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NEW INSIGHTS INTO BACTERIA-RELATED GEOCHEMICAL PROCESSES:
CO-ADSORPTION, TEMPERATURE DEPENDENCE OF PROTONATION,

AND EFFECTS ON FE-HYDROXIDE PRECIPITATION

Abstract
By

Peter G. Wightman

Microorganisms exist in a wide range of aqueous systems, from contaminated
groundwater aquifers to mid-ocean ridge hydrothermal systems. Bacteria influence the
mobility of mass in these systems because bacterial cell walls display a strong affinity for
aqueous metal cations and organic molecules, and because bacteria can be involved in the
dissolution and formation of mineral phases. This dissertation includes three distinct
projects involving bacteria-related geochemical processes, as outlined below.

Chapter 2 deals with the effects of humic acid on Cd adsorption to the surface of
Bacillus subtilis. Humic acid adsorption was measured with and without Cd, as a
function of pH and humic:bacteria:Cd ratios. These experiments tested for the existence
of terary complexes in a bacteria-humic-metal system. We determine both the effects of

humic acid on the bacterial adsorption of Cd, as well as the effects of Cd on the bacterial



Peter G. Wightman
adsorption of humic acid. These experimental results constrain the relative importance of
surface ternary and aqueous metal-humate complexes.

Chapter 3 reports results from the first potentiometric titrations of bacterial
surfaces at elevated temperatures. We examine the protonation behavior of Bacillus
subtilis at 30, 50, and 75°C. Using a surface complexation approach, we determine the
functional group types present, their acidity constants, and their concentrations. Results
indicate that the acidity constants for the surface functional groups do not change
significantly over the temperature interval studied, and that the surface protonation at
each temperature can be estimated using a single set of acidity constants and site
densities. The lack of significant temperature dependence could greatly simplify the task
of modeling bacteria-water-rock interactions at elevated temperature.

Chapter 4 deals with the adsorption of Fe(Ill) to bacterial surfaces and the effect
of adsorption on the solubility of Fe-(oxy)hydroxide phases. We conduct a series of
experiments that demonstrate that presence of bacteria cell walls enhance the extent of Fe
removal from solution relative to the bacteria-free controls. We use the results of batch
adsorption experiments in undersaturated conditions to explain the Fe removal in
‘oversaturated’ solutions. Some Fe removal by the bacteria was irreversible, indicating
that the adsorption process is likely more complicated than that observed in previous

metal-bacteria adsorption studies.
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CHAPTER 1

INTRODUCTION

Microorganisms exist in a wide range of aqueous systems, including
contaminated groundwater aquifers. mid-ocean ridge hydrothermal systems, deep
sedimentary oil-field basins, and geothermal hot springs. Bacteria influence the mobility
of mass in these systems because bacterial cell walls display a strong affinity for aqueous
metal cations (e.g.. Beverage and Murray, 1976; 1980; Fein et al., 1997) and organic
molecules (e.g.. Baughman and Paris, 1981: Daughney and Fein, 1998a; Fein and Delea.
1999), and because bacteria can be involved in the dissolution and formation of mineral
phases (Bennett et al.. 1996: Ullman et al., 1996; Grantham et al., 1997; Lee and Fein.
2000; Fortin et al., 1997). All of these processes are influenced by the intrinsic chemical
and physical properties of the bacterial cell wall which acts as a medium between the
bacteria and the external surroundings.

Bactenal cell walls are composed of complex organic molecules which exhibit a
variety of organic functional groups, including amino, carboxyl, hydroxyl, and
phosphoryl sites (e.g., Beveridge and Murray, 1980). At least some of these functional
groups are proton active within the acidity range of natural waters, and the deprotonation

of these groups is responsible for the increasing negative charge of the bactenal surface



observed with increasing pH (e.g.. Harden and Harris. 1953). This negative surface
potential attracts positively-charged cations to the bacterial cell wall where they form
both electrostatic and covalent bonds with the surface functional groups. In addition, the
bacterial surface is capable of adsorbing a variety of organic compounds. which are
thought to bind to the bacterial surface via hydrogen bonding and/or as a result of the
inherent hydrophobicity of the organic molecules. Recent studies have shown that a
surface complexation modeling approach can account for the adsorption of both aqueous
metal cations and organic molecules onto the bacterial surface (e.g., Fein et al, 1997:

Daughney and Fein, 1998b: Fowle and Fein, 1999).

Background and Context
The encompassing goal of this dissertation is to quantify the effects of bacteria on
the mobulity and distribution of metals in geologic systems using an approach that allows

for extrapolation of laboratory results to more realistic systems.

Contaminant transport modeling

Inherent in most models of contaminant transport is the assumption that aqueous
solutes are in local equilibrium with the surrounding porous media. The assumption of
local equilibrium is acceptable provided that the rate of reaction is faster than the rate of
convective transport. allowing the solution components to fully react with the solid
components in the porous media. If the rate of reaction is slower than the rate of

convective transport, then reaction kinetics control the mobility of the contaminant.
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Modeling of mass transport in natural systems is often accomplished by solving a
3-dimensional extrapolation of the 1-dimensional advection-dispersion equation shown
below.

: |
IC___ ac_de_,,(ﬁ) 0

& v Zvp, 2=
. : LIC e |

This equation defines the change in the concentration (C) of a particular component
based on hvdrologic parameters for the porous medium (i.e. V,, the advection velocity),
dispersion constant (D) for the species of interest, and a reaction term which accounts
for the retardation of the component by adsorption. In this representation. the Ky, or
partitioning approach. is employed in the reaction term. The Ky approach is based on the
idea that the amount of contaminant adsorbed is directly proportional to the amount of

contaminant in solution. i.e.

_ [sorbed ]
4 [solution]

(2)
This approach works best for weakly adsorbing contaminants that are present in low
concentrations, participate in few chemical reactions, and occur in systems where the
solution composition is relatively constant (e.g., for non-ionizable organic molecules). If,
however. the contaminant sorbs strongly (as heavy metals do) and the pH, ionic strength.
or concentration of contaminant varies, then the Ky approach fails to predict the behavior
correctly (Brady and Bethke. 2000: Bethke and Brady, 2000). Results from partitioning
models cannot be universally applied because the results are system specific.
Traditionally. the Ky approach has been favored for use in contaminant transport

modeling because K4 values can be easily determined on-site and solving the advection-

dispersion equation is not complicated by their inclusion. However, recent advances in
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computer power and computational modeling have allowed us to construct and use more
accurate reaction models, such as those involving the Feudlich and Langmuir isotherms,
and site-specific surface complexation modeling (SCM). The details of the Feudlich and
Langmuir isotherms will not be discussed here. as they are models of intermediate

complexity between the Ky and SCM.

Surface complexation modeling

Surface complexation modeling extends the reaction-based speciation model for
aqueous species to reactions occurring at solid interfaces (e.g., Davis and Kent, 1990:
Dzombak and Morel. 1990). A surface complexation model accounts for each important
reaction between surface species (functional groups and reactive surface sites) and
aqueous species. The corresponding mass action equations for these reactions, along
with mass balance constraints on the system components can be used to solve for the
distribution of mass in bacteria-water-rock systems. Equilibrium constants for surface
and aqueous complexation reactions vary only with pressure and temperature and can be
applied to determine mass distribution in any system. The SCM approach has many
advantages over other models. such as Ky or partitioning models, which cannot be
universally applied because the results are system-specific.

The SCM approach has been successfully used to characterize the protonation
behavior for a wide vanety of bactenal species (e.g., Fein et al, 1997; Daughney et al.,
1998. Yee and Fein. 2001; Fein et al., 2002) over a range of ionic strengths (Daughney
and Fein. 1998b). The metal adsorption properties of bacterial surfaces have been

charactenzed with a SCM in both single metal, single bacteria systems (e.g., Fein et al,



1997: Daughney and Fein. 1998b: Daughney et al.. 1998: Fein et al.. 2001) and in mult-
metal. multi-bacteria systems (Fowle and Fein. 1999. Yee and Fein. 2001). The
reversibility of the protonation reactions (Fein et al., 1997) and metal uptake reactions
(Fowle and Fein. 2000) has been clearly demonstrated, indicating that these processes can
be treated as equilibrium processes. A SCM approach has also been used to characterize
the adsorption of organic anions and humic acids onto the bacterial surface by Fein and
Delea (1999) and Fein et al. (1999), respectively. What remains to be determined is
whether these processes 1) vary over temperature. 2) remain valid with mixed metal
cations and/or organic acids, and 3) can be used to evaluate the effect of bacteria on
precipitation kinetics and mineral solubilities. These are the topics to be addressed by this
dissertation.

This work challenges and extends the application of the SCM approach by
looking at complex and as vet unstudied multi-component systems over a wide range of
environmental parameters. systems that would be impossible to adequately explain using
a partitioning model approach. This dissertation consists of 3 distinct. but related
research projects. the general objectives of which are to develop quantitative models of
the effects of bacteria on metal mobilities in a range of bacteria-bearing environments. [
present three bactena-focused projects in this dissertation:

1. Effects of humic acid on Cd adsorption to bacteria.
e Does the presence of Humic acid enhance or lessen the adsorption of Cd to

Bacillus subtilis?



e s the effect of Humic acid similar to that of simple organic acids and can the
effect(s) be modeled in the same way? What limitations, if any, does this
place on site-specific surface complexation modeling?

2. Temperature dependence of bactenal surface protonation constants

¢ Do the protonation constants for the bactenial surface vary with temperature?

e How does the magnitude of the temperature dependence compare with
mineral surfaces?

3. Precipitation kinetics and Fe(III) adsorption to bacteria

e Do bactena enhance the precipitation kinetics of amorphous Fe oxides?

e How does Fe adsorb onto the bacteria surface?

* To what extent does Fe adsorption to bacteria affect the precipitation of Fe
oxides and oxvhvdroxides?

The bactenal species to be used in the experiments is Bacillus subtilis, a gram-
positive aerobic species commonly found in groundwater systems. The structure.
geochemical influence. cell growth. and metabolism of B. subrilis has been widely
studied. making it an ideal candidate for this project. The observation of a non-metabolic
concentration of chemicals at the bactenal surface of species like B. subtilis can
potentially affect a broad range of geochemical research and is the main topic to be
addressed by this dissertation. The biotic processes of cell growth. metabolic flux, and
cell decomposition are not to be addressed here. however, they are considered in the

design. implementation. and interpretation of the experiments.
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CHAPTER 2

TERNARY INTERACTIONS IN A HUMIC ACID-CD-BACTERIA SYSTEM

Introduction

Bacteria can control the fate and transport of contaminants in the subsurface due
to their ability to adsorb high concentrations of aqueous metal cations (Bevendge and
Murray. 1976.1980: Harvey and Leckie. 1985: Gongalves et al., 1987 Fein et al., 1997)
and organic molecules (e.g.. Baughman and Paris, 1981; Daughney and Fein, 1998a).
Bacteria also affect mineral dissolution (e.g.. Bennett et al., 1996: Ullman et al.. 1996:
Grantham et al.. 1997: Lee and Fein. 2000) and precipitation (Fortin et al., 1997), and
they can degrade a variety of organic contaminants and alter the valence state of redox-.
sensitive metals through metabolic and/or enzymatic processes (e.g.. Lovley et al., 1989:
1991). |

Adsorption behavior in binarv metal-bactenia, organic-bactena. and bactena-
mineral systems has been measured expenmentally, and Fein and co-workers have
developed a surface complexation approach to quantifying the extent of adsorption that
occurs in each of these systems (Fein et al., 1997; Daughney et al., 1998; Fowle and Fein,

1999: Fowle and Fein. 2000: Daughney and Fein, 1998b. Yee et al., 2000). However,



few studies of ternary svstems have been conducted (see Fein, 2002, for a recent revie\\:).
Of particular interest to modeling contaminant mobility in realistic systems are the
ternary interactions between bacteria cell walls. humic acids, and heavy metals due to
their common occurrence in contaminated sites. Fein et al. (1999) measured humic acid
adsorption onto bacterial surfaces, finding extensive adsorption under acidic to near-
neutral pH conditions. with decreasing adsorption with increasing pH. This is similar
behavior to that observed for humic acid adsorption onto mineral surfaces (Parfitt et al.,
1977: Tipping. 1981a. b). The presence of humic acid in humic-metal-mineral ternary
systems enhances the adsorption of aqueous metal cations onto positively-charged
mineral surfaces through the formation of ternary surface-humic-metal complexes under
relatively acidic conditions (e.g.. Zachara et al., 1994). At higher pH values in these
ternary systems (where mineral surfaces become negatively charged and humic
adsorption decreases). the presence of humic acid decreases the mineral surface
adsorption of aqueous metal cations due to the formation of aqueous humic-metal
complexes. Because the presence of humic acids in water-rock systems can affect the
extent of metal cation adsorption through the formation of temary surface and aqueous
metal-humate complexes, it is possible that such temary interactions also affect metal
speciation in bactenia-humic-metal systems as well.

The only means to test for the existence of temary surface complexes is through
direct experimentation. Therefore, in this study we conduct experiments that test for the
existence of ternary interactions in a bacteria-humic-metal system. determining both the
effects of humic acid on the bacterial adsorption of an aqueous metal cation, as well as

the effects of the metal cation on the bacterial adsorption of humic acid. The

10



experimental results constrain the relative importance of surface temary and aqueous
metal-humate complexes on bacterial adsorption of both humic acid and metal cations.
thereby providing a better understanding of the effects of bacteria-metal-humic

interactions on contaminant transport in realistic geologic systems.

Bacterial Species

The bactenal species used in this study was Bacillus subtilis, a gram-positive
aerobic species that is commonly found in near-surface systems. The cell wall of B.
subtilis is composed of peptitoglycan and teichoic acids, and exhibits carboxyl,
phosphoryl. hydroxyl. and amino functional groups at the surface (Beveridge and
Murray. 1980). Three types of functional groups (likely carboxyl, phosphoryl, and
hydroxyl sites) undergo deprotonation reactions between pH 3.5 and 10.5, and are
responsible for an increasingly negatively-charged bacterial surface with increasing pH.
The deprotonation of the functional groups can be characterized by the site-specific
reactions, intrinsic equilibrium constants, and site abundances listed in Table 2.1 (from

Feinetal., 1997).

R-COOH’ & R-C0O0 +H~ (1)
R-POH’ & R-PO, +H” (2)
R-OH° - R-0 +H 3)

The effect of the surface potential on the surface speciation is accounted for using the
Poisson-Boltzmann charge-distribution equation (e.g., Stumm and Morgan, 1996):

Kinrinsic = K exp(-AZ Fy/RT) 4)

11



Where Kimnae 1S the equilibrium constant corrected to zero surface charge. The
parameter AZ represents the change in the charge of the surface species in the reaction of
interest. and F. y. R, and T refer to Faraday's constant, the electric potential of the
surface, the gas constant, and absolute temperature, respectively. We use a constant

capacitance model to relate the electric potential (y) to the surface charge (6), such that

sz (5)

where C is the capacitance of the surface layer in F/m°. This formalization allows us to
characterize the bacterial surface speciation and surface charge as a function of pH
(Figure 2.1.). As Figure 2.1. depicts. deprotonated carboxyl groups dominate the surface

speciation above pH 4.8 and are responsible for the majority of the surface charge over

the entire pH range.

Table 2.1. Bacterial Surface and Humic Acid Model Values

Equatior: Functional group pKa®* Site concentration®*
number type
Bacteria

1 Carboxyl 4.82 1.2*10°

2 Phosphoryl 6.90 4.4%10°

3 Hydroxyl 9.40 6.2*10°

Humic Acid

6 LI 25 4.46*10°

7 L2 6.1 2.30*10°

8 L2 8.8 0.67*%10°

* As referred to in text.
® Negative logarithm of the intrinsic equilibrium constant for the deprotonation

reaction.
Bacteria values from Fein et al. (1999). Humic acid values from Boily and Fein

(2000).
Moles of sites per gram.

Le3
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Figure 2.1. Speciation diagram for Bacillus Subtilis, based on protonation constants and
site abundances from Fein et al. (1997), shown here for a 10.0 g/L bacteria suspension.

Humic Acid Speciation and Adsorption

The chemical properties of natural humic substances (elemental composition,
aromatic character, functional group composition, ionic character, molecular size and
structure) greatly influence both their sorption to surfaces and their aqueous
complexation with metal cations. These properties are a function of the source material
from which the humic acid formed. In order to simplify the task of quantifying the
specific interactions between humic acids, metals, and bacteria, we use only one type of

humic acid in this study, supplied by Aldrich Chemical Company, Inc. in the form of a

13



sodium salt. and isolated from water draining an open pit mine in Oberhessen. Germany

(Ochs et al.. 1994).

Proton binding 1o humic acid

The acid-base properties of this humic acid have been characterized by Boily and
Fein (2000) using a variety of proton binding models: including multi-component non-
electrostatic. multi-component Langmuir-Freudlich. and constant capacitance
electrostatic models. We discuss our findings in the context of the 3 component. non-
electrostatic model at an ionic strength of 0.1M (based on theory and data presented in

Boily and Fein. 2000). The model is characterized by the following reactions.

HLI' & L1" +H" (6)
HLY 2 +H™ (7
HLY & L3 +H" (8)

where HL® and L represent the protonated and deprotonated form (respectively) of the
numbered surface site types. With this approach. the acidity of the molecule is described
with distinct acidity constants and site concentrations, as given in Table 2.1.

The calculated speciation and net charge diagram for the humic acid is shown in
Figure 2.2. The deprotonation of the first functional group type (HL1°), most likely a
consortia of carboxyl groups, dominates the net charge profile of humic acid over a wide

range of pH conditions.
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log molality

Figure 2.2. Speciation diagram for Aldrich humic acid, based on protonation constants
and site abundances from Boily and Fein (2000). Shown here for a 0.1 g/L suspension.
The L1 species dominates the total negative site abundance from low pH to pH 5.

Solubiliry of humic acid

Humic acids are, by traditional definition, low to mid molecular weight organic
acids that precipitate below pH 2. In reality, the extent of dissolution varies as a function
of pH (Fein et al., 1999). with more humic acid dissolving as the functional groups
deprotonate with increasing pH. In this study, each adsorption experiment contains 0.1
2/L of humic acid. and we measure the solubility of the experimental humic acid in order
to quantify the amount of humic acid that dissolves as a function of pH. Only by

comparing the amount of humic acid in solution in a bacteria- or Cd-bearing system, with



that in a humic-only system can we quantify the effects of the other components on

humic removal from solution.

Humic-bacteria adsorption

The adsorption of humic acid onto the bacterial surface of B. subrilis has been
previously characterized by Fein et al. (1999). The interaction between humic acid and
bacteria is mainly hydrophobic and is strongest under low pH conditions where both the
bacterial surface and the humic acid molecule are less negatively charged. With
increasing pH. the functional groups on both the bacteria and the humic acid deprotonate
and become increasingly negatively-charged. dramatically inhibiting adsorption at pH
values higher than approximately 7. The adsorption behavior can be characterized using
the following site specific equilibnum reaction (Fein et al., 1999):

HL3"+R-COOH" < R-COOH - HL3’ 9)
where HL3° is the functional group on the humic molecule and R represents the bacteria
cell wall. The pH dependence of adsorption that is consistent with this adsorption model

is shown in Figure 2.3 as a dashed curve.

Metal-Humic Interactions

The interaction between humic acid and an aqueous metal cation is driven by the
electrostatic attraction between the deprotonated functional groups on the humic acid and
the positively charged metal cation. The metal binding is likely controlled by the
carboxvlic and phenolic functional groups (Benedetti et al., 1995), which are more

abundant than the other group types (namely amino, sulthvdryl, and quinone groups).
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Figure 2.3. Adsorption curves for humic acid and Cd onto bacterial surfaces in binary
systems. as a function of pH for concentrations approximating those used in our
expennments. Humic acid curve is at a concentration is 0.1 g/ humic acid and 2.0 g/L
bacteria. Cd curve is at a concentration of 10*% m Cd and 2.0 g/L bacteria.

However. given the complexity and heterogeneity of humic acid molecules, the specific
reactions that account for metal uptake by humic acids have not been well-characterized.
and are likely to vary between humic acid types. In most cases, metal-humic interactions
have been characterized using distnbution functions and partition models that
successfully model the overall interaction (e.g., Beneditti et al., 1995; Koopal et al..
1994). but do not enable extrapolation to systems, such as our temary systems, that have

not been directly studied in the laboratory.
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Metal-Bacteria Adsorption

The metal chosen for this study is Cd. a heavy metal and E.P.A. Priority Pollutant
(Keith and Telliard. 1979). In aqueous solution, Cd exists as a divalent cation throughout
the low and mid pH range (Baes and Mesmer, 1976). and a calculated bacterial surface
adsorption edge is depicted in Figure 3. Under low pH conditions, bacterial surface sites
are fullyv protonated and neutrally-charged. so little Cd adsorption occurs. With increasing
pH. the surface functional groups become increasingly deprotonated and negatively-
charged. causing a corresponding increase in Cd adsorption.

Recent studies (Fein et al. 1997. Daughney and Fein. 1998b: Daughney et al.
. 1998: Fowle and Fein. 1999) have demonstrated that both single- and multi-metal
adsorption to bactenial surfaces can be successfully modeled using discrete values for
site-specific equilibrium constants in the context of a surface complexation model
(SCM). We characterize the metal affinity for the surface of Bacillus subtilis using the

model and stability constants of Fein et al. (1997). as follows:
R-CO0O™ +Cd™ < R-C00Cd" log(K)=3.4 (10)
R-PO, +Cd~ & R-PO,Cd” log(K)=5.4 (11)

where R represents the bactenal surface to which each functional group type is attached.

Materials and Methods

Bacillus subtilis cells were obtained from T.J. Beveridge (University of Guelph.

Ontario). They were cultured and washed as described by Fein et al. (1997), with the
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exception of the EDTA treatment, which was limited to 1 hour. Growth medium was a
30g/L trypticase soy broth with 5g/L yeast extract mixture. Cells were first grown in 5
mL volumes of media for 24 hrs at 32°C. and then were transferred to 3 L volumes of
media to grow for another 24 hrs. The wash procedure consisted of two washes in 18MQ
water purified by reverse osmosis (RO), 1 hr exposure to pH 2 nitric acid solution, 2
washes in RO water. 1 hr exposure to 0.001M EDTA. followed by 2 washes in RO and 2
washes in 0.1M NaClO,. This removed all of the growth media and adsorbed cations
from the bactenal surface. Results from our laboratory indicate that the cells remain
viable and are intact following the wash procedure. Humic acid and sodium perchlorate
were obtained from Aldrich Chemical Co. and were used without further purification.
Reversed osmosis (RO) water was used for all growth and experimental solutions.
Experiments involved the reaction of a known amount of Cd, humic acid, and
bactenia in 15 ml polypropylene test tubes for 2 hours. Kinetic experiments (data not
shown) indicated that this duration was sufficient to attain equilibrium. We then
centrifuged the sample for 3 minutes at 8000 rpm, measured pH. filtered. and analyzed
the aqueous fraction. Humic acid concentration was determined by visible light
absorption at 450 nm in a dual cell UV-VIS spectrophotometer with 0.1M NaClO; in the
reference cell. Humic acid standards were filtered at their natural pH of approximately
7.5. The presence of Cd in the samples did not affect the humic acid analyses.
Analytical uncertainty in the humic concentrations was approximately +/- 0.001 g/L. The
concentration of Cd in solution was determined by inductively coupled plasma atomic
emission spectrometry (ICP-AES) using the primary peak at 214.4 nm. All calibration

standards were matrix-matched as closely as possible with respect to solution
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composition. but not corrected for variations in solution pH. Analytical uncertainty in the
Cd concentrations is approximately +/- 4%. The amount of humic and Cd adsorbed onto
the bactena was determined by the difference between the known initial total
concentration and the concentration in the filtered aqueous fraction after equilibration.
For the purpose of this study. we define the aqueous fraction as anything not filtered by a
0.45 um nylon syninge filter. B. subtilis cells have dimensions of 5 um by I um and are
adequately filtered out of suspension using these types of filters. as confirmed by visual
inspection.

Four tyvpes of expeniments were undertaken at a constant ionic strength of 0.1M
sodium perchlorate: 1) solubility measurements of humic acid alone, and in the presence
of Cd as a function of pH: 2) adsorption measurements of humic acid onto the bacteria
with 0.1 ¢/L humic acid and either 0.5 or 2.0 g/L bacteria, conducted as a function of pH;:
3) experiments designed to determine the effect of Cd on humic acid adsorption to
bactenal surfaces. using systems with proportionately high concentrations of aqueous Cd:
we measured humic acid and Cd adsorption as a function of pH at a constant humic acid
concentration of 0.1 g/L., with Cd concentrations of either 10 or 107° molal, and with
two bacteria concentrations (0.5 and 2.0 ¢/L): and 4) experiments designed to determine
the effect of humic acid on Cd adsorption to bacterial surfaces, using systems with
proportionately high concentrations of adsorbed humic acid: we measured Cd and humic
acid adsorption as a function of humic acid concentration at constant pH. with 107%

molal Cd. in a 10.0 g/L bacteria suspension.



Results

Humic-Cd Experiments

The addition of Cd to humic acid solutions does not cause a significant change in
the solubility in solutions of low to circumneutral pH (Figure 2.4). Experiments
conducted at 10*° and 10’ molal Cd and 0.1 g/L humic acid have statistically
equivalent trends from pH 1.7 to 7.0. At pH values greater than 7.0, the 107 molal Cd
solution exhibits identical solubility to that of the humic acid alone, and both exhibit
virtually complete dissolution of the humic acid in the experimental system. However,
above pH 7.0. the presence of 10°*% molal Cd significantly reduces the solubility of the

humic acid. removing approximately 90% of the humic from solution.

Humic Acid Adsorption onto Bacteria

The combined effect of solubility and the adsorption of humic acid onto the
bacterial surface of Bacillus subtilis is shown in Figure 2.5 for a starting humic acid
concentration of 0.1g/L and two bacteria concentrations (0.5 and 2.0 g/L.). Figure 2.5

depicts the percent of the total humic acid in the experiments that is removed from
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Figure 2.4. Humic acid solubility experiments in the presence of no Cd. 10*% m Cd. and
107° m Cd. The graph depicts the percentage of the original concentration of humic acid
(0.1 g/L) removed from solution due to precipitation and filtration under each pH

condition.
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Figure 2.5. Humic acid adsorption onto B. subrilis. as a function of pH, with a total
humic acid concentration of 0.1 g¢/L. Circular symbols represent experiments conducted
with 0.5 g/L bacteria: triangles represent experiments conducted with 2.0 g/L bacteria.
Model curves based on the adsorption model of Fein et al. (1999) (reaction 9 in text).
Solubility curve (solid line) is a poiynomual fit to the *humic only’ data set in Figure 2.4.



solution after equilibration with the bacteria. and the 0.1 g/L. humic solubility curve is
shown in the figure as a solid curve. Experiments with both bacteria and humic acid
present exhibit significantly higher humic acid removed relative to the solubility curve.
indicating humic acid adsorption onto the bacterial surface. Humic acid adsorption is
considerable from approximately pH 3 to pH 10. There is virtually no humic acid in
solution under the low pH experimental conditions due to precipitation. Adsorption
(viewed as the difference. or excess removed. between the data in Figure 2.5 and the
solubility curve) increases as the pH increases to 7. Above approximately pH 7
adsorption decreases with increasing pH due to an increase in the repulsive force between
the bacteria surface and the humic acid molecule. The amount of humic acid removed
- from solution increases as we increase the bacteria concentration from 0.5 g/L to 2.0 g/L.
The data from the humic acid-bacteria adsorption experiments show the same general
trend of decreased adsorption with increasing pH as the model of Fein et al. (1999).
however, there are noticeable differences between our data and the model curves from
Fein et al. (1999). These differences are likely due to differences in experimental setup
and analytical procedures used in the two studies. Fein et al. (1999) used a different
electrolyte (NaNO;) in their experiments and basified their samples to pH 12. Both of
these differences may have attributed to the observed disparity, however, the overall

observed adsorption behaviors are consistent.

Effects of Cd on Humic Acid Adsorption

Humic acid adsorption by bacteria is relatively unaffected by the presence of Cd

(Figure 2.6) under most of the pH conditions studied. The observed adsorption from



experiments containing either 10~ or 10”°° molal Cd differ from the Cd-free experiments
by less that 10%: a value within the range of our experimental uncertainty. At pH values
greater than 8.0. the humic acid concentration in solution becomes dependent on the total
Cd in solution. with less soluble humic acid at higher Cd concentrations. No significant
ternary interactions occur under these high pH, high Cd concentration conditions. That is.
the perceived increase in adsorption at high pH is independent of bacteria concentration.

and is most likely related to the formation of an insoluble Cd-hydroxide phase (to be

discussed later).
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Figure 2.6. Humic acid adsorption experiments in the presence of varying amounts of
Cd at two bacteria concentrations. Solubility curve (solid line) is a polynomial fit to the
‘humic only’ data set in Figure 2.4.



Humic Acid Effect on Cd Adsorption

Under metal-dominant conditions of 10~ molal Cd. the amount of aqueous Cd in
solution with 0.1¢/L humic acid i1s the same with or without bacteria in the system
(Figure 2.7a). The steep Cd concentration drop at approximately pH 9.2 is consistent
with the formation of a Cd-hydroxide precipitate. With less Cd in the svstem (10~ molal
Cd. Figure 2.7b). the data exhibit a trend of decreased aqueous Cd concentration with
increasing bactena concentration. This difference increases with increasing pH. In
systems with higher concentrations of bactenal surface sites (Figure 8: experiments with
10 g bacteria/L. 10 molal Cd. and variable amounts of humic acid). we observed no
significant trend in the amount of Cd adsorbed as a function of the total concentration of

humic acid present in the experiments.

Discussion

Solubility Experiments

We observed two different types of humic acid solubility behavior in the presence
of Cd. Below pH 7. we observed no effect of Cd on humic solubility: above pH 7. high
concentrations of Cd caused a significant decrease in the solubility of humic acid. The
lack of a relationship between the amount of humic acid in solution below pH 7 with
increasing Cd concentration implies that aqueous complexation, if it occurs, does not
affect solubility, and that micelle formation, metal-induced coagulation, or metal-humate

precipitates do not affect the overall solubility under these conditions.
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Above pH 7, in systems with high concentrations of both humic acid and Cd. the
concentration of Cd and humic acid in solution significantly decreases with increasing
pH. suggesting that humic acid and Cd are sequestered by a solid phase. Either they
precipitate as a Cd-humic solid. or humic acid adsorbs onto a Cd-hydroxide solid. Many
Cd-organic precipitates have been documented (Seidell, 1965), but the observed decrease
in Cd in these experiments is much less than the decrease in humic concentration (on a
molar basis). It is more likely that humic acid adsorbs strongly onto -Cd(OH)x). which
should precipitate in our experimental systems at pH values greater than 8.8 in 0.1 M
electrolyte solutions containing 10> molal Cd (calculations based on data from Baes and

Mesmer, 1976).

Cd-Humic-Bacteria Experiments

Figures 2.6 and 2.7 indicate that: 1) humic acid adsorbs onto the bacterial surface
to the same extent regardless of the amount of Cd in solution; and 2) humic acid
significantly inhibits the adsorption of Cd to the bacteria. The models proposed by Fein
et al. (1997) and Fowle and Fein (1999) document extensive Cd removal from solution
via bacterial surface adsorption under similar solution conditions, but without the
presence of humic acid. The curves in Figure 2.7 were constructed using a speciation
model based on equations 1-5, 10-11, and metal hydration reactions from Baes and
Mesmer (1976). and mass balance constraints using the metal and bacteria concentrations
used in our experiments. These models predict 20 to 60% adsorption of Cd at pH values
above 6. The model curves do not account for the formation of Cd-hydroxide solid

phases and. consequently, they diverge from the data at pH values of greater than 9 or 10



where we expect Cd-hydroxide precipitation. In our humic-containing experiments with
relatively high ratios of humic:bactena sites (Figures 2.7a and b). less Cd adsorbs onto
the bacterial surface when humic acid is present in the system (relative to the model
predictions).

There are two possible explanations for the diminished adsorption (relative to the
model predictions) observed in Figure 2.7a and b: 1) that the humic acid blocks possible
Cd adsorption sites. or 2) that, under these humic:bacteria ratio conditions, a Cd-humate
aqueous complex is present and sequesters Cd in solution. The first explanation is
extremely unlikely. Given the concentration of humic adsorbed onto the bactenal surface.
there should be abundant deprotonated carboxyl groups on the bactenal surface that are
available for Cd adsorption. Also, the decrease in Cd adsorption continues to occur at pH
values above 7. conditions at which little to no humic acid is adsorbed. Therefore. there
must be an aqueous Cd-humate complex in solution that competes effectively with the
bacterial surface for the available Cd. Competition between an aqueous organic anion
and the negatively-charged bactenal surface was also observed when measuring the
effect of EDTA on the adsorption of Cd onto Bacillus subtilis (Fein and Delea, 1999).

Under conditions with higher concentrations of bactenal sites (Figure 2.8), the
bacteria appear to effectively out-compete the soluble humic acid for the available Cd.
Under these relatively high concentrations of bacteria. virtually all of the humic acid
adsorbs onto the bactenal surface, leaving little in solution to complex with the aqueous
Cd. If Cd-humate complexation were significant in the experiments depicted in Figure
2.8. the amount of Cd adsorbed would decrease with increasing humic acid concentration

in the experiments. These experiments suggest that under these humic-bacteria-Cd



concentrations. there is negligible interaction between adsorbing components, and that no
ternary complexes form.

The existence of an aqueous Cd-humate complex is apparently inconsistent with
the solubility data. which show no change in humic acid solubility in the presence of even
high concentrations of aqueous Cd. The lack of change in solubility seems to suggest
that there is no aqueous complexation between Cd and humate. However, we propose
that humic acids are unlike mono-molecular organic molecules that have solubilities that

increase in response to aqueous complexation.
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Figure 2.8. Cd adsorption to B. subrilis at two pH values, as a function of total humic
concentration in the system. Experiments conducted at 10*° m Cd, 10.0 g/L bacteria, at
pH values of 6.67 and 4.42.
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For a simple mono-molecular organic acid, any metal-organic aqueous complex
formation would increase the overall solubility of the organic. For example, consider a
generic. sparingly soluble, organic acid in the presence of a generic aqueous metal cation.
Me=". If an aqueous metal-organic complex forms by the reaction:

Me™™ + Org™ e MeOrg® (12)
(where Org:' represents the fully deprotonated aqueous organic acid anion). then the
solubility of the organic acid would increase as a result of the lower Org™ activity. Ata
constant pH. the activity of aqueous Orgl' is buffered by the solubility reaction.

H.Org,, «— Org™ + 2H" (13)
If the activity of Org:' decreases through the formation of the MeOrg° complex, reaction
(13) would be driven to the nght. and would thereby increase the aqueous solubility by an
amount equal to the concentration of the MeOrg® complex. However, humic acid is not a
mono-molecular organic acid. but is best considered as a consortium of organic molecule
species of varyving molecular size. weight, and composition, with more species becoming
soluble with increasing pH. Our data indicate that at least some of the species that are
soluble form aqueous complexes with Cd, but that this complexation does not affect the
solubility of the humic fraction that remains insoluble.

These observations imply that the activities of the different fractions of humic
acid are not interdependent. The thermodynamic activity of one aqueous humic fraction
can decrease due to aqueous complexation with Cd**, but this does not affect the activity
of any other aqueous humic fraction, and hence does not affect the solubilities of the
other humic fractions either. Because of this, simple equilibrium reactions and traditional

surface complexation modeling cannot be easily applied to ternary humic interactions.
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Humic acids represent a group of complex organic species that so far have not been

sufficiently well characterized to allow for the application of a SCM in complex humic-

bearing systems.

Conclusions

Aqueous Cd does not affect the adsorption of humic acid onto the bactenal
surface of Bacillus subtilis. This result applies to both site-limited and abundant site
conditions. Even in metal dominated systems. aqueous complexation between Cd and
humic acid. if it occurs. does not limit humic acid adsorption in any perceptible way.
Either the adsorption of Cd does not alter the electric double layer enough to allow for
increased humic adsorption, or the Cd-humate aqueous complex behaves in the same
hydrophobic way as the uncomplexed humic acid and adsorbs non-specifically.

Aqueous Cd does not affect the solubility of humic acid, though humic acid does
limit Cd adsorption onto bacteria surfaces under pH. bacteria. humic, and Cd
concentration conditions where significant concentrations of humic acid remain in
solution. This apparently inconsistent behavior of the aqueous Cd-humate complex. of
acting to decrease Cd adsorption onto the bacterial surface while not affecting humic acid
solubility, is not observed with simpler ionizable organic molecules. We propose that the
behavior resuits from the heterogeneity of the humic acid. The solubility of one humic
acid fraction is unaffected by the presence of the aqueous Cd-humate complex involving
another humic acid fraction because the thermodynamic activities of the different

fractions are not interdependent. At least some of the soluble humic acid, however, does



form an aqueous complex with Cd in the mid pH range. thereby competing with the
bactenial surface and decreasing Cd adsorption onto th= bacterial surface.

The experimental results of this study demonstrate some of the complexities
involved in quantifying the effects of humic acid on contaminant mobility in bacteria-
bearing geologic systems. In some ways. humic acids behave in an analogous fashion to
simple organic acids. They display reversible solubilities: their charging behavior can be
modeled with discrete deprotonation constants: they adsorb to bacterial surfaces primarily
through hvdrophobic attraction: and in solution they can effectively compete with
bactenal surfaces to form complexes with available aqueous metal cations, dramatically
altering the adsorption. speciation. and ultimate fate of those cations. However, due to
their multi-component nature. humic acids are much more difficult to fit into traditional
surface complexation models. Our results show that the thermodynamic activities of
different humic fractions appear to be unrelated through mass action laws. thereby
causing behavior that is more complex than that observed for simpler single-component
organic acids. Untl these complexities are better understood and quantified. our
understanding of the effects of humic acids on bacterial adsorption will reméin

qualitative.
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CHAPTER 3

MEASUREMENT OF BACTERIAL SURFACE PROTONATION

CONSTANTS FOR TWO SPECIES AT ELEVATED TEMPERATURES

Introduction

Microorganisms exist in aqueous systems at temperatures as high as 110°C
(Stetter.  1995). including contaminated groundwater aquifers, mid-ocean ridge
hydrothermal systems. deep sedimentary oil-field basins, geothermal hot springs, and
even within the steam cycles of electric power generating plants (e.g.. Nealson and Stahi,
1997). Bactenia can influence the mobility of mass in these systems. because bacterial
cell walls display a strong affinity for aqueous metal cations (e.g., Beverage and Murray.
1976: 1980: Fein et al.. 1997) and organic molecules (e.g.. Baughman and Paris. 1981:
Daughney and Fein. 1998a. Fein and Delea, 1999). and because bacteria can be involved
in the dissolution and formation of mineral phases (Bennett et al., 1996;: Ullman et al.,
1996: Grantham et al., 1997; Lee and Fein, 2000; Fortin et al., 1997). All of these
processes are influenced by bacterial surface charging properties. Bacterial surface
charge arises from the deprotonation of organic acid functional groups that are present

within the cell wall structure. Therefore, in order to quantify mass transport in bacteria-
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bearing systems at elevated temperature, we must determine the values of the protonation
constants for the bacterial surface sites, and the surface site concentrations, at the range of
temperatures in which bactenia are found. To date. only room temperature measurements
have been made of bacterial surface reactions.

In this study. we conducted potentiometric titrations of two separate bacteral
suspensions at elevated temperatures in order to place constraints on the protonation
behavior and site concentrations of the important bacterial surface functional groups. We
use a surface complexation approach to model the titration data. While empirical
chemical partitioning models can be used to successfully predict the aqueous/non-
aqueous partitioning of mass, these models must be calibrated for each condition of
interest (e.g., Reardon. 1981: Bethke and Brady, 1998; Koretsky, 2000). Conversely,
because chemical equilibnum/surface complexation models provide quantitative
information that explicitly accounts for aqueous and surface speciation. these models
offer the potential for extrapolation to systems not directly studied in the laboratory.

Bacterial cell walls are composed of complex organic molecules that exhibit a
variety of organic functional groups, possibly including amino, carboxyl. hydroxyl. and
phosphato sites (e.g.. Beveridge and Murray, 1980). At least some of these functional
groups are proton active within the acidity range of natural waters, and the deprotonation
of these groups is responsible for the increasing negative charge of the bacterial surface
with increasing pH. In order to account for the effect of these cell wall functional groups
on mass transfer using a surface complexation model, the abundance and acidity
constants of the proton-active functional groups on the cell wall must be determined.

These parameters are best measured by conducting potentiometric acid/base titrations on
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a bacterial suspension. Recent work at 25°C (Fein et al., 1997. Daughney et al., 1998:
Daughney and Fein, 1998b: Fowle and Fein, 1999; Fowle and Fein, 2000: Fein. 2000)
has demonstrated that bacterial surface reactions are rapid and fully reversible, and that a
surface complexation approach can be applied to both protonation and adsorption
reactions occurring at the bacternia-water interface. We apply this approach to our

experimental measurements of bacterial surface functional group protonation at elevated

temperatures.

Experimental Methods

Bacterial Species

Two bacterial species were used in this study: Bacillus subtilis and TOR-39 (Liu
et al., 1997). TOR-39 is an anaerobic, gram-positive, Fe-reducing, thermophyllic bacteria
isolated from a deep sedimentary basin in Taylorsville, Virginia. The surface
composition of TOR-39 has not yet been investigated with bioassay techniques, but its
characteristic 16S rRNA genes are similar to the Thermoanarobacter ethanolicus species.
Research on this species has focused on its Fe-reducing capabilities which lead to the
formation of biogenic magnetite (e.g.. Zhang et al., 1997; Liu et al., 1997). B. subtilis is a
gram-positive aerobic species whose surface is uncharged below approximately pH 2.2,
but becomes increasingly negatively-charged at higher pH values (Harden and Harmris,
1953). The cell wall of B. subtilis is composed of peptidoglycan and techoic acid,
possessing carboxyl, phosphato, hydroxyl, and amino functional groups (Beveridge and

Murray. 1976, 1980).
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Bacterial growth and washing

Bacillus subtilis cells were obtained from T.L. Beveridge (University of Guelph.
Ontario) and cultured on trypticase soy agar with 0.5 percent yeast extract.  Aerobic
growth medium was a 30gm/L trypticase soy broth with Sgm/L yeast extract. Cells were
first grown in 5 mL volumes of broth for 24 hrs at 30°C, and then were transferred to
1.4L volumes of media to grow for another 24 hrs. The wash procedure consisted of two
washes in distilled. de-ionized (18MQ) water (DDI), | hr exposure to a pH 2 HCI
solution. 2 washes in DDI water, followed by 3 washes in 0.IM NaCl. Between each
wash. the cells were pelletized by centrifugation at 2500-3500 rpm for 10-20 minutes.
The washing procedure removes all of the growth media and adsorbed cations from the
bacterial surface. whose presence could interfere with proton uptake measurements.
Following the washing procedure the cells are viable (Fein, J.B. unpublished data) but are
not metabolically active due to the lack of available nutrients. Based on optical
microscopy. we estimate that approximately 5S-10% of the cells had sporulated or were in
the process of sporulating before being placed in the titration vessel for experimentation.
DDI water was used to make up all growth and experimental solutions.

TOR-39 cells were obtained from the culture collection at the Environmental
Science Division of Oak Ridge National Lab, and were cultured in a glucose-bearing
mineral salt solution (similar to the MS media described by Boone et al., 1989). The
cells were cultured in the presence of only trace Fe to inhibit the formation of Fe
minerals. Accordingly, the cultures relied on fermentation for growth and the medium
was further modified with an additional buffer. HEPES (N-2-Hydroxyethylpiperazine-N'-

2-ethanesulfonic acid). The growth media was heated to near boiling and purged with
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nitrogen gas prior to autoclaving, ensuring complete dissolution of the mineral salts and
removal of oxygen from the media. Cells were grown in 30 mL vials for 24 hrs at 55°C,
and approximately 10 m L of inoculate was transferred to 1.4 L volumes of media to
grow for another 24 hrs. Sterilized glucose was added to the media at the same time as
the culture inoculate to prevent the introduction of undesired bacterial populations. All
media and culture transfers were done anaerobically, with redox conditions monitored
with the use of resazurin blue. Washing and centrifugations were conducted aerobically,
but were accomplished rapidly in order to minimize possible cell damage. Cell integrity
was confirmed by optical microscopy. The wash procedure was identical to that
described above for B. subtilis. The viability and residual metabolic activity of TOR-39
were not investigated, but due to the lack of nutrients and electron donors in the titration

solutions, the metabolic activity of the cells is likely to be negligible during the

experiments.

Measurement of H* Molality

Conventional glass combination pH electrodes are of limited use at elevated
temperatures due to the instability and fragility of the glass membrane, reference
electrode. and the liquid junction. Even at 25°C, conventional electrodes can present
experimental difficulties. For example, typical stability (drift) of NaCl solution or gel-
based electrodes is on the order of 0.1 mV per minute, making determination of an
equilibnum value difficult. In addition, calibration of conventional electrodes using
reference solutions that are not matched in ionic strength with each other or with the

experimental solution being monitored can lead to significant errors in pH measurement.
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Differences in ionic strength between the reference and the experimental solutions cause
a difference in potential across the liquid junction. which would be incorrectly interpreted
as a pH effect.

In these experiments. we used a hydrogen electrode concentration cell (HECC),
located at Oak Ridge National Laboratory (Mesmer et al, 1976), to yield precise and
accurate measurements of H™ concentration. The HECC is comprised of two coupled Ha,
platinum half cells in the following configuration:

H.Pt | HCly,NaClpy: || HClps, NaClps.Bacteria | Pt, H;
reference || test

where m, represents the molality of the species, | represents the electrode, solution
interface. and || is the separation between the two compartments (i.e., the liquid junction
barrier). If m; is approximately equal to my (i.e., the ionic strength is approximately the
same for both half cells), and m; << m; and m; <<my, then the liquid junction potential is
minimal. Based on this configuration. the molality of H" in the experimental solution can
be determined relative to the known H" concentration in the reference cup via the Nernst
equation

log[H Jiest = log[H ]ies — F/(E + E(;)/(2.303RT) (1)
where the square brackets are used to denote molality, E is the measured cell potential,
EL 1s the esumated liquid junction potential (see Palmer and Wesolowski, 1992, 1993),
and F. R. and T represent the Faraday constant, the ideal gas constant, and absolute
temperature. respectively.  Activity coefficients of H' in the test and reference
compartments are assumed to cancel each other due to the identical and abundant

concentration of NaCl in each compartment. Likewise, the platinum electrodes in each



compartment are identical. and therefore there are no differences in electrical properties

between compartments.

Acid/Base Titrations with the HECC

The HECC used for the titrations in this study (Figure 3.1) consists of two nested
Telfon cups containing the reