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Abstract

A new model, CCBATCH, comprehensively couples microbially catalyzed reactions to aqueous geochemistry. The
effect of aqueous speciation on biodegradation reactions and the effect of biological reactions on the concentration
of chemical species (e.g.280s3, NHj{, O,) are explicitly included in CCBATCH, allowing systematic investiga-

tion of kinetically controlled biological reactions. Bulk-phase chemical speciation reactions including acid/base and
complexation are modeled as thermodynamically controlled, while biological reactions are modeled as kinetically
controlled. A dual-Monod kinetic formulation for biological degradation reactions is coupled with stoichiometry

for the degradation reaction to predict the rate of change of all biological and chemical species affected by the
biological reactions. The capability of CCBATCH to capture pH and speciation effects on biological reactions is
demonstrated by a series of modeling examples for the citrate/Fe(lll) system. pH controls the concentration of
potentially biologically available forms of citrate. When the percentage of the degradable substrate is low due
to complexation or acid/base speciation, degradation rates may be slow despite high concentrations of substrate
Complexation reactions that sequester substrate in non-degradable forms may prevent degradation or stop degrad-
ation reactions prior to complete substrate utilization. The capability of CCBATCH to couple aqueous speciation
changes to biodegradation reaction kinetics and stoichiometry allows prediction of these key behaviors in mixed
metal/chelate systems.

Introduction can produce experimental results that are difficult
to interpret. On the other hand, these interactions

Predicting the ultimate fate of mixed chemical con- can be assessed and quantified through modeling ef-
taminants requires an understanding of the chemical forts in a rapid, cost-effective manner. The study
and biological processes affecting contaminants and of chemical and biological reactions of mixtures of
naturally occurring organic and inorganic constituents. contaminants is, therefore, an area of research well
While fundamental chemical and biological reactions suited to mathematical modeling. In this paper, we
may, in some cases, be well characterized, the inter-present CCBATCH a model designed to deal with
actions among these reactions for complex systemschemical and biological interactions in aqueous batch
are largely undefined. In particular. the interactions systems. (The acronym CCBATCH stands foo-
among bacteria, biologically degradable organic spe- Contaminants in aBATCH reactor.) First, we de-
cies, and biologically affected inorganic species may scribe the development and coupling of models for
significantly affect contaminant fate in the environ- aqueous speciation and biological degradation. Then,
ment. a modeling example highlights the key functionality of

Laboratory-scale experimentation is often used to CCBATCH by predicting complex, but expected beha-
identify impacts of biological reactions on contam- Vior in a mixed metal/chelate system. Finally, model
inants, however, the complexity of the interactions Verification and limitations are discussed.
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CCBATCH methodology foundation bination of the other components (Morel and Hering
1993).
The biogeochemistry that influences the fate of mixed ~ As an example of an organic/metal mixture we
contaminants can be grouped into two reaction classesconsider citric acid (#CsHsOy7) in the presence of the
The first type of reactions are those that take place in complexing metal iron(lll). This system was selected
the bulk aqueous phase (homogeneous reactions) andpecause the aqueous chemistry is well understood and
include acid/base and complexation reactions. Theseincludes competition of acidic hydrogen and iron for
reactions normally reach thermodynamic equilibrium the citrate, competition of hydroxide and citrate for
rapidly, although slow complexation reactions have the iron, and the production of acidic hydrogen during
been reported (Pohlmeier and Knoche 1996; Xue et the course of biodegradation of the citrate. Thus, the
al. 1995; Nowak et al. 1997). In CCBATCH, bulk- general behavior of this system under various condi-
phase reactions are modeled as thermodynamicallytions can be predicted and the ability of CCBATCH to
controlled. The second type includes slower reactions, capture speciation changes and the potential impact of
involving kinetically controlled biological reactions or  these changes on the biological system can be evalu-
abiotic interphase reactions. Biological reactions are ated. The components are the citrate aniogH§D3 -
catalyzed by bacteria either suspended in the aqueous2r Cit*~, the iron cation (F&"), acidic hydrogen (H),
phase or attached to surfaces. These biological re-and water (HO). This system includes acid/base and
actions are oxidations and reductions, but they fre- complexation reactions for the organic acid and the
quently consume or produce acids or bases presentcationic metal. In order to fully characterize the chem-
in solution (Rittmann and VanBriesen 1996). Abi- istry in this system under biodegradation conditions,
otic surface reactions (Baer 1990) that are slow to the additional acid/base species 0fG0s and NHf
reach equilibrium include sorption, precipitation and Mmust be considered, as biodegradation reactions have
dissolution, abiotic oxidation and reduction, and ra- the potential to utilize and generate inorganic carbon
dioactive decay1 and may also affect the solution pH. and nitrogen. Further, in order to consider the kinetic
In CCBATCH, biological and abiotic surface reactions reactions of citrate degradation by micro-organisms,
are modeled as kinetically controlled. as well as cell growth and decay, the system must in-
In this paper, we present specifics for how clude the cells (by convention,sE702N) and their
CCBATCH couples bulk-phase equilibrium reactions €lectron acceptor (9in this case). No equilibrium
and kinetic biological reactions. CCBATCH is de- acid/base or complexation reactions occur for these
signed so that subprograms for all kinds of kinetic components in this system.
reactions can be added easily. Contaminant transport ~ Table 1 presents the component set and the stoi-
also can be considered by coupling the batch routines chiometric coefficients for the aqueous complexes that
to a transport code (Tebes-Steves et al. 1998). Thecan form along with the log of the overall formation
rest of this section describes the mathematical solution constant{g) for the ionic strength selected for the ex-
methods for equilibrium and kinetic submodels and ample (0.1 M). While ionic strength can vary during

the coupling of the submodels. biodegradation due to changes in the chemical com-
position of the solution and CCBATCH includes an
Components and equilibrium reactions activity correction routine that can adjust thevalues

at each timestep, for simplicity in the example presen-
Equilibrium-based modeling in CCBATCH follows ted we assume a swamping buffer concentration fixes
the well established pattern of multicomponent ther- the ionic strength at 0.1 M.
modynamic equilibrium modeling (Morel and Morgan For each component, a mass balance to determine
1972; Lichtner 1985; Yeh and Tripathi 1989; En- the total concentration of the component in the sys-
gesgaard and Kipp 1992; Lichtner 1996) utilized in tem is required. Substitution of mass action equations
several Comm0n|y used software packages for Chem-for the reactions described in Table 1 into the mass
ical speciation modeling (e.g. MINEQL, Westall et al. balances produces equations expressed only in terms
1976; MINTEQA2, Allison et al. 1991; PHREEQE, ©f the components. These mass balances are a set of
Parkhurst et al. 1980; and The Geochemist's Work- coupled non-linear algebraic equations that must be
bench, Bethke, 1992). Chemical components are solved simultaneously. They are further coupled to
selected so that they can be combined to form all an appropriate mass balance on the acidic hydrogen
possible species, but no component is formed by com- component, discussed below, and a Newton-Raphson
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Table 1. Components and complexes with corresponding stoichiometric coefficients aficitadylog®s values for the
citrate/Fe(Ill) example

Complexes HO Ht Cit’~ Fet  H,CO3 NHj Cells O LogB  Log®s
(CsH702N)

HsCit 0 3 1 0 0 0 0 0 1429  13.08
HoCit 0 2 1 0 0 0 0 0 11.16  10.06
HCitZ~ 0 1 1 0 0 0 0 0 6.40 5.74
FeOH+ 1 -1 0 1 0 0 0 0 —22 —2.64
Fe(OH) 2 -2 0 1 0 0 0 0 5.7 —6.36
Fe(OHf 3 -3 0 1 0 0 0 0 -128 -13.32
Fe(OH), 4 -4 0 1 0 0 0 0 -2106 -22.04
Fe(OH)3 " 2 -2 0 2 0 o 0 0 -2.90 -3.0
FecCif 0 0 1 1 0 0 0 0 1350 1152
FeOHCit 1 -1 1 1 0 0 0 0 10.1 9.81
Fe(OH)CitZ~ 2 -2 1 1 0 0 0 0 28.3 25.11
OH~ 1 -1 0 0 0 0 0 0 14.0 13.78
HCO3 0 -1 0 0 1 0 0 0 -6.35 —6.13
cos~ 0 -2 0 0 1 0 0 0 -16.68 —16.02
NH3 0 -1 0 0 0 1 0 0 -94 -9.28

Constants from Stumm and Morgan (1996) and Hamm et al. (1954).

iterative solution method is used (Press et al. 1992) for ciation to set the starting conditions for the system.
the component array. The mass action equations areFinally, we show how we utilize the proton condition
then solved for the reactions described in Table 1 for to integrate the equilibrium solver with the kinetically
the complex concentrations. controlled biodegradation reactions.

In CCBATCH, the mass balance on the acidic hy-
drogen is defined by the proton condition (Stumm
and Morgan 1996), which is a special mass balance
on acid and base equivalents produced and is formu-
lated relative to defined reference species. All species
that contain more protons than the reference species

ent in the general matrix of components. Its mass are P'aced on the. left side of the equation, and all
balance is coupled to all other mass balances for com- SPECI€S that contain fewer protons than the reference
ponents without special consideration (Lichtner 1985). SPecies are placed on the right side of the equation.
This is a mathematically sound method for computa- The _d|fference in protons from the_reference Species
tion and works well under many conditions for strictly Multiplied by the molar concentration of the species
equilibrium-controlled models. However, in coupled defines the concentration term in the proton condi-

equilibrium-kinetic models that involve reactions that tipn. In this way, the ngmber of aCid, equ.ivalents (left
consume or produce acidic hydrogen, this key mass side) created by all acid/base reactions is matched by

balance is better understood as a formal proton con- & number of base equivalents (right side) created by
dition, which is a modification of the standard mass !l acid/base reactions, regardless of any changes that
balance on acidic hydrogen utilized by most mul- take p!ace inthe spe_c!atlon of components. The_proton
ticomponent equilibrium solvers. First, we present the condition thus quantifies the fundamental principle of
general utility and formulation methodology for the acid/base chemistry: For every acid equivalent formed,

proton condition. Second, we discuss utilizing the & conjugate base equivalentmust be formed.
proton condition in conjunction with an initial spe-

Acid hydrogen, the proton condition and the initial
conditions

Typically, variable-pH modeling is accomplished by
adding H", or acidic hydrogen, as another compon-
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Within the structure of a generic multicompon- ing conditions differ from reference levels, the proton
ent equilibrium solver, however, the formality of a condition is adjusted during the pre-iterative equilib-
reference species is lost. The mass balance ®n H ration using a method callestjuivalent additionsThe
is created with reference to the components regard- equivalent addition methodology is based on the fact
less of their acid/base ‘status’. While mathematically that the difference between the starting condition and
sound, this methodology results in a numerical value the reference level is known. All the changes to the
for the total concentration of acidic hydrogen in the proton condition are in the same direction, and the
system that may have no inherent meaning. If all the effect of rewriting the condition will be to change
components are chosen in their least protonated form, the ‘sum’ of acidic hydrogen. Instead of rewriting the
the total concentration of acidic hydrogen represents proton condition for each new starting condition, the
the base-neutralizing capacity of the solution; like- change to this ‘sum’ is computed, and an equivalent
wise, if the most protonated forms are selected for addition made to alter the proton condition.
the reference level, the acid-neutralizing capacity is As an example, the proton condition can be for-
represented (Morel and Morgan 1972). However, of- mulated for the citric acid system described above.
ten the components are chosen for reasons other tharThe selected reference species for this system are
being systematic with regard to their acid/base status. taken as identical to the components — the deproton-
Then, the value of the total concentration of acidic ated citrate ion (C%); uncomplexed, cationic iron
hydrogen is without direct meaning. (Fe*H): fully protonated carbonic acid ¢€03) and

The effect of this absence of meaning in the arbit- ammonium (NH), water (H0), molecular oxygen,
rary proton mass balance is seen most clearly whenand cells (gH702N). The proton condition is written
the coupled biological reactions utilize acidic hydro- as described above:

en. As biodegradation proceeds and acidic hydrogen ) ) )
igsutilized, the 3alue ofthg total concentration 01}/acidgi]c 3[H3Cit] + 2[HoCit"] + _[';'E'tz ] + M i] =
hydrogen decreases, however, as the starting value[FeOHC'r] *+ 2[Fe(OHRCIt™] + [ffo'_P ] _+
is arbitrary, the total concentration term can become Z[Fe(OHH] + 3[Fe(OH)§] + 2[Fex(OH); "] + [OH™]
negative during the modeling simulation. +2[CO5] + [HCOZ] + [NHg] + ACID 1)

In CCBATCH, the user selects a system of com-
ponents in the traditional manner, and acidic hydrogen
(H™) is a component. In order to ensure that the acidic
hydrogen balance is a true proton condition, the com- Acip = 3[H3Cit] + 2[H,Cit"] + [HCit>"] + [H*]
ponents are taken as the reference species for acid/base. [FEOHCit] — 2[Fe(OHYCit>] — [FeOHP+] —
reactions. In our example, Feand Cif~ are the ref- 2[Fe(OH)] — 3[Fe(OHE] — 2[Fex(OH)*] — [OH"]
erence species for iron and citrate, respectively. This 2[CO2] — [HCOZ] — [NH3] @)
formal constraint allows CCBATCH to track a ‘pool’ 3 3 3

of available acidic hydrogen to be utilized in biolo- The term ACID replaces the total aqueous concen-
gical reactions. The proton condition created relative tration of acidic hydrogen compared to the reference
to this fixed reference Species can be utilized with the levels. The ACID term can be used to represent in-
known pH of the starting solution to determine the creases in acid or base equivalents in the system due
‘true’ available acidic hydrogen in the system. to the dominant aqueous species at the starting condi-
As with all multicomponent equilibrium models,  tions being different from the reference species. When
the selection of components is independent of the the starting species are more acidic than the reference
actual species predominating at the system startinglevel, ACID is positive, when the added species are
time. In order to predict accurately changes in speci- more basic than the reference level, ACID is negat-
ation, the initial speciation mist be determined, and the jve. Because ACID can be used to adjust for kinetic

starting total aqueous hydrogen concentration must bereactions that produce or consume acidic equivalents,
reset to account for the difference between the selectedit is a key link between the equilibrium solver and the

reference level and the dominant species of each com-kjnetic solver.

ponent at the initial conditions. This is accomplished For the Fe/Citric acid system, at Starting pH val-
in CCBATCH by linking an initial speciation routine  yes below the first pKof citric acid (3.08), carbonic
to a resetting routine based on the formulation of the acid (6.35), and ammonium (9.24), the fully proton-
proton condition for the system. Since the actual start- ated forms of citric acid, carbonic acid and ammonium

We rearrange Eq. (1) to be consistent with the format
of the other mass balances for the component set:
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are the initial species, and the iron ion remains un-
complexed with hydroxide; thus, ACID is positive.

CCBATCH incorporates the effects of kinetic re-
actions in three ways: (1) adjusting the ACID term
At starting pH values above the third gkof citric for consumption or production of acidic hydrogen; (2)
acid (5.74), the pks of the iron hydroxides, and the changing the total component concentration of pro-
pKa values of ammonium and the carbonates, the de- duced or consumed components; and (3) respeciating
protonated citrate ion, the complexed iron hydroxide to determine the new equilibrium position and pH.
species, NH, and free carbonate ((§O) dominate Details of the coupling of the equilibrium and kinetic
the system; hence, ACID is negative. In between routines are discussed below.
these two extreme cases, due to the complexity of
the system involving multiple competing equilibrium  Biodegradation modeling
reactions, the value and sense of ACID requires a
complete speciation computation. The first iteration Micro-organisms utilize nutrients (C, N, P, O and H),
of CCBATCH must begin with a set of solution- electrons, and energy to build new cells. They acquire
phase concentrations that conform to mass balancethese necessary materials from environmental sources
limitations (Steefel and MacQuarrie 1996), and are and are sinks for them. Micro-organisms also produce
in thermodynamic equilibrium prior to the iterative a range of products, making them sources of these
stepping between the equilibrium and kinetic routines. product materials. The rate at which cells grow and
Thus, CCBATCH uses a separate pre-iterative solution thereby serve as sinks or sources for materials in their

to the equilibrium problem. Using the total concentra-
tions of components defined by the user and an initial
pH, CCBATCH computes the equivalent addition ne-
cessary to define a proton condition for the system: i.e.
ACID is computed. CCBATCH then solves the equi-
librium problem for the fixed initial pH and determines
the concentrations of all components and complexes.

In some cases, mixed contaminant systems have

significant buffering, which effectively fixes the pH
and acidic hydrogen concentration. In this special

environment is controlled by inherent characteristics
of the cells and by system-dependent factors, such as
the amount of available substrates and the total number
of cells present in the system.

In CCBATCH, we use dual-limitation Monod kin-
etics (Bae and Rittmann 1996) to describe the rate of
utilization of the primary electron-donor substrate:

S
Xg——
S+ Kg

A
A+ Ky

3)

rutl = —qdm

case, the acidic hydrogen componentis constantand isin which X, is the concentration of metabolically

determined from the set pH: [H ={H "}/ yq, where
yH+ IS the activity coefficient for the proton. Once
the initial pH has been used to set the ACID term,
CCBATCH can be operated in the fixed-pH mode for
these systems.

In most situations, however, the potential for bio-

active organisms in the system ¢M3), § is the con-
centration of the electron-donor substrates(v®),

K, is the half-maximum-rate concentration for the
electron-donor substrate QM—3), A is the concentra-
tion of the electron-acceptor substratea(M3), K4

is the half-maximum concentration of the electron-

degradation (or other) reactions to change the systemacceptor substrate @M~3), ¢, is the maximum

pH is significant. Many degradation reactions produce

specific rate of substrate utilization for the bacterial

or consume acidic hydrogen and, therefore, change thespecies (I\gM;lT—l), andry is the rate of utiliza-

pH of the system. For example, the aerobic degrada-

tion of citrate and the microbially catalyzed reduction
of ferriciron to ferrous iron are acid/base reactions that

tion of the rate-limiting substrate (M—3T—1). The
rate of substrate utilization is directly related to the
rate of biomass synthesis, or cell growth, through the

consume and produce acidic hydrogen, respectively trye yield coefficientY), expressed as the amount of

