away from the bioavailable HCit2−
form.

Joshi-Topé & Francis (1995) performed experi-
ments with a system containing Fe3+, citrate, and
Pseudomonas fluorescens. In their experiments, dis-
solved oxygen was amply available and not limiting,
and the pH was not buffered. The data points in
Figure 1 are from experiments without Fe3+ added
(left panel) or with Fe3+ added in a 1 : 1 mole ratio
(right panel). Although the rate of citric-acid degrad-
ation was slower when Fe3+ was added, citrate was
significantly biodegraded over 50h in the batch exper-
iment with Fe3+ added. Fe3+ was not measured. We
use CCBATCH with the precipitation/dissolution sub-
model to explore how precipitation of Fe(OH)3(s) ex-
plains the observation of citrate biodegradation despite
additions of Fe3+ at a 1 : 1 mole ratio with citrate.

Hamm et al. (1954) studied the complexation of
Fe in citrate solutions. In Fe (III) systems, Hamm et
al. (1954) postulated that three complexes are formed
between Fe and citrate: FeCit0, Fe(OH)Cit−, and
Fe(OH)2Cit2−. The formation constants for these spe-
cies, along with constants for other complexes con-
sidered in this modeling, are shown in Table 2. At
pH 6.0 to 6.1, the initial pH used in the experiments
(Joshi-Topé & Francis 1995), equilibrium calcula-
tions show that the Fe(OH)Cit− complex accounts
for about 97% of the Fe and citric acid in solution.
As the pH of the system increases due to biodegrad-
ation of citrate (VanBriesen & Rittmann 1999), the
Fe(OH)2Cit2− complex becomes more important, but
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Table 2. Formation constants used for modeling the
Fe3+-citrate systema

Species Constant Species Constant

H3Cit 12.96 Mn(OH)2−
4 −47.86

H2Cit− 10.06 MnHCO+
3 −4.82

HCit2− 5.74 MnCit− 4.18

OH− −13.78 MnHCit0 7.86

HCO−
3 −6.08 MnCl+ 0.16

CO2−
3 −16.37 FeCit0b 11.52

CaOH+ −13.07 Fe(OH)Cit−b 9.88

CaCO0
3 −13.72 Fe(OH)2Cit2−b 2.26

CaHCO+
3 −5.33 Fe(OH)+2 −2.64

CaCit− 3.38 Fe(OH)+2 −6.36

CaHCit0 7.96 Fe(OH)0
3 −13.14

CaH2Cit+ 10.76 Fe(OH)4− −22.04

MgOH+ −11.66 Fe2(OH)4+
2 −3.00

MgCO0
3 −13.52 FeCl+2 0.84

MgHCO+
3 −5.43 FeCl+2 1.00

MgCit− 3.38 FeSO4+ 2.68

MgHCit0 7.66 Fe(SO4)−2 3.64

MnOH+ −10.82 NH3 −9.3

Mn(OH)0
2 −22.42 HNO3 −0.78

Mn(OH)−3 −34.80 HPIPESc 6.92

a Except where noted, taken from Morel & Hering (1993);
constants were adjusted to 0.1 M ionic strength.
b Reported at 0.1 M ionic strength by Hamm et al. (1954).
c From Joshi-Topé & Francis (1995).

the concentration of FeCit0 is insignificant in this pH
range.

To begin the modeling analysis, we fixed the stoi-
chiometry of the reaction for aerobic citrate oxidation
coupled to biomass synthesis using energetics prin-
ciples (McCarty 1972; Rittmann & McCarty 2001;
VanBriesen & Rittmann 2000):

C6H5O3−
7 + 0.0725H2O + 0.642NH+

4

+ 1.287O2 + 2.358H+

→ 0.642C5H7O2N + 2.788H2CO3 (16)

where C6H5O3−
7 is citrate, which is the component

form used for speciation in CCBATCH. This stoi-
chiometry corresponds to a true yield (Y) of 0.642 mol
biomass/mol citrate, or 0.504 gVSS/gThOD, where
VSS stands for volatile suspended solids and ThOD
stands for theoretical oxygen demand. A maximum
electron flow to respiration of 1 e−eq/gVSS-d (Mc-
Carty 1972; Rittmann & McCarty 2001) makes the
maximum specific rate of citrate utilization (qmax)
1.17 gThOD/gVSS-h at 20 C. Using the Arrhenius
equation (Ea = 48.8 kJ/mol) to convert qmax to 26

C, the temperature of the experiments, gives qmax =
1.75 gThOD/gVSS-h, which also equals 1.37 mol cit-
rate/mol biomass-h. The maximum specific growth
rate (µmax) is the product Yqmax and equals 0.88 h−1

for 26 C. Equation (16) also shows the consumption
of 2.358 equivalents of acidic hydrogen (H+) per mole
of citrate consumed, and this feature can result in a pH
increase.

Using CCBATCH, we first simulated the exper-
imental results with no Fe3+ added to estimate the
Monod half-maximum-rate concentration (Ks) for P.
fluorescens utilizing HCit2− as its only bioavailable
substrate (VanBriesen & Rittmann 1999). The curve
in the left panel of Figure 1 shows the model results
for citrate degraded. The Ks value is 1.3 × 10−6 M,
or 0.187 mg ThOD/l. The Monod half-maximum-
rate concentration for oxygen (Ka) was set at 6.25 ×
10−6 M (0.2 mgO2/l) (Kinzelbach et al. 1991), a value
that exerted no limitation in the experiments. Table 3
summarizes all the parameters used for the kinetics of
citrate biodegradation and biomass growth.

We next simulated the results for the experiments
having the 1 : 1 mole ratio of Fe3+: citrate added. We
used CCBATCH with the biodegradation parameters
shown in Table 3, the complexation constants shown
on Table 2, and a range of values for the precipitation
kinetics. The modeling results for addition of Fe3+ at
a 1 : 1 mole ratio with citrate (right panel of Figure
1) show that a lumped precipitation-rate coefficient
(k′a) between 109 and 1010 h−1 gives a good match to
the experimental results for citrate degraded. Although
the calculated profiles do not correspond precisely for
every experimental datum, they capture the overall
trend very well: the slow biodegradation of citrate as
Fe(OH)3(s) precipitates.

Figure 2 plots model-predicted results for total
citrate, biomass, pH, and Fe(OH)3(s) precipitated for
k′a = 109 and 1010 h−1. Figure 2 clearly shows that
the degradation of citrate occurs together with the
precipitation of Fe(OH)3(s). Biomass growth follows
Fe(OH)3(s) precipitation. Initially, the system is over-
saturated with respect to Fe(OH)3(s), and precipitation
begins immediately. The amount of precipitation de-
pends on k′a. Precipitation initially results in a small
pH drop, since base is removed.

Significant biodegradation begins just after 10 h,
and it accelerates around 15 h, when a significant
concentration of biomass is present. The biodegrad-
ation of citrate removes a triprotic acid (i.e., H3Cit, as
shown in Equation (16)), and this results in a sharp pH
increase at the time of accelerating citrate biodegrada-
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Figure 1. Comparison of model-calculated to experimental results for the biodegradation of citric acid by P. fluorescens. The left panel is for
no Fe3+ addition, while the right panel is for Fe3+ addition at a 1 : 1 mole ratio with citrate. All computations are based on HCit2− being the
bioavailable species and using the parameters listed in Tables 2 and 3. The Fe(OH)3(s) precipitation rate coefficient (k′a) increases in the order

108, 109, 1010, and 1011 h−1 for the right panel.

Table 3. Comparison of the forms of the precipitation rate equations

Parameter Mole units Gram units Source

Y 0.642 mol biomass/mol citrate 0.504 gVSS/g ThOD Equation (16)

qmax 1.37 mol citrate/mol biomass-h 1.5 gThOD/gVSS−1 McCarty 1972; Rittmann & McCarty 2001

µmax 0.88 h−1 0.88 h−1 µmax = Yqmax

Ks 1.3 × 10−6 mol HCit2−/l 0.187 mg HCit2− ThOD/l fitting, Figure 1

Ka 6.25 × 10−6 mole O2/l 2 × 10−1 mgO2/l Kinzelbach et al., (1991)

b∗ 0.05 d−1 0.05 d−1 VanBriesen & Rittmann (1999)

∗ Endogenous decay coefficient.

tion. By 50 h, the model predicts that 35 to 63% of the
citrate is biodegraded, while 35 to 63% of the Fe3+
is precipitated as Fe(OH)3(s). The pH increases from
6.7 to 7.0 due to the consumption of acidic hydrogen
during citrate biodegradation.

Figure 3 presents the model-predicted concentra-
tions for the major iron and citrate species. At the
very beginning of the experiment, precipitation of
Fe(OH)3(s) consumes Fe3+, which releases citrate,
and all the acid/base citrate species increase sharply
in concentration. Most significant is the increase in
HCit2−, the bioavailable form. Coincident is the
sharp decrease in pH due to base consumption dur-
ing Fe(OH)3(s) precipitation (Figure 2). Hence, the
bioavailable HCit2− is at its maximum concentration

to just beyond 10h, when the biodegradation rate
accelerates due to biomass growth.

Biodegradation after about 10 h eventually leads
to the loss of all citrate species. The pH increase that
occurs in parallel to citrate biodegradation (Figure 2)
accentuates the slowdown in biodegradation kinetics,
because HCit2− declines more rapidly than other cit-
rate species, particularly Cit3− and FeOHCit−. In fact,
Cit3− spikes up just as the biodegradation rate begins
to slow at 16 to 18 hours.

Figures 2 and 3 compare predicted results for =
109 and 1010 h−1. The larger k′a value allows more
precipitation (Figure 2), although the onset of pre-
cipitation occurs at almost the same time. A large
biomass inoculum or faster biodegradation kinetics
(e.g., a smaller Ks) would allow precipitation to begin
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Figure 2. Model-predicted values for total citrate, pH, and
Fe(OH)3(s) precipitated for the conditions of the right panel in

Figure 1 and with k′a = 109 and 1010 h−1.

sooner (data not shown), but k′a controls the rate of
precipitation and the long-term biodegradation of cit-
rate, growth of cells, and pH increase. The patterns for
changes in speciation (Figure 3) are similar for both
k′a values, but the larger k′a allows more dramatic
change in major species, FeOHCit− and Cit3−.

Conclusions

Because precipitation and dissolution interact with mi-
croorganisms and their metabolic reactions, we expan-
ded the biogeochemical model CCBATCH to include a

Figure 3. Model-predicted values for major citrate species for the
conditions of the right panel in Figure 1 and Figure 2 and with k′a =
109 (top) and 1010 h−1 (bottom).

precipitation/dissolution sub-model. We took advant-
age of the fact that different reaction mechanisms yield
a common kinetic expression, Equation (15). This
expression explicitly incorporates reaction or mass-
transfer kinetics, the difference from thermodynamic
equilibrium, and the aqueous concentration of the rate
limiting metal or ligand.

The precipitation/dissolution sub-model can be
used in equilibrium or kinetic modes. When the pre-
cipitation/dissolution sub-model predicts kinetically
controlled precipitation or dissolution, it also includes
an equilibrium check that prevents a predicted rate
from being too fast and “overshooting” equilibrium.

The features of the expanded CCBATCH are illus-
trated with a example in which P. fluorescens biode-
grades citrate in the presence of an initial 1 : 1 mole
ratio of Fe3+, even though Fe3+-citrate complexes
are strong and unavailable for biodegradation. The
expanded CCBATCH demonstrates that the solution
is super-saturated with respect to Fe(OH)3(s), which
begins precipitating. Precipitation releases citrate and
reduces the pH, both of which increase the concentra-
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tion of bioavailable HCit2− and allow biodegradation
of citrate. Sustained citrate biodegradation consumes
the acidic hydrogen, which increases the pH and
gradually slows biodegradation, particularly because
the bioavailable HCit2− species declines very rapidly
due to the combined effects of a decrease in the total
citrate and an increase in the pH.
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