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Abstract We develop a comprehensive biogeo-
chemical framework for understanding and
quantitatively evaluating metals bio-protection
in sulfidic microbial systems. We implement the
biogeochemical framework in CCBATCH by
expanding its chemical equilibrium and biologi-
cal sub-models for surface complexation and the
formation of soluble and solid products, respec-
tively. We apply the expanded CCBATCH to
understand the relative importance of the vari-
ous key ligands of sulfidic systems in Zn detox-
ification. Our biogeochemical analysis
emphasizes the relative importance of sulfide
over other microbial products in Zn detoxifica-
tion, because the sulfide yield is an order of
magnitude higher than that of other microbial
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products, while its reactivity toward metals also
is highest. In particular, metal-titration simula-
tions using the expanded CCBATCH in a batch
mode illustrate how sulfide detoxifies Zn, con-
trolling its speciation as long as total sulfide is
greater than added Zn. Only in the absence of
sulfide does complexation of Zn to biogenic
organic ligands play a role in detoxification. Our
biogeochemical analysis conveys fundamental
insight on the potential of the key ligands of
sulfidic systems to effect Zn detoxification. Sul-
fide stands out for its reactivity and prevalence
in sulfidic systems.

Keywords Biogeochemical model -
Bio-protection - Metal speciation - Metal
detoxification - Sulfidic systems - Toxic metals

Introduction

We report on the development of a computa-
tional tool to represent complex biogeochemical
systems and its application to bacterial commu-
nities involving sulfate-reducing bacteria (SRB).
Our main goal is to understand quantitatively the
role SRB play in metal-contaminated sites,
because SRB can affect the chemical state of
metals in ways that decrease or increase the
availability of metals to living systems. Decreas-
ing availability is especially important, because
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this capacity can be harnessed to detoxify the
contaminated water, the goal in bioremediation
applications.

Bacterial communities involving SRB have
great potential to detoxify metals naturally. Sul-
fide, the end product of sulfate reduction, forms
sparingly soluble complexes with many toxic
metals. Additionally, SRB can effect the direct
and indirect reductive precipitation of metals. In
direct reductive precipitation, SRB reduce metals
enzymatically, leading to their precipitation as
oxides, phosphates, or carbonates. For example,
Desulfovibrio desulfuricans can couple the oxida-
tion of hydrogen or simple organic acids to
reduction of Fe(IIl), U(VI), Cr(VI), Tc(VIID),
Mo(VI), and Pd(II) (Lloyd et al. 2001), and
Desulfotomaculum reducens can even grow with
Cr(VI), Mn(1V), Fe(II), and U(VI) as electron
acceptors (Tebo et al. 1998). In indirect reductive
precipitation, a metabolite (i.e., sulfide) and not
enzymes, acts as metal reductant (De Filippi 2000;
Kim et al. 2001). Furthermore, sulfate reduction
generates alkalinity, resulting in the further pre-
cipitation of metals as hydroxides (White and
Gadd 1998). Not surprisingly then, several SRB-
based technologies for metal bioremediation have
been proposed and even implemented at full scale
(Barnes et al. 1991; Benner et al. 1999; Webb
et al. 1998; White et al. 1998; Rittmann et al.
2002a; Songkasiri et al. 2002, 2004).

Bacterial communities have the potential to act
collectively to detoxify a metal. One such collec-
tive action is what we term bio-protection, in
which one community member protects the entire
community from metal toxicity by reducing toxic-
metal bioavailability (Schwarz and Rittmann
2006). SRB are great candidates to provide
anaerobic communities the necessary bio-protec-
tion from metals.

In order to understand how metal bioremedi-
ation, detoxification, and bio-protection ought to
work in sulfidic systems, it is necessary to describe
explicitly the interactions among bacterial popu-
lations, their metabolism, the speciation of the
toxic metals, and the speciation of the complexing
ligands; in other words, it is necessary to compre-
hensively describe the biogeochemistry of the
system. We list next and illustrate in Fig. 1 the
key biogenic components of our model sulfidic

@ Springer

system and provide short explanations for why
they need to be included and, in some cases, are
very novel contributions:

e The active biomass has three distinct types:
fermentative bacteria, H,-utilizing SRB (H,-
SRB), and acetate-utilizing SRB (acetate-
SRB). All three types are essential for full
mineralization of a complex organic like
glucose or lactate in an anaerobic setting.
Only two of the three reduce sulfate, but the
fermenting bacteria provide the substrate to
drive sulfate reduction. The active biomass
also has surface functional groups that can
complex with metals.

e All types of active biomass generate inert
biomass and extracellular polymeric sub-
stances (EPS). While not metabolically active,
they contain complexing ligands that are part
of the solid (non-mobile) phase. Adding these
solid-phase ligands is novel for biogeochemi-
cal modeling.

e The active biomass also generates soluble
microbial products (SMP) made up of utiliza-
tion-associated products (UAP) and biomass-
associated products (BAP). These are mobile
complexing ligands produced by the bacteria.
Having mobile, biogenic ligands is also novel
for biogeochemical modeling.

e Sulfide is the reduced product from the two
sulfate reducers (denoted L in Fig. 1). Sulfide

UAP N

L «— Me

EPS “ LS

X a )
FHA Yepes I

Fig. 1 Schematic of metal reactivity with biological
components. The metal (Me) can be associated with solids
(active cells of fermenting bacteria (Xr), H,-SRB (Xu),
and acetate-SRB (X,), inert biomass (X7) and extracellu-
lar polymeric substances (EPS)) through surface-complex-
ation or precipitation reactions; and with soluble ligands
(utilization-associated products (UAP), biomass-associ-
ated products (BAP), and other soluble biogenic ligands
(L) such as sulfide)
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forms well-known and strong complexes with
metals.

In summary, we include the more-or-less
“usual” ligands—sulfide and active biomass—but
we add in new features of non-active biomass
ligands, mobile biogenic ligands, and sub-division
of the active bacteria into those that do or do not
reduce sulfate to sulfide.

To describe all the interactions, we utilize the
comprehensive biogeochemical portrayal possible
in the numerical model CCBATCH (Rittmann and
Van Briesen 1996; Banaszak et al. 1998; Van
Briesen and Rittmann 1999, 2000; Van Briesen
et al.2000; Willett and Rittmann 2003). In brief, we
insert the stoichiometry and kinetics of relevant
reactions into the mass balance equations that
CCBATCH uses to update the concentrations of
chemical species. Because CCBATCH tracks the
concentrations of all species, we can distinguish
among the different metal-detoxification mecha-
nisms, including bioprecipitation and complexa-
tion by the various ligands of biotic origin. Using
CCBATCH with this full description, however,
required that we add to CCBATCH the following
major new features:

e An expanded chemical equilibrium sub-model
that allows CCBATCH to represent adsorp-
tion reactions using surface-complexation the-
ory and takes into account surface-charge
effects using double-layer theory.

e An expanded biological sub-model that allows
CCBATCH to represent a microbial commu-
nity made of two or more microbial species
and that includes the production and con-
sumption of EPS, UAP, and BAP.

Using the expanded CCBATCH, we provide a
comprehensive biogeochemical description for a
sulfidogenic system having zinc as the toxic metal.
Our key assumptions are:

e Bacterial sulfate reduction is the only sulfide
source.

e The sulfate-reducing consortium comprises
the 3 bacterial populations: fermentative bac-
teria, H,-SRB, and acetate-SRB.

e The unified theory for microbial products
(Laspidou and Rittmann 2002a, b) is used to

quantify the relationships among the soluble
(i.e., UAP, BAP) and solid (i.e., active cells,
EPS, inert biomass) reactive ligand sources
other than sulfide.

e Sulfide is the only reactive S species toward
Zn, and it forms Zn-S complexes.

e An electrostatic surface-complexation model
(Yee and Fein 2001) is used to describe metal
complexation by active cells and inert bio-
mass, which are solids.

e A non-electrostatic surface-complexation
model (Liu and Fang 2002) is used to describe
metal complexation by EPS. We assume that
EPS and BAP exhibit similar binding charac-
teristics.

e Malonate is used as a surrogate to describe the
complexation behavior of UAP (Kuo and
Parkin 1996).

The biogeochemical description follows a
logical sequence. First, we explain the stoichi-
ometry and kinetics of production of reactive
ligands by the microbial species. Second, we
define the reactivity of these ligands toward Zn,
which sets the stage for determining the distri-
bution or speciation of Zn among pools of
different reactivity and elucidating how the Zn
pools elicit a toxic response from the microor-
ganisms. Third, we use our biogeochemical
model to carry out titration-experiment simula-
tions to understand the relative importance of
the various key ligands of sulfidic systems in Zn
detoxification.

We detail the transport processes involved in
the movement of metals in aqueous systems in a
companion paper (Schwarz and Rittmann 2007);
transport resistance is responsible for the
formation of chemical gradients, a hypothesized
bio-protection mechanism (Schwarz and Ritt-
mann 2006).

Stoichiometry and Kkinetics of reactive-ligand
generation in sulfidic systems

Sulfate-reducing bacteria use low-molecular-
weight compounds as electron donors and, there-
fore, depend on fermentative bacteria that
degrade the original, more complex forms from
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dissolved or particulate organic matter. Hydrogen
and acetate are the key fermentation products
through which reducing equivalents of organic
matter are channeled into methanogenesis and
sulfate reduction (Madigan et al. 2000). SRB
traditionally are divided in two broad physiolog-
ical groups according to their ability to com-
pletely oxidize organic substrates. Incomplete
oxidizers are distinguished by incomplete oxida-
tion of their energy source to the level of acetate
and by their ability to oxidize hydrogen. Com-
plete oxidizers specialize in the oxidation of fatty
acids, particularly acetate, all the way to carbon
dioxide (Widdel 1988). Consequently, the math-
ematical representation of a sulfidic system
requires, at a minimum, fermentative bacteria,
SRB-complete oxidizers (acetate-SRB), and
SRB-incomplete oxidizers (H,-SRB).

We apply the unified modeling approach
developed by Laspidou and Rittmann (2002a,
b)—the unified theory for EPS, SMP, and active
and inert biomass—to quantify the relationships
among solid and soluble reactive-ligand sources
in sulfidic systems. Fig. 2 illustrates the compo-
nents and their relationships in the unified model.
In the next section on speciation, we describe the
reactivity of these ligand sources and sulfide
toward Zn.

Table 1, which results from applying the
unified theory of microbial products to each
individual microbial population, indicates
through stoichiometric expressions how the key

bacteria-mediated processes affect the concentra-
tions of solid and soluble products. Table 1 also
lists kinetic expressions for these processes. Fer-
mentative bacteria couple glucose utilization to
production of active biomass X, EPS and UAP.
The true-yield coefficient (Yg) accounts for all
organic products coming from substrate utiliza-
tion, and the coefficients o indicate how the
substrate electrons are diverted toward active
biomass, formation of UAP, and formation of
EPS. Additionally, the coefficient f§ expresses the
fraction of substrate electrons that go to fermen-
tation products that end up in acetate; the
difference (1-f) ends up in hydrogen. Similarly,
H,-SRB and acetate-SRB couple, respectively,
hydrogen oxidation and acetate oxidation with
sulfate reduction to grow new biomass (X, Xa),
and produce EPS and UAP.

The unified theory of bacterial products also
assumes that, for each bacterial population,
residual inert biomass X is produced from
the decay of active biomass and that BAP are
produced from the hydrolysis of EPS. We
further assume that fermentative bacteria are
able to grow with the soluble products UAP
and BAP as electron donors, and that SRB,
due to their more restricted substrate range, are
not capable of UAP and BAP utilization.
However, SRB do participate in the metabolism
of UAP and BAP by utilizing the low-molec-
ular-weight intermediates released from their
fermentation.

: Hydrogen exchange
: Acetate exchange

: EPS production

: Endogenous decay

: UAP formation

: EPS hydrolysis

: UAP degradation

: BAP degradation

0NN B W=

BAP

Fig. 2 Relationships among the soluble (i.e., UAP, BAP)
and solid (i.e., active cells, EPS, inert biomass) microbial
products. X is fermentative active biomass, Xy is H,-SRB
active biomass, X is acetate-SRB active biomass, EPS is
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extracellular polymeric substances, X, is inert biomass,
UAP is utilization-associated products, and BAP is
biomass-associated products
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Table 2 Parameter definitions and units for the matrix of stoichiometry and kinetic expressions

Parameter Definition Units®
oE1, 02, OF3 Fermenting bacteria yield coefficient for cells, EPS and UAP respectively -

AT, CA2> A3 Acetate-SRB yield coefficient for cells, EPS and UAP respectively -

OH1, OH2, %H3 H,-SRB yield coefficient for cells, EPS and UAP respectively -

p Fraction of electrons going to fermentation products than end up in acetate -

bg, ba, by First-order endogenous decay rate coefficient of fermenting bacteria, T!

acetate-SRB, and H,-SRB respectively

BAP Concentration of BAP MpL’3

C, Concentration of acetate MaL’%

C, Concentration of glucose MgL'3

Ch Concentration of hydrogen M,L>3

Cs Concentration of sulfate M,L>
EPS Concentration of EPS ML

fa Biodegradable fraction of active biomass -

Knya First-order hydrolysis rate coefficient T

Kgap Half-maximum-rate concentration for BAP utilization MpL"3
Kyap Half-maximum-rate concentration for UAP utilization MpL’3

K, Half-maximum-rate concentration for utilization of acetate M,L>

K, Half-maximum-rate concentration for utilization of glucose MgL’3

Ky Half-maximum-rate concentration for utilization of hydrogen ML~
K A Half-maximum-rate concentration for utilization of sulfate of acetate-SRB ML

K u Half-maximum-rate concentration for utilization of sulfate of H,-SRB M,L>

4, Maximum specific glucose utilization rate MgMQI"IF1
Ga Maximum specific acetate utilization rate M, M;'T!
an Maximum specific hydrogen utilization rate MM T
dBAP Maximum specific BAP utilization rate MpM;lT’1
quap Maximum specific UAP utilization rate MnglT’1
UAP Concentration of UAP M,L™
Xa Concentration of active biomass of acetate-SRB ML

Xr Concentration of active biomass of fermenting bacteria M,L™
Xy Concentration of active biomass of H,-SRB M,L™

X1 Concentration of true residual inert biomass M,L™

Yr True yield for glucose utilization MXM;
Yu True yield for hydrogen utilization MM;!
Ya True yield for acetate utilization MM;!
Ypr True yield for SMP utilization M,(M;,1

2 For implementation in CCBATCH, all mass (M) is in moles, volume (L?) is liters, and time (T) is days. Subscripts are a
for acetate, g for glucose, h for hydrogen, s for sulfate, p for UAP and BAP, and x for active biomass, residual inert biomass

and EPS

Additionally, substrate-utilization rates
according to the unified theory are based on
Monod (or multiplicative-Monod) kinetics; rates
of inactivation or formation of inert biomass are
proportional to the endogenous decay rate (e.g.,
buyXy for fermentative bacteria) multiplied by
the non-biodegradable fraction of the active
biomass (1 — fy); rates of endogenous respiration
of biomass are proportional to the endogenous
decay rate multiplied by the biodegradable frac-
tion of the active biomass fy and a Monod-term
denoting electron acceptor limitation, if war-
ranted; and, the rate of BAP formation is
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proportional to EPS concentration. Table 2
defines parameters used in the model formula-
tion, as well as their units.

We use the fermentative bacteria as an
example to explain how electron mass balances
are used to determine the stoichiometric coeffi-
cients in Table 1. The first step is to determine
the electron equivalents associated with the
oxidation or reduction of the key chemical
species (i.e., biomass types, SMP, and substrates)
from reduction half-reactions that are in the
format listed in Rittmann and McCarty (2001).
Thus, fermentative bacteria utilize electrons
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from glucose (24 e~ eq/mol) for synthesis of new
biomass (CsH;O,N, having 20 e” eq/mol with
ammonium as nitrogen source) and for energy
production (the fermentation products hydrogen
and acetate accept 2 e~ eq/mol and 8 e eq/mol
respectively).

The cell synthesis half-reaction uses the empir-
ical formula CsH,O,N to represent the composi-
tion of new microbial cells. In the model, we use
the same empirical formula for SMP, inerts, and
EPS, since they come from active biomass. The

10%atm. In this case, 67% of the electrons
shuttled to products end up in acetate (ff
= 0.67), with the other 33% in H,. Written in
terms of the true yield, the fraction of electrons
used for energy generation is

20 ﬁ Ye mol — cells 1)
24— —"" mol — glucose
glucose

Hence, the stoichiometric factor for acetate
production is

key intermediates of anaerobic food webs are

acetate and hydrogen, and the relative proportion 20 << | 1l
: . mol — cells mol — cells
of these reduced fermentation products is deter- 1- 24— F ol — elucose
mined in the model using the parameter p. mol — glucose &
Glucose fermentation with a relative product 24mi—glqucose _258(12 _ Y. mol — acetate
proportion of 2 mol of hydrogen per mole of P §m =25p(12 - F)mol—glucose

acetate yields the greatest amount of energy with 2)
4 ATP/hexose (Fenchel and Finlay 1995). This
fermentation is carried out by Clostridium paste-
urianum if the hydrogen pressure is kept below

And, the stoichiometric factor for hydrogen
production is

Table 3 Parameter values for the matrix of stoichiometry and kinetic expressions for a sulfidigenic system

Parameter Values in mol units Source

0.53, 0.37, 0.1, respectively Laspidou and Rittmann 2002b
AL, CLA2, OLA3 0.53, 0.37, 0.1, respectively Laspidou and Rittmann 2002b
01, OH2, OH3 0.53, 0.37, 0.1, respectively Laspidou and Rittmann 2002b

p 0.67 Fenchel and Finlay 1995

OF1, OF2, OF3

bE, ba, bu 0.05 d™! Rittmann and McCarty 2001

fa 0.8 Rittmann and McCarty 2001
Knya 0.17 d! Laspidou and Rittmann 2002b
K, 1.24 x 10 mol-acetate/l Widdel 1988

K, 1.0 x 10™* mol-glucose/l Assumed

Ky 1.6 x 107° mol-hydrogen/l Widdel 1988°

K a 2.16 x 10~ mol-sulfate/l Widdel 1988°

K u 1.86 x 107 mol-hydrogen/l Widdel 1988¢

dy 5.74 mol-glucose/(mol-cells d) Rittmann and McCarty 2001°¢
q, 15.35 mol-acetate/(mol-cells d) Rittmann and McCarty 2001°
an 59.47 mol-hydrogen/(mol-cells d) Rittmann and McCarty 2001°¢
dpapr/Ksar 271.2 V(mol-cells d) Noguera et al. 19949
Guap/Kuar 35.03 1/(mol-cells d) Noguera et al. 1994¢

Ye 0.2108 mol-cells/mol-glucose Table 6

Yu 0.0299 mol-cells/mol-hydrogen Table 6

Ya 0.0327 mol-cells/mol-acetate Table 6

Yrr 0.2 mol-cells/mol-SMP Assumed

* Average for Desulfobacter postgatei

> Average for Desulfovibrio vulgaris

¢ Assuming an electron flow to the energy reaction of 1 ¢” eq/gVSS-d

4 SMP degradation kinetics is described by first-order expressions for UAP and BAP
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20 ol e mol — cells
1-57 e eq YF
24m mol — glucose
24 sor e
x (1-p) TME%W

mol — hydrogen

mol — hydrogen
=100 = A)(1.2 = ¥r) T o Tcose

(3)
Finally, Table 3 shows parameter values that we
use with the matrix of stoichiometry and kinetic
expressions in Table 1 for a sulfidogenic system. In
addition to the notes at the bottom of Table 3, we
make several critical assumptions that need further
explanation. The yield coefficients determine how
bacteria partition the flow of electrons coming
from the substrate among several microbial prod-
ucts. This partitioning depends not only on the
microbial species, but also on the physiological
state of the microbes. The yield coefficients listed
in Table 3 were determined by Laspidou and
Rittmann (2002b), who successfully represented
steady-state and batch growth of aerobic hetero-
trophs (Hsieh et al. 1994). Additionally, Laspidou
and Rittmann (2002b) used a biomass yield of
0.45 mg,/mg, for aerobic utilization of SMP as an
electron donor. Considering that typical yields of
BOD utilization for aerobic heterotrophs are
similar (0.42-0.49), using analogy, a value of Ypp
of 0.2 mg,/mg, close to Y, appears reasonable for
fermenting bacteria. Also, we assume a general
half-maximum-rate concentration value for utili-
zation of glucose of 1.0 x 107* mol glucose/l.

Zn speciation

It is firmly established that metal bioavailability
and toxicity depend directly on the chemical

Table 4 Zn-H,S coordination reactions and parameters

Acid-base reactions:

H,S « HS™ +H*' pK. =7.02
HS™ — S$* +H' pKp =173
Complexation reactions:

Zn*t +2H,S « 2H" + Zn(HS)g log Ky =-1.22
Zn** + 4H,S — 4H' + Zn(HS)} log K> = —13.44
Zn** 4+ 2H,S — 3H' + ZnS(HS)~ log K5 = -7.23
Zn>* 4 3H,S « 4H* + ZnS(HS)g’ log K4 = —14.94
Sphalerite dissolution/precipitation:

ZnS(,) +2H" « Zn*" + H,S log K = —4.43

Sources: Daskalakis and Helz (1993) and NIST (1998)
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forms in which the metals are present in solution
(i.e., the metal’s chemical speciation) (Allen and
Hansen 1996; Gambrell 1994). For example, the
availability and toxicity of many trace metals to
planktonic microorganisms are determined by
their free-ion concentration, rather than their
total concentration; thus, availability and toxicity
are often decreased by complexation (Morel and
Hering 1993). Conceptual models including the
Free Ion Activity Model (FIAM) (Campbell
1995; Morel and Hering 1993), the Biotic Ligand
Model (BLM) (Campbell et al. 2002; Paquin
et al. 2002), and the extended FIAM (Brown
and Markich 2000) have been very successful
predictors of metal bioavailability in a wide range
of systems and conditions.

In sulfidic systems, hydrogen sulfide is often
the dominant reactive sulfur species, and, there-
fore, for simplicity, our model includes Zn-H,S
complexes as the only Zn-S interactions. Addi-
tionally, we assume that the system is closed
and has no gas phase. Table 4 shows the
key coordination reactions for Zn>* and H,S,
including acid-base, complex formation, and
precipitation.

Precipitation and dissolution reactions are
typically kinetically controlled, and the modeling
of these reactions in microbial systems often is
based on kinetic rate expressions that include the
intrinsic kinetics for reaction or mass-transport
control, the difference from thermodynamic equi-
librium, and the aqueous concentration of the
rate limiting metal or ligand (Rittmann et al.
2002b); however, precipitation of sulfide solids is
extremely fast (Rickard 1995), such that the
equilibrium approach could be valid. We use the
equilibrium approach here.

Table 1  introduced microbial products,
namely active biomass, inert biomass, EPS and
SMP, and the microbially catalyzed reactions
that result in their production and consumption.
These microbial products have affinity toward
metals due to the presence of functional groups
with O, N, and S atoms; hence, they may
significantly affect metal speciation (Stone
1997). Therefore, in order to understand the
reactivity and fate of metals in microbial sys-
tems, the reactions involving microbial products
and metals need to be elucidated.
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Despite differences in bacterial-envelope struc-
ture, a wide range of bacterial species exhibit
similar metal-adsorption behavior (Yee and Fein
2001). Hence, a generalized adsorption model,
independent of the species involved, can be used
to predict metal adsorption onto bacterial sur-
faces. In particular, we use the generalized model
developed by Yee and Fein (2001), based on the
average characteristics of 9 Gram-positive and
Gram-negative bacterial strains, to describe the
acid-base and metal binding behavior of active
cells. With active cells we mean intact cells, their
EPS excluded. Also, we assume that the gener-
alized model, developed using non-metabolizing
viable bacterial cells, is valid for metabolic active
cells and inerts. We use the generalized model
with inerts, considering that a significant fraction
of the inert biomass is remnants of cell wall
components. Consideration of the generalized
model to account for metal-microbe interactions
required our addition to CCBATCH of a surface
complexation routine that handles electrostatic
interactions.

According to the generalized model, the
negative charge of bacterial cell walls results
from deprotonation of carboxyl, phosphoryl,
and hydroxyl functional groups (Yee and Fein
2001):

= X-COOH’ -=X-CO0™ +H* (4)
= X-PO,H’ = X-PO, +H' (5)
=X-OH’ -=X-0" +H* (6)

where = X represents the bacterial cell wall to
which functional groups are attached. Songkasiri
(2003) and Cox et al. (1999) concluded, based on
the average pK, around 10 for reaction 6, that the
identity of the functional group for that reaction
is mainly amino and not hydroxyl, giving

=X-NH} <= X-NH, + H' (7)

The pK, ranges for hydroxyl and amino sites
overlap and the high-pK, site is probably a
mixture of amino and hydroxyl sites. Further-
more, the exact identity of binding sites does
not affect the validity or utility of the model;

therefore, we continue to use hydroxyl sites as
surrogates for both hydroxyl and amino sites.

The stability constants for the deprotonation
reactions are, respectively,

wp _ [= X~ COO™J{H"}

K [=X - COOH’] ®
wp _ |= X—PO;]{H"}

K" = [= X-PO4H’| ®

gy - EXO UL é;ﬁé{é{] ! (10)

where [ ]| denotes the concentration of a surface
species in moles per liter of solution, and { }
denotes the activity of an aqueous species. The
activity coefficients for protonated and deproto-
nated surface species are assumed to be equal
(Dzombak and Morel 1990).

The interactions between zinc and the deprot-
onated surface sites are described by the stability
reactions

=X-CO0™ +Zn*t -=X-CO0Zn" (11)
=X-PO, +Zn*t &-=X-PO,Zn" (12)
=X-0 +Zn’t -=X-0Zn" (13)

The stability constants for each reaction are

[=X-COO [{Zn*"}

K = [=X-COO0Zn"] 14
wp _ |=X—PO;]{Zn*"}

K = [= X—P2)4Znﬂ 15)
wp _ [=X-07|{Zn’"}

K§” = [= X-0Zn") (16)

Due to deprotonation of surface functional
groups, bacterial cell walls acquire a negative
charge, creating an electric field in its immediate
vicinity. The interactions between the electric
field and the adsorbing protons and metals can be
quantified by correcting the equilibrium constants
referenced to zero surface charge K™ using the
following relationship
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K?PP — K:inte(fAzF‘{‘/RT) i=1..-6 (17)

where K™ and KPP are the intrinsic and apparent
equilibrium constants, respectively, for the ith
surface complexation reaction, F is the Faraday
constant (9.649 x 10* coulombs mol™), ¥ the
surface potential (volts), Az the change in
charge of the surface species for the reaction, R
the gas constant (8.314 J mol™! °K™"), and T the
absolute temperature (°K). In order to compute
the surface potential ¥, the generalized model
defines the surface charge-potential relationship
with the constant-capacitance (CC) model

o=C¥ (18)

where ¢ is the surface charge (coulombs m™),
and C the capacitance of the bacterial surface
(farads m™).

Table 5 summarizes the reactions and param-
eters for zinc adsorption onto bacteria surfaces.
Table 5 also shows the reactions describing the

binding behavior of EPS and SMP. The majority
of studies conducted to date demonstrate that
EPS exhibit affinity for metals. However, the type
of quantitative information needed by chemical
equilibrium models, such as binding strengths and
binding site densities, are generally not deter-
mined in these studies. As a first approximation,
we assume that EPS and BAP exhibit similar
binding characteristics, because EPS hydrolysis
generates the high-MW BAP, according to the
unified model of microbial products (Laspidou
and Rittmann 2002a, b). EPS and BAP metal
complexation is non-electrostatic, and we use the
average pK, values and site densities of EPS from
a hydrogen-producing sludge and a sulfate-reduc-
ing biofilm (Liu and Fang 2002). Also, because no
stability constants describing zinc binding to EPS
or BAP are available in the literature, we use cell-
wall affinities for zinc as surrogates.

UAP are small molecules derived from the
original substrate and, therefore, exhibit distinc-
tive metal binding properties. Our first approxi-

Table S Model reactions and parameters for zinc complexation by organic microbial products

Cell surface characteristics (Yee and Fein 2001):

Density of = X-COOH (carboxyl) sites on cell wall = 2 x 10~ mol/g bacteria (dry wt)

Density of
Density of
Capacitance value = 8.0 F/m?
Surface complexation reactions:
=X - COOH’ =X - COO™ +H™;
X - PO4H’? =X - PO, + H';
X-OH’ =X -0 +H*;
=X - COO™ +Zn*" =X - COOZn*;
=X — PO; + Zn** —= X — PO,Zn";

X-PO,H (phosphoryl) sites on cell wall = 0.8 x 10~ mol/g bacteria (dry wt)
X-OH (hydroxyl) sites on cell wall = 1.7 x 10> mol/g bacteria (dry wt)

log K" = -5.0 (Yee and Fein 2001)
log K3 = -7.2 (Yee and Fein 2001)
log K3 = -9.7 (Yee and Fein 2001)
log Ki* = 3.4 (Fein et al. 2001)
log K& = 4.9 (Fein et al. 2001)

EPS and BAP coordination sites characteristics (Liu and Fang 2002):

Density of =
Density of = X-PO,H (phosphoryl) sites on EPS and BAP = 0.53 x 10~ mol/g (dry wt)
Density of = X-OH(hydroxyl) sites on EPS and BAP = 6.93 x 10> mol/g (dry wt)

Non-electrostatic model
EPS and BAP complexation reactions:
=X - COOH’ -=X—-COO™ +H";
=X -PO,H’ =X -PO; +H";
=X-0OH -=X-0" +H*;
=X - COO™ 4+ Zn*" =X — COOZn™;
=X — PO; + Zn** =X — PO4Zn";

X-COOH (carboxyl) sites on EPS and BAP = 6.21 x 10~ mol/g (dry wt)

log K; = -4.89 (Liu and Fang 2002)
log K, = -7.30 (Liu and Fang 2002)
log K5 = -10.56 (Liu and Fang 2002)
log K4 = 3.4 (Fein et al. 2001)
log K5 =49 (Fein et al. 2001)

UAP coordination sites characteristics (Kuo and Parkin 1996):
Density of COOH (carboxyl) sites on UAP = 2.49 x 10> mol/g (dry wt)

UAP complexation reactions:
=X - COOH’ =X - COO0™ +H";
=X - COO™ 4+ Zn*" =X — COOZn™;

log Ky = -5.7
log K, = 3.8

(Stumm and Morgan 1996)
(Stumm and Morgan 1996)

Sources: Yee and Fein 2001; Fein et al. 2001; Liu and Fang 2002; Kuo and Parkin 1996; and Stumm and Morgan 1996
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mation is to use malonate as a surrogate for UAP
metal complexation, with an average complexa-
tion capacity of 2.49 mmol/g UAP (dry wt) (Kuo
and Parkin 1996).

Songkasiri et al. (2002) provide the first com-
prehensive bio-sorption study to simultaneously
quantify sorption to EPS, cell walls, and whole
cells. Their specific model system involved associ-
ation between the actinide neptunium and the
bacterium Shewanella alga. pK, values for S. alga
whole cells, purified cell walls, and EPS were
generally similar and comparable to values listed in
Table 5. On the other hand, the specific site
concentrations of S. alga differ in significant ways.
First, the total-cell-wall site density of S. alga was
three times greater than the total site density for
intact cells of the generalized model. This differ-
ence seems reasonable, considering that the cyto-
plasm of intact cells is generally not available for
association with metals. The purified cell wall
results suggest that the site densities of inerts might
be significantly higher than the site densities of
intact (active) cells, considering that all the dry
mass of inerts is available for association with
metals. Second, the EPS total-site density of S. alga
is about one half the EPS total-site density deter-
mined by Liu and Fang (2002). The variability of
EPS results probably is due to the variability in EPS
composition. The polysaccharide content in EPS
varies from 40% to 95%, while the protein content
range is <1-60% (Flemming and Wingender 2001).

Although EPS and BAP might have similar
binding behaviors, EPS is a solid and BAP is
soluble; hence, they are treated as immobile
(EPS) and mobile (BAP) by the model. Addi-
tionally, while UAP and BAP are soluble, they
probably have different binding behaviors,
because they originate from different processes
and starting materials.

Biogeochemical analysis

The goal of the biogeochemical analysis of
sulfidic systems presented here is to gain a
fundamental understanding of the potential and
relative importance of various ligands of biotic
origin in metal detoxification. This analysis
integrates the information on microbiology and

speciation presented previously and takes
advantages of the expanded sub-models in
CCBATCH. We couple transport processes
and biogeochemical reactivity in the companion
paper (Schwarz and Rittmann 2007). Therefore,
as part of this preliminary analysis, we answer
the following question: What is the relative
importance of complexation by active cells,
inerts, EPS, SMP, and sulfide, in metal
detoxification?

We write a balanced reaction for the anaerobic
metabolism of 1 mol of glucose to gain insight
into the reactant and product dynamics of micro-
bial reactions in sulfidic systems. We take into
account reaction energetics to determine the true
yield coefficients Y, Yy, and Y, which are key
parameters of the matrix of stoichiometry listed
in Table 1. The procedure of balancing microbial
reactions is detailed in Rittmann and McCarty
(2001) and is not repeated here. During metab-
olism, bacteria convert electrons originating from
the electron donor into cells. This cell synthesis
reaction demands energy, which bacteria gener-
ate in a second reaction by shunting the remain-
ing electrons originating from the electron donor
to an electron acceptor. The key to determining
the true yield is then to partition the electron flow
coming from the electron donor in order to
balance energy needs for synthesis, and energy
production. We performed yield calculations for
the three microbial populations and used this
information to create the microbial reactions
presented in Table 6.

In terms of the bio-protection concept and the
capacity of this microbial system to interact with
metals, three aspects are critical. First, according
to the sum-of-steps line, one mole of glucose
results in ~0.36 mol of cells, which includes active
cells, EPS, and UAP. Glucose, a non-reactive
compound, is transformed into a series of micro-
bial products with reactivity toward metals. Sec-
ond, sulfidogenesis results in ~2.1 mol of
hydrogen sulfide per mole of glucose consumed,
and hydrogen sulfide possesses high reactivity
toward toxic metals. Third, ~3.9 mol of alkalinity
are generated per mole glucose consumed, and
this affects the pH and, hence, metal speciation.

The stoichiometry of microbial-product gener-
ation can be used with the site-density information
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Table 6 Stoichiometric coefficients for steps in the degradation of glucose in sulfidic systems®

Step Glucose H, Ac” SO; H,S H* H,O H,CO; NHj; CsH,O,N

Glucose to hydrogen -1 3.2974 1.6487 O 0 1.8595 -2.6651 1.6487 -0.2108 0.2108
and acetate

Hydrogen oxidation 0 -1 -0.0498 -0.2251 0.2251 -0.4701 1.0897 -0.0498 -0.0299 0.0299

Acetate mineralization 0 0 -1 -0.9183 0.9183 -2.8038 0.0981 1.8365 -0.0327 0.0327

Sum of steps -1 0 0 -2.1055 2.1055 -3.8528 1.0737 4.2108 -0.3579 0.3579

4 Assumptions: ammonium is the nitrogen source in all synthesis reactions; in glucose fermentation, f§ = 0.67; and, in
hydrogen mineralization, 67% of the carbon for synthesis comes from acetate and 33% from H,CO;

to assess the relative importances of several
ligand types in detoxification. Table 7 shows that
1 mol of glucose yields 2.28 mol of reactive
ligands in a model sulfidogenic system, assuming
that reactive sites on active cells, EPS and SMP
include carboxyl and phosphoryl sites only. The
sulfide yield is an order of magnitude higher than
other yields, while the yields of EPS and active
cells are similar.

We now compare the detoxification potential
of the key ligands by simulating a metal titration
using the comprehensive biogeochemical repre-
sentation possible in the expanded CCBATCH.
This is a comprehensive approach, because it
takes into account reactive-ligand concentration,
as well as reactivity. To simulate the metal
titrations, we use CCBATCH in a non-kinetic
batch mode, with input of equilibrium reactions
only (i.e., acid-base, surface complexation, aque-
ous complexation, and equilibrium precipitation
reactions). Starting with a low metal input, we
gradually increase the total metal concentration
and allow CCBATCH to compute the chemical
equilibrium for each total-metal addition. To
assess detoxification by the ligands, we assume

Table 7 Reactive ligands generated from 1 mol of glucose

that the toxic Zn species is free Zn, considered to
have a toxicity-threshold value of 3.4 uM, based
on a study with a Desulfovibrio desulfuricans
culture (Sani et al. 2001).

We perform the three numerical metal-titra-
tion experiments listed in Table 8 to show the
incremental effect on detoxification of: (1) only
inorganic freshwater constituents; (2) adding
20 mg VSS/1 of active cells or inert biomass
(1.77 x 10* M), and 20mg VSS/l of EPS
(1.77 x 10* M); and (3) also adding 0.33 mg/l
sulfide (10~ M). The biomass concentrations are
representative of sulfidic permeable reactive
barriers when particulate organic matter hydro-
lysis limits biodegradation (Schwarz and Ritt-
mann 2007).

Figures 3-5 show the evolution of Zn specia-
tion during each metal titration. In Fig. 3,
inorganic freshwater constituents barely affect
Zn speciation, and free Zn is the dominant Zn
species over almost all the tested concentration
range, except at high added Zn concentrations,
when ZnCOj3(,) precipitates. Figure 4 shows that
biomass complexes control Zn speciation in the
Zn concentration range of 10'°-10~* M, inducing

Ligand type Yield coefficient Biomass yield®

mol/mol-glucose

Reactive-ligand density®
mol/mol-biomass

Reactive-ligand yield
mol/mol-glucose

Active cells 0.53 0.190
EPS 0.37 0.132
SMP 0.10 0.036
Sulfide - -

Total 1.00 0.358

0.316 0.06
0.762 0.10
0.281 0.01
- 211
- 2.28

? Using the stoichiometry of microbial product generation of Table 6

P Reactive sites include carboxyl and phosphoryl sites only. Site densities in mol/g (dry wt) were multiplied by [113 g (dry

wt)/mol-biomass] to obtain site densities in mol/mol-biomass
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Table 8 Windows of total-Zn concentration (uM), for the conditions of Figs. 1, 2 and 3, in which ligands present in the
biogeochemical framework achieve Zn detoxification, or free-Zn?t < 3.4 uM

Case number  Inorganic complexes®

Biomass-associated complexes

1 Yes No
2 Yes Yes
3 Yes Yes

®  Sulfide complexes® Total-Zn window (M)
No 3.4-4 (Fig. 1)
No 3.4-23 (Fig. 2)
Yes 3.4-36 (Fig. 3)

a

Due to typical freshwater constituents

® Due to 20 mg VSS/I of active cells or inert biomass, and 20 mg VSS/l of EPS

¢ Due to 0.33 mg/l sulfide

a 100-fold decrease in free Zn concentration.
Additionally, at 10~ M added Zn, surface sites on
biomass show signs of saturation, and the Zn**
curve experiences a slope increase, reaching
afterwards a plateau in the high-added Zn region,
when ZnCOs precipitates form. On the other
hand, speciation results including all ligands
(Fig. 5) show that Zn speciation is controlled by
different ligands, depending on Zn concentration.
With increasing added Zn concentration, Zn

1.0E-02
ZnCO3(s)
2
1.0E-04 Zn’
Toxicity threshold:
[Zn**] = 3.4 uM
< 1.0E-06
=S
=}
1)
5]
'S 1.0E-08 A
o
2]
NS
Zn-inorganic E“
1.0E-10 A complex E
—pie— §
Sg
1.0E-12 A 8
1.0E-14 T
3.4E-6 4E-6
1.0E-10 1.0E-08 1.0E-06 1.0E-04 1.0E-02
Zn added (M)

Fig. 3 Zn titration of freshwater. Freshwater conditions
are pH=7, [Na']=25x10*M, [Ca®]=1x10° M,
[Mg>]=3x10"*M, [SO7]=3x10"*M, [CI]=25x
10 M, and [CO3] = 2 x 10 M. Zn-inorganic complexes
include Zn complexes with hydroxide, sulfate, carbonate,
and chloride. We considered all possible equilibrium
complexes and acid/base species and used critically
reviewed values for equilibrium constants (NIST 1997)

speciation is successively controlled by Zn-inor-
ganic complexes, ZnS, Zn-cell complexes, free
Zn, ZnCOs), and free Zn. Fig. 5 exemplifies how
coordination by sulfide controls Zn speciation as
long as total sulfide is greater than added Zn.
Starting at a concentration of added Zn of

1.0E-02
ZnCOs3,
Zn2+
1.0E-04 - \
Toxicity threshold:
[Zn*] =3.4uM
. 1.0E-06 -
=S
=} Zn-cell
.8 complex
3 1.0E-08 -
13}
D
o
2 P
NS
1.0E-10 ~ °
2
2
§
3
1.OE-12 + Zn-inorganic ‘é
complex $
Q
1.0E-14 T T
34E-6 23E-6
1.0E-10 1.0E-08 1.0E-06 1.0E-04 1.0E-02
Zn added (M)

Fig. 4 Zn titration of freshwater in the presence of active
cells or inerts 1.77 x 10* M and EPS 1.77 x 107* M only
and not sulfide. Freshwater conditions are pH =7,
[Na*]=25x10* M, [Ca*]=1x10"M, Mg*>]=3x
10*M, [SOF]=3x10*M, [CI]=25x10"*M, and
[CO3] = 2 x 10 M. Zn-inorganic complexes include Zn
complexes with hydroxide, sulfate, carbonate, and chlo-
ride; Zn-cell complexes include Zn complexes with surface
functional groups on active cells or inerts and EPS. We
considered all possible equilibrium complexes and acid/
base species and used critically reviewed values for
equilibrium constants (NIST 1997)
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Fig. 5 Zn titration of freshwater in the presence of sulfide
(107° M), active cells or inerts 1.77 x 10* M, and
EPS 1.77 x 10* M. Freshwater conditions are pH =7,
[Nat] =2.5x 10*M, [Ca**]=1x10>M, [Mg*]=3x
10* M, [SOF]=3x10*M, [CIT]=25%x10"*M, and
[CO3] = 2 x 107 M. Zn-inorganic complexes include Zn
complexes with hydroxide, sulfide, sulfate, carbonate, and
chloride; Zn-cell complexes include Zn complexes with
surface functional groups on active cells or inerts and EPS.
We considered all possible equilibrium complexes and
acid/base species and used critically reviewed values for
equilibrium constants (NIST 1997)

107 mol/l, equal to the total H,S concentration
present, the free Zn concentration experiences a
rapid increase spanning 7 orders of magnitude
from 10'' to 10* M. When Zn is primarily
coordinated to sulfide, either as aqueous complex
or forming a sulfide solid, it is effectively detox-
ified, or maintained below the toxicity threshold
of 3.4 uM. Also, sulfide concentrations in natural
or engineered systems can be much higher than
the assumed 10~ M. Increasing total sulfide
would have the effect of extending the Zn**
plateau to the right in Fig. 5.

To assess quantitatively how the incremental
addition of ligands affects detoxification, we
compute the detoxification range directly from
the titration figures. The detoxification range is
the window of total Zn that is detoxified by
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ligands present in the system. The lower bound of
the detoxification range corresponds to the total
added Zn concentration equal to the toxicity
threshold of 3.4 uM, representing the imaginary
case in the absence of ligands, even water, when
all Zn is present as free Zn. Then, when ligands
are present, the upper bound of the detoxification
range corresponds to the total added Zn concen-
tration that gives a free Zn concentration equal to
the toxicity threshold of 3.4 uM. By reducing the
free-Zn concentration, an increased presence of
ligands and higher Zn affinities expand the
Zn-detoxification range.

The detoxification range information is sum-
marized in Table 8. Zn forms few hydrolysis
products and complexes weakly with typical
freshwater ligands (SO3~, CO3", HCO3 and CI").
Accordingly, Case 1 shows a very small detoxifi-
cation range of 3.4-4 uM. The carboxyl and
phosphoryl functional groups on biomass have
significantly higher affinities for Zn than typical
freshwater ligands, and, hence, Case 2 has a much
higher detoxification range of 3.4-23 uM. Finally,
sulfide has the highest affinity for Zn among all
ligands, extending the detoxification range con-
siderably further in Case 3: 3.4-36 uM.

Thus, sulfide shows great detoxification poten-
tial, because detoxification is possible over a large
metal concentration range as long as total sulfide
is greater than total Zn. On the other hand,
biomass also shows some detoxification potential
in the absence of sulfide; however, detoxification
is constrained to a rather narrow metal concen-
tration range.

While important and generalizable conclusions
can be drawn from the speciation analyses pre-
sented here, it is important to point out their
limitations. Speciation analyses are only a snap-
shot in time of a system’s condition. They do not
consider the system’s dynamics, and as such do not
convey information on how a system is evolving.
The more complete biogeochemical analyses,
which consider the temporal and spatial effects
of biological and physical processes, are presented
in our companion paper (Schwarz and Rittmann
2007). Nevertheless, the results from the biogeo-
chemical analysis are relevant to find good
simplifying assumptions and to interpret numeri-
cal modeling results in more complex settings.
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Discussion

Cells oxidize themselves to meet maintenance-
energy needs, and the decrease in cell mass is
often represented as endogenous decay (Ritt-
mann and McCarty 2001). However, not all the
decayed biomass is oxidized and a small portion
accumulates as biomass debris or inert biomass.
Although all biomass is ultimately biodegradable,
the inert fraction can be considered refractory to
further biological attack in most biochemical
settings due to its low biodegradation rate (Grady
et al. 1999). Only in situations with no alternative
loss processes working might it be necessary to
include the very slow biodegradation of inerts.

Bound EPS are dissolved or hydrolyzed slowly
by enzymes released when bacteria lyse (Suther-
land 1999; Davies 1999). The unified theory of
bacterial products (Laspidou and Rittmann 2002a,
b) proposes that this is the only significant source
of BAP. Others call the EPS-cleavage products
soluble EPS (Nielsen et al. 1997; Hsieh et al.
1994), and soluble EPS is effectively the same as
BAP in the unified model. SMP are important
because they form the majority of the dissolved
organic matter in many cases and also can complex
metals (Rittman and McCarty 2001). Laspidou
and Rittmann (2002b) found that BAP was the
dominant SMP component, because UAP is bio-
degraded considerably faster than BAP. However,
despite its significance, BAP formation/EPS
hydrolysis kinetics is poorly characterized and
available parameters (Rittman and McCarty 2001;
Laspidou and Rittmann 2002b) are system specific.

It is necessary to use empirical chemical
formulas for cells in the balancing of biological
reactions. We use the widely accepted empirical
formula CsH;O,N (Rittmann and McCarty 2001),
but the relative proportion of elements actually
present in cells depends on the microorganisms
involved and their growth conditions. For exam-
ple, the nitrogen content of cells averages 12
percent as in CsH;O,N, although it wvaries
between 6% and 15% (Rittmann and McCarty
2001). Hence, one empirical formula will not be
exactly applicable to all situations, but the theo-
retical concepts used to build the matrix of
stoichiometry (Table 1) are still valid (Grady
et al. 1999).

Surface complexation models accounting for
three conceptual reactive sites can be used to fit
the acid/base behavior of cell suspensions (Yee
and Fein 2001; Songkasiri et al. 2002). On the
basis of the fitted pK, values, the dominant
reactive sites are considered to be carboxyl,
phosphoryl, and amino and/or hydroxyl groups.
However, the direct analysis of the bacterial cell
surface is required for confirming the existence of
these surface functional groups (Guiné et al.
2006). Importantly, the generalized model of
Yee and Fein (2001) stands out among surface-
complexation models because it is applicable to
complex bacterial mixtures. Surprisingly, despite
their different envelope structure, the metal
sorption capacity and reactivity of Gram-positive
and Gram-negative bacteria mixtures are similar
(Yee and Fein 2003). Despite its apparently wide
applicability, the generalized sorption model in
complex natural systems, such as sulfidic commu-
nities, must be tested and quantified further.

Stability-constant information for bacterial
products is very limited. Because of the lack of
this critical information, we assumed that zinc
binding to EPS and BAP can be described using
stability constants valid for cell-walls. Songkasiri
et al. (2002) found that pK, values for S. alga cell
walls and EPS were similar, indicating that
microbial products might have dominant func-
tional groups with nearly identical reactivity. Yee
and Fein (2003) also found that stability constants
determined for bacterial mixtures and for B.
subtilis are comparable.

EPS have been found to play a dominant role
in metal sorption (Guiné et al. 2006); however,
the processes that control EPS composition are
not well understood (Wingender et al. 1999).
Exopolysaccharides were initially identified as
the most abundant constituents of EPS. However,
proteins and nucleic acids can also appear in
significant amounts or even predominate (Win-
gender et al. 1999). The reactivity of EPS is due
to their polyanionic nature. Several amino acids
are negatively charged in extracellular proteins
(Wingender et al. 1999) and exopolysaccharides
have uronic acids or ketal-linked pyruvate (Suth-
erland 2001). Not surprisingly then, the EPS
reactive-site densities show the greatest variance
among microbial products. Since EPS can consti-
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tute as much as 50-90% of the total dry weight of
cells (Christensen and Characklis 1990; Nielsen
et al. 1997), an improved understanding of EPS is
key to advance mechanistic models on the fate of
metals in complex microbial systems.

It is often assumed that basic hydroxyl and
amino sites do not complex with metals signif-
icantly, because protons out-compete metals on
these acid-base sites at typical pH values. For
example, Zn complexes with carboxyl and
phosphoryl sites accounted for all metal adsorp-
tion onto B. subtilis over the pH range from 2
to 8 (Fein et al. 2001). However, at higher pH
values, binding onto amino or hydroxyl sites
will eventually become significant as these sites
deprotonate (Songkasiri et al. 2002; Guiné et al.
2006).

In natural and engineered systems, the ligand
concentrations can vary significantly, potentially
influencing the detoxification ranges. For situa-
tions similar to Case 1, when detoxification is by
inorganic constituents only, the detoxification
range is not expected to vary significantly,
because Zn speciation is barely affected by this
type of ligands for typical freshwater conditions.
For scenarios similar to Case 3, significantly
higher detoxification ranges can be expected,
because sulfide concentrations can vary over
several orders of magnitude in natural and engi-
neered systems. For example, Benner et al.
(1999) measured within a sulfidic PRB a sulfide
concentration of 30 mg/l, two orders of magni-
tude higher than the value assumed in our
analysis.

Conclusions

We developed a biogeochemical framework for
understanding and quantitatively evaluating met-
als bio-protection in sulfidic microbial systems.
We implemented the biogeochemical framework
by adding to the biogeochemical model
CCBATCH expanded sub-models for surface
complexation and the formation of soluble and
solid products. We applied an expanded
CCBATCH to understand the relative impor-
tance of the various key ligands of sulfidic systems
in Zn detoxification. The key outcome of the
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biogeochemical analyses is that sulfide has the
greatest detoxification potential among all reac-
tive ligands of sulfidic systems and can be effec-
tive in detoxifying Zn under a wide range of
geochemical conditions. This outcome is ex-
plained by the relative affinities of the various
ligands toward Zn and by the estimates of their
concentrations for sulfidic systems. Moreover, the
relevance of sulfide as a detoxifying agent should
become even higher if a dynamic setting is
considered, because sulfide is continually gener-
ated at the highest rate among all reactive ligands
and is also the most mobile ligand. Thus, the rate
of production— as well as the affinity toward the
metal—is key to bio-protection.
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