(Francis et al. 1992; Lovley and Phillips 1988). Fur-

cell mass produced per unit of substrate consumed

thermore, biodegradation consumes substrates with(MXMgl)_ Multiplying ruii in Eq. (3) by —Y gives

acid/base character (like citrate) or produces other spe-
cies with acid/base character (like carbonates). The

I'synthesis
The dual Monod formulation reduces to the fa-

changes in total concentration of these components mijliar single Monod (1946) formulation when one of

also causes respeciation and pH change. Since bacthe substrates is in high (and, therefore, non-limiting)
teria can be quite sensitive to shifts in pH, rates of concentration. It also reduces to a first-order depend-
degradation and bacterial growth may depend on the ency on a particular substrate when that limiting sub-
prevailing pH. strate(s) has a very low concentration (bel&y for
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this substrate), and to zero order with respect to that liable empirical yield data are not availablg’ and
substrate when its concentration is high. Thus, the f? can be predicted utilizing thermodynamic prop-
dual Monod model has wide applicability in modeling erties of all involved species (McCarty 1971, 1975).
biodegradation reactions. Continuing with the citrate example, based on the ther-
In addition to utilizing environmental resources modynamic approach of McCarty (1971, 1975), the
to build new cells, cells also have maintenance re- fraction of electrons going to synthesis and to oxy-
quirements (Pirt 1965; Van Uden 1967; Cherry gen are, respectivelyf? = 0.718 andf? = 0.282.
and Thompson 1997; Horn and Hempel 1997). In That partitioning gives the overall stoichiometry of the
CCBATCH, we consider the maintenance require- reaction to oxidize citrate with oxygen and grow cells:
ments of cells to be met by self-oxidation, or util-
ization of biomass as an electron-donor substrate. In C6H5o +0.64NH; +1.27 G +0.071HO +2.34
this formulation, a decay rate is computed as propor- *— 2.77 HCOz + 0.64 GH7O:N (4)

tional to the concentration of biomasgecay= b X, in Reaction (4) gives the molar ratios of all chemical
whichrgecayis the rate of cell decay,is the endogen-  components affected during the aerobic degradation
ous decay constant (¥), andX, is the concentration  of citric acid and the synthesis of new biomass. Note
of organisms in the system (¥ —3). that all reactants and products are components in the
Substrate utilization and cell decay consume or equilibrium speciation model. Reaction (4) appears to
produce other chemical species (e.g. oxygen, acidic show that the anionic, uncomplexed form of citrate
hydrogen, ammonium, or carbonate species), in ad- s being degraded. This is not the case. In reality,
dition to affecting cell yields. In CCBATCH, the the reaction accounts for the rate of loss of the total
stoichiometry between substrate utilization or cell de- component of citrate, because Titis the reference
cay and production or consumption of other chemical species for the citrate component. Thus, reaction (4)
species of interest is based on balanced chemical equagives the change in all components (e.g, @ells,
tions for the biological reactions. The coefficients for acidic hydrogen) in proportion to the loss of the total
all species in the degradation reaction are computed cjtrate and in reference to @it. The use of the com-
following an expanded McCarty (1969, 1971, 1972a, ponents in the stoichiometry reactions is key to linking

b, 1975) method that is discussed in detail elsewhere these kinetically controlled biodegradation reactions
(VanBriesen and Rittmann, 1999). In brief this method g the equilibrium-controlled reactions.

is based on developing an oxidation half-reaction for One or more chemical forms of the substrate
the electron donor substrate and combining it with (HsCit, HoCit~, HCit2~, Cit*~, FeCif, FeOHCit,
reduction half-reactions for the electron acceptor and Fe(OH)Cit?~) may be biologically available to the
cell Synthesis. Combining the half reactions divides all micro_organismS, and biodegradation kinetics can de-
the electrons released in the oxidation of the electron pend strongly on the chemical form of the substrate
donor between the electron acceptor (for generating (Lauff et al. 1990; Palumbo et al. 1994; Nortem-
energy) and the environmental sources of nutrients ne-ann 1992; Joshi-Tope and Francis 1995; Bolton et
cessary for cell synthesis (for reducing nutrient C, N 3|, 1996). In these systems, a range of bacterial spe-
and O, to the oxidation state necessary for incorpora- cies appear to have rapid degradation kinetics for one
tion into cell mass). or two chemical forms, but slow or zero kinetics for
The relative proportioning of electrons is depend- other forms. CCBATCH allows the user to specify de-
ent on the energy yield of the donor-acceptor redox gradable and non-degradable forms of each electron-
couple and the energy requirements of the cell syn- donor substrate component. It is the concentration of
thesis reaction. In some cases, this partitioning is the biologically available, degradable substrate form
established from empirical data on the cells’ true yield. (whether a component, complex, or sum of many dif-
In that case, the fraction of donor electrons going ferent complexes) that controls the rate of degradation.
to biomass synthesisf() is proportional to the true  Therefore, although the concentrations of all chemical
yield. A units conversion expressing in electron  forms are computed by the speciation routine, only
equivalent biomass synthesized per electron equiva-the concentrations of the degradable forms (as spe-
lent of donor consumed give&’. The fraction of the  cified by the user) are included in S, the substrate
electrons going to the acceptof,’, is obtained by  available for degradation that controls the rate in the
difference (7 = 1 — f7) for reactions that do not  Monod Eq. (3). However, it is the total concentra-
involve intermediate formation. In cases for which re- tion of the substrate (£for the component) that is



changed as a result of the degradation. If reliable in-
formation for the kinetics and degradable form are not
available, the full substrate concentration can be con-
sidered degradable or CCBATCH can be used along
with experimentation to explore hypotheses relating to
the biologically-available substrate form (VanBriesen

et al. 1999c; Banaszak et al. 1996, 1997a, 1999).

The stoichiometry of the decay or endogeneous
respiration reactions can be based on cell mineral-
ization or a proportioning of carbon between miner-
alization products and soluble microbial by-products
(SMP). While different decay formulations can be
used (DeSilva and Rittmann, 1999; VanBriesen et al.
1999a), for simplicity in this example, we assume that
the cells are mineralized. With oxygen as the electron
acceptor, then, the decay reaction is:

CsH7OoN + 3 H O + HY +5 Oy — 5 HoCOg + NHjlr
(5)
Once the full degradation and cell decay reactions
are known, the substrate utilization rate is combined
with stoichiometric values from these reactions to
compute the rates of consumption or production for all
components affected. In our example, for the compon-

ents other than citrate, rates are computed based on th

utilization rate of the primary electron donor substrate
(in moles citrate/L-day) computed following Eq. (3)
and the stoichiometries of reactions (4) and (5).

Linking equilibrium and kinetics
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CCBATCH can be integrated into complex subsur-
face flow models, in which case more sophisticated
iterative-sequential methods based on complete coup-
ling of the mass balances are necessary to reduce the
computational burden (Tebes-Steves et al. 1998).

Modeling example

An example demonstrates the utility of CCBATCH for
multicomponent systems involving biological degrad-
ation. The components and relevant reactions for the
equilibrium system have been presented in previous
sections. Kinetic parameters for the growtlPrseudo-
monas fluorescena species known to degrade citrate,
are available in the literature (Joshi-Tope and Fran-
cis 1995) or through estimation (McCarty 1969) and
presented in Table 2. For this example, we select a
starting concentration of approximately1GFU/ml|

(1.0 x 108 M cells) and a starting citrate concen-
tration of 104 M. We assume that adequate oxygen
exists in the system and its transfer into aqueous solu-
tion is not rate limiting. The goal of the modeling
example is to show the ability of CCBATCH to predict
eexpected trends in a mixed metal/chelate system along
the course of a simulated experiment.

We begin by considering a simplified system
without the presence of the complexing metal®Fe
We start with a base case trial at a fixed pH of 7 and
with all forms of citrate considered to be equally de-
gradable; in other words, for Eq. (3), Strate Fig-

Once CCBATCH has determined the rates of change ure 1 shows the concentration changes for the citrate,

of all components due to the kinetic biodegradation

cells, and ammonia-nitrogen (panel a). Also shown are

reactions, these rates are used, along with a timestepthe H,COs released and oxygen and acidic hydrogen

to adjust the total concentrations of the components.

utilization for the same case (panel brEDs; and &

The adjusted total concentrations are used in the nextare assumed to re-equilibrate with the atmosphere for

call of the speciation routine to predict the concen-

this example, and pH is fixed; therefore, these figures

trations of the components and complexes at the new show the amount of $CO; formed and @ and H"

equilibrium state. The sequential solution of the equi-
librium and biodegradation submodels continues until

utilized in the biodegradation reaction rather than the
dissolved concentrations of these components, which

a user-determined stop criterion is reached. Examplesremain constant. Panel ¢ shows how the substrate util-
of stop criteria are: a substrate is exhausted, all cells ization and net cell growth rates change with time for

are eliminated by decay, or the maximum number of
timesteps set by the user is reached.

this trial. This figure indicates that biodegradation of
the citrate is complete in 10.8 hours. All the species af-

This method represents a sequential non-iterative fected by the biodegradation reaction follow the same
approach (Steefel and MacQuarrie 1996; Tebes-Stevespattern: a slow change at first, followed by a rapid

et al. 1998). The time step must be chosen small
enough to avoid numerical error or instability (Va-
locchi and Malmstead 1992). In this work, which
involves modeling batch reactions, the simple forward,
non-iterative approach has proved suitable. However,

change, and then a slow down again as the substrate
is exhausted and cell decay dominates. This pattern
is typical of batch systems (Monod 1946). The early
slow phase occurs as the cells grow from an initially
small inoculum to a concentration able to degrade the
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Table 2. Kinetic biodegradation modeling parameters for the citrate/Fe(lll) example

Parameter Value Source
gmaxcitrate Maximum rate of substrate utilization 1.369 mole citrate/mole cell-hour  Estimated following McCarty (1969)
Y, true yield 0.64 mole cells/mole citrate Stoichiometry
K citrate MoONnod half maximum rate constant for citrate .03 106 mole/L (Joshi-Tope and Francis 1995)
K4, Monod half maximum rate constant for electron 22%x 10~6 mole oxygen/L (Kinzelbach et al. 1991)
acceptor substrate ()
b, endogenous decay constant 0.05thy (Odencrantz 1992)
g Paneia s found as HCR~, and 95% as Cit. As Figure 2
R seEng panel a indicates, citrate loss in solution is more rapid
83 O ol it when Cié~ is degradable (complete in 10.8 hours) and
11 e ] et slower when HC#™ is degradable (complete in 20
4.0E-0 fitrogen 20504 9 . .
§ zmz o i hours). Thus, full degradation of citrate takes longer
8 . itraty 8.00E-04 3 . .
T e o . when the degradable form is substantially less than the
T 5 10 15 20 2 total citrate concentration. Once all the citrate is de-
sy 5E04 Panel b graded, the total cell growth; ammoniag,@&nd acidic
j3 oo H:C0, hydrogen utilized; and $CO;z released are compar-
$5 25604 [ ) ydrog ) P
ggg 20804 " able for the two cases (data not shown). Figure 2
§it o o (panel b) shows the substrate utilization rate for the
£1 soecs two situations. When Cit is the degradable form, we
1 3
v e : - e zo 2 would expect its higher initial F:_ongentration to Iegd
,  70E0S panele to a faster rate of substrate utilization. The resulting
§ o0 higher concentration of cells would then increase the
3 substrate utilization . .
fg soeos peate tleet rate even further. The CCBATCH simulation captures
5% 4.0E-05 . . .
33 s0E05 this behavior, shown as a sharp rate peak fo? Cit
ig 20845 blomass growth as the degradable form. When HEitis degradable,
1% 1oE0s we would expect the initial lag phase that has a slow
3 oo : o " 20 2 rate of substrate utilization to be extended. Fewer cells

-1.0E-05

are grown initially, and the substrate concentration is
Figure 1. Model output for total concentration of citrate, cells, and mUCh IQSS than _the tOt_al Cltrate_' Aggm the CC_:_BAT_CH
ammonia-nitrogen (panel a): concentration 0fGO3 produced, simulation predicts this behavior with the utilization
and @ and H* utilized (panel b); and substrate utilization and rate showing a more gradual rise and never reaching
biomass growth rates (panel c) for the base case at fixed pH 7 and the rate predicted when the more abundan$TCis

with all citrate considered degradable. degradable. Despite the slower rates when RiCis
degradable, CCBATCH predicts all the citrate will be

substrate rapidly. When the substrate is driven to a low degraded, indicating that full mineralization is pos-
concentration, metabolism slows until the substrate is SiPle even when the degradable form makes up only
eliminated. In the long term, the cells slowly decay, 9% Of the total substrate initially. . _
utilizing oxygen and producing #€0O;3 in the endo- Since pH affects the concentration of dlff_erent
geneous decay reaction. Thus, CCBATCH captures forms of _C|tr_a_te, we would_ expect blo_degradatlon to
the expected behavior of this simple biological system. depend significantly on pH if only certain citrate forms
Next, we want to demonstrate CCBATCH's utility &ré available to the micro-organisms. CCBATCH
for considering the impact of speciation on biode- shquld captu.re these predictable pH effects oqthe bio-
gradation. We consider the case of either RCior logical reactions. To evaluate this, we consider the
Cit~ as the actively degraded species in a solution ¢ase Of HC#~ as the degradable form and with de-

of citrate at a fixed pH of 7.0; again no Fe is con- gra_dzation taking place at a fixed pH of 6, 7 or 8.
sidered for this trial. At pH 7, 5% of the citrate is HCIt™ makes up 37, 5 and less than 1% of the total

Time (hours)
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Figure 2. Loss of citrate (panel a) and substrate utilization rate
(panel b) for the case with fixed pH 7 with HEit or Cit3~ as
degradable substrate form.

Figure 3. Loss of citrate (panel a) and substrate utilization rate
(panel b) for the case where Helit is the degradable form at fixed
pH 6,7 and 8.

citrate at pH 6, 7 and 8, respectively. Figure 3 shows

that the degradation is most rapid for pH 6 (complete
at 12 hours) and slower for pH 7 (complete at 20
hours). However, for pH 8, degradation is only 7%
complete by 50 hours. Likewise, Figure 3 (panel b)
shows rapid utilization rates for pH 6 and 7, but no
appreciable rate of substrate utilization or cell growth
for pH 8. Whether, or not, the complete utilization

of the substrate will eventually take place at pH 8 is
largely controlled by the rate of endogenous decay. If

a simulation where HC3t is the degradable form of
citrate. We begin with the pH at 6 or 7 and allow the
model to predict the pH variation in response to the
utilization of acidic hydrogen during the degradation
reaction. Figure 4 shows the total concentration of cit-
rate predicted during the variable-pH trials. The results
for fixed pH 6, 7 and 8 are shown for comparison.
For both variable-pH cases, complete citrate degrad-
ation is predicted, but it is delayed when compared

the substrate utilization rate is high enough to sustain to the fixed-pH case. When degradation begins at pH

the cell population and the percentage of HCite-

6 and pH is not controlled, CCBATCH predicts com-

mains low but constant, the cells will utilize the citrate plete degradation by 18 hours, which compares with
eventually. If, however, the growth rate due to citrate 11 hours at fixed pH 6. Likewise when degradation
utilization is less than the endogenous decay rate, andbegins at pH 7, it is complete by 27 hours when pH
no other electron donor is available to the cells, the is allowed to vary, which compares with 20 hours at
cell population will slowly decline, and undegraded fixed pH 7. Figure 5 shows the substrate utilization
citrate will persist in the system. For the conditions rates and the predicted speciation for the systems start-
of this trial, the substrate utilization rate exceeds the ing at pH 6 and 7. The system behavior predicted by
cell decay rate, and eventual citrate mineralization is CCBATCH in Figure 5 again agrees with our intuit-
predicted. ive understanding of the system. Initially, the HCit
The profound effect of speciation on the biolo- form is a much lower percentage of the total citrate for
gical degradation of a substrate like citrate has been pH 7 (3%) compared with pH 6 (37%), and we would
observed in mixed metal/citrate systems when pH is expect a slower substrate utilization rate for pH 7 runs
not controlled (Francis et al. 1992; Joshi-Tope and compared to pH 6 runs. Both the variable-pH runs pre-
Francis 1995). Once again, to evaluate the predictive dict a more gradual rate increase than their fixed-pH
ability of CCBATCH in these systems, we consider counterparts, and the pH effect on citrate speciation
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Figure 4. Total citrate concentration for the case where HCits

the degradable form and pH is allowed to vary. Results starting at
pH 6 and 7 are shown along with results for the cases were pH is
fixed at 6, 7 and 8.

(bottom panels) is the cause. As the pH rises due to
utilization of acidic hydrogen in the degradation of
citrate, the percentage of HEitdecreases in favor of
the Cif~ form. This is seen most clearly in Figure 5
(panel b), where the Git concentration shows a brief
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Figure 5. Substrate utilization rate (panel a) for case where HCit

n,se In concentration as the lelncrea}sgs past 6.8, des'is the degradable form and pH is allowed to vary. Results starting at
pite the fact that overall citrate is declining throughout pH 6 and 7 are shown along with results for the cases where pH is
the trial. In panels b and c, the HEit concentration fixed at 6 and 7. Panels b and ¢ show speciation for pH starting at 6

declines faster than the decline in total citrate. Thus, @nd 7, respectively.

we see that CCBATCH accurately captures trends we
would expect in biodegradation of organic compounds
with significant pH dependence.

The citrate degradation example becomes more
complex when we consider the addition of iron to

degradation with either HGt or Cit®~ as the degrad-
able form, albeit with initially slower rates. Figure 6
shows the model predictions with and without the Fe

the system. As mentioned, the selection of iron for when HCif~ is the degradable form. It also shows

the example was made because of its well under-
stood aqueous chemistry with citrate. Iron forms
three complexes with citrate: FeCit, FeOHGitand
Fe(OH)Cit>~. An equimolar Fe/citrate solution at
10~4 M and at pH 7 contains 92% of the citrate as
FeOHCit, 7% as Fe(OH)Cit?—, and less than 1% as
the sum of all acid species. Therefore, in this system,
if either HCi~ or Cit®~ is the biologically avail-
able form, degradation of citrate should be very slow.
In fact, CCBATCH predicts negligible biodegradation
rates for this case (results not shown).

Instead, if we consider the case in which the
iron concentration is half the citrate concentration
(Crreny = 5 x 107°, and G cirae = 107%), the
initial equilibrium condition at pH 7 predicts 27%
FeOHCit", 22% Fe(OH)Cit>~, 3% HCiZ~, and
47% Cif~. In this case, we would expect to observe

results when iron is present and either FeOHCit
or Fe(OHYCit?~ is degradable. CCBATCH predicts
citrate degradation in the presence of iron to be incom-
plete at 50 hours when HEit is the degradable form,
even though complete degradation within 20 hours is
predicted when Fe is absent. Instead of simply slowing
the loss rate with eventual removal of the citrate as we
might expect, CCBATCH predicts that the presence of
Fe3t will stop the degradation of citrate when HEit

is the degradable form, even though ample citrate-
degrading organisms are present and adequate citrate
concentrations remain.

A closer look at the citrate speciation in the system
(Figure 7) provides a possible explanation for the per-
sistence of citrate in the system if H&itis assumed
to be the degradable form. While the initial speci-
ation has 3% HC#™ (a percentage of degradable form
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that can support growth and complete degradation as 0.08500
shown in Figure 2 previously), degradation reduces the
total citrate concentration, and the ratio of total citrate _ , - i _ .
to total iron in the solution changes. As the total con- F|gure 7. Citrate speciation fqr fixed pH 7 for citrate degradation

. . - in the presence of a complexing Fe concentration equal to half
centration of citrate approacheg 80>, or equimolar e starting citrate concentration. The case in the absencebfige
with the iron (at approximately 25 hours), the citrate shown for comparison.
speciation is 52% FeOHCit 43% Fe(OH)Cit?~, 5%
Cit>~, and less than 1% HCit. This low concentra-
tion of degradable form produces a very low substrate Banaszak et al. 1996, 1997a, b, 1998a, b, 1999;
utilization rate. Experimentally, this effect has been Willett et al. 1999). In addition to verifying that the
observed by Joshi-Tope and Francis (1995) who re- model results are predictive of experimental behavior,
port citrate degradation in some metal citrate systems these researchers demonstrate the use of CCBATCH to
(U, Cu, Fe(ll)) initially, followed by no degradation  explore hypotheses suggested by experimental results.
once the metal concentration ratio in solution reaches ~ VanBriesen et al. (1999a, b) evaluate the experi-
1:1. For the model system, when either FeOHCit mental results of Bolton et al. (1996) for NTA degrad-
or Fe(OH)Cit?~ is degradable, citrate degradation ation in the absence of heavy metals. Their analysis
is predicted to be rapid and complete by 12 hours demonstrates that the persistence of dissolved organic
(Figure 6) with no residual citrate remaining in the carbon during the degradation of NTA Bhelatobac-
solution. The speciation (Figure 7) shows that the de- ter heintzii(observed by Bolton et al. 1996 and Quinn
gradable species always remains the dominant form of 1996) is related to the formation of intermediates in

the citrate in this case, and thus, degradation goes tothe NTA degradation pathway rather than to the pro-
completion. duction of cell decay by-products. These intermediates

sequester carbon and reduce the expected cell yield

and CQ production. VanBriesen et al. (1999b) couple
Model verification and limitations model predictions to experimental work and determine

the stoichiometry representative of the full mineral-
The modeling example above shows the potential for ization of NTA stepwise through its intermediates,
CCBATCH to be used in conjunction with experiment- imminodiacetic acid (IDA), glycine and glyoxylate.
ation to provide insight into the behavior of complex Monod kinetic parameters f@. heintziiutilization of
mixtures of metals and organic compounds undergo- NTA and its degradation intermediates were developed
ing biotransformation reactions. Verification that the by fitting model simulations to experimental results.
model is predictive under a variety of experimental Model simulations of the concentration of unmeas-
conditions has been demonstrated elsewhere (Van-ured intermediates allowed VanBriesen et al. (1999a)
Briesen, 1998; VanBriesen et al. 1999a, b, c, d; to conclude NTA degradation in this system resulted

1] 5 10 15 20 25 30

Time (hours)
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in the transient formation of IDA and the persistence chemical speciation and its interaction with biological
of glyoxyate following removal of NTA from solution.  degradation for a variety of systems.
VanBriesen et al. (1997, 1999d) further analyzed NTA As with any modeling tool, correct usage of
degradation in growing systems under nutrient limited CCBATCH requires attention to its many capabilities
conditions (Quinn 1996) and again identified the form- (demonstrated in section 3.0 and more fully exempli-
ation of intermediates as the cause of the low cell yield fied in the additional works cited above) and to its
observed. limitations. There are three kinds of model limitations
VanBriesen et al. (1999c) considered the results we consider: those related to the numerical solution
of Bolton et al. (1996) and Bolton and Girvin (1996) techniques employed, those related to the complexity
related to the degradation of NTA in the presence of the model attempts to capture, and those related to the
metals and at different pHs. The experimental results development stage of the model.
show different rates and extent of degradation of NTA The coupling of equilibrium and kinetic effects
systems containing equimolar NTA and Mg, Ca, Al, achieved in CCBATCH requires iterating between
Fe, Co, Ni, Cu and Zn, and at different fixed pHs. solution to the system of mass balance equations that
CCBATCH was able to predict the observed beha- define the equilibrium speciation and solution to the
vior in all these systems using the kinetic parameters dual-Monod formulated kinetic biodegradation equa-
and stoichiometry determined by VanBriesen et al. tion. Solution of the system of mass balance equations
(1999b) from an independent experimental system. is based on the Newton-Raphson method (Press et
The coupling of the modeling with the experimental al. 1992) that has previously been implemented for
results allowed VanBriesen et al. (1999c) to identify batch chemical speciation modeling (Westall et al.
the rate-controlling, transportable form of NTA. 1976; Allison et al. 1991; Parkhurst et al. 1980;
Banaszak et al. (1997b, 1998a) present experi- Bethke 1992). The numerical method is an excellent
mental and modeling analysis for the degradation of way to identify the root of a system of non-linear
NTA in the presence of neptunium and plutonium. equations when the initial guess values are “in the
CCBATCH was utilized to differentiate between neighborhood” of the solution (Press et al. 1992). The
growth inhibition due to actinide toxicity and de- Newton-Raphson method is well known for its excep-
creased substrate utilization caused by chemical spe-tional local convergence and poor global convergence
ciation effects. For neptunium, the model accurately properties. Thus, success with the method depends
accounted for aqueous speciation during chelate de-on the user-input starting values for the aqueous con-
gradation under uncontrolled pH conditions, chem- centration of the components. Since convergence to
ical toxicity of the radionuclide, and formation of an appropriate solution is enhanced by selecting an
a Np-phosphate precipitate. For plutonium, coupled appropriate initial ‘guess’ for the solver, CCBATCH
experimental and modeling work suggests chemical includes a separate routine for improving the initial
speciation effects may contribute to slower NTA de- guess sent to the solver routine. If the numerical solu-
gradation, but Pu radiotoxicity also plays arole in con- tion method does not converge on a solution with the
trolling residual NTA concentrations. Banaszak et al. user-input starting values, this routine successively
(1998b) further explore the interconnected reactions (and systematically) changes the initial guess until a
of radiological and chemical toxicity, precipitation, solution is found for the first speciation. Subsequent
and biodegradation in the neptunium/NT/heintzii calls to the speciation routine use the solution for the
system. They were able to link speciation changes previous timestep as a guess value and therefore con-
predicted by CCBATCH during NTA degradation to verge more quickly and rarely require the successive
Np-carbonate complex formation demonstrated by approximation routine.
VIS—NIR adsorption spectra. Another common limitation of the Newton-
Additional verification work has been done in the Raphson approach is related to its rapid convergence.
citrate system withPseudomonas fluorescensing Near the solution, the number of significant digits ap-
the data of Francis et al. (1992) and Joshi-Tope and proximately doubles with each step. This causes the
Francis (1995) by Banaszak et al. (1996, 1997a, 1999) method to have a high sensitivity to round-off errors if
and in the EDTA system with BNC1 using the data the elements of the matrix are of very different mag-
of Nortemann (1992), Henneken et al. (1995), and nitudes. CCBATCH includes a routine to scale the
Kluner et al. (1998) by Willett et al. (1999). These system of mass balance equations to improve the ac-
results confirm the utility of CCBATCH to predict curacy of the solution by making sure all the elements
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of the matrix to be solved are of the same order of degradation must be developed as a model input.
magnitude (Meintjes and Morgan 1985). Additional McCarty (1969, 1971, 1972a, b, 1975) details a
details of the numerical procedures used in CCBATCH methodology for developing stoichiometric biological
are provided in Tebes -Stevens and Valocchi (1998). reactions when the electron-donoris mineralized. Van-
Unlike the equilibrium solution, the dual-Monod Briesen and Rittmann (1999b) discuss development
formulation to represent biodegradation does not have of stoichiometric equations when the primary elec-
significant numerical limitations since it is a single tron donor substrate is not mineralized but results in
algebraic equation. Once it is solved for the rate of the production of intermediates that are then available
substrate utilization, all other rates are predicted basedfor subsequent degradation, The Monod parameters,
on the stoichiometry of the degradation reaction in K, K4, ¢, andb (e.g. Table 2) are also required to
simple algebraic equations. adequately represent the degradation kinetics. These
In addition to the limitations typical of computer- parameters may be available in the literature; however,
based equilibrium solutions, there are also limitations they can be highly dependent on system conditions,
introduced by the complexity of the system we are previous growth conditions for the organism, and
trying to model. Chelate/metal systems involve the even, as suggested here for citrate, on the aqueous
formation of many agueous complexes. As with all chemical form of the substrate. Thus, determination
equilibrium solvers, equilibrium formation and dis- of these parametersis not trivial, and they are required
sociation constants must be known for all chemical a priori in the modeling. This limitation can be over-
complexes that may form in the system. While many come by using CCBATCH to fit appropriate kinetic
equilibrium constants are known (Martell and Smith parameters from within literature reported ranges (as
1974-1989; NIST 1997), chelate systems require an demonstrated by VanBriesen et al. 1999b). This re-
unusually large number of these constants and, in quires additional experimental results independent of
some cases, include complexes for which reliable those under study.
constants do not exist. Since complexation constants CCBATCH is a developing model and as such has
involve a degree of uncertainty, Tebes-Steves and Va- some limitations that do not represent inherent nu-
locchi (1998) evaluated the sensitivity of their reactive merical or complexity limits, but rather reflect that
transport code, FEREACT, to variability in the equi- it continues to be improved and expanded. Presently,
librium constants. FEREACT and CCBATCH share CCBATCH considers only reactions in batch (non-
the same equilibrium solver, thus the results of this transport) systems. This reflects its main development
analysis are relevant for CCBATCH. Tebes-Steves and goal and present implementation for use in experi-
Valocchi (1998) found that the solver is sensitive to mental batch systems. This limitation can be overcome
equilibrium complexation constants but the sensitivity by using the FEREACT model that includes a limited
was limited to a few key complexes in each system version of the CCBATCH biodegradation and coup-
they evaluated. This analysis suggests that improvedling routines (Tebes-Steves et al. 1998). However,
model predictions can be attained by validating a implementation of the full complexity of microbial
limited subset of the equilibrium constants in a system. modeling handled by CCBATCH within FEREACT
As with the equilibrium modeling, the biological results in severe time investments for the model sim-
modeling requires key kinetic constants to be provided ulations. This is due, in part, to CCBATCH modeling
by the user. With simple first order kinetics and an being limited to a single user-selected time step size
interest only in the loss of the primary substrate in for each simulation rather than implementation of
solution, a single constant would be needed. How- a time-step splitting methodology. Addition of this
ever, CCBATCH encompasses the more complicated methodology into the coupled CCBATCH/FEREACT
and predictive dual-Monod methodology, and tracks code is under consideration. Likewise, presently the
all chemicals affected the the biological reactions. model considers all reactions other then biodegrad-
Here the complexity we are trying to capture re- ation to be equilibrium-controlled. Additional kin-
quires additional model input and thus is a limit- etic routines including precipitation and sorption are
ation we accept in order to achieve improved pre- currently under development.
dictions and additional insight into system behavior.
For each biological reaction involving a distinct mi-
crobial species growing on a distinct carbon-source-
electron-donor substrate, a full stoichiometry for the
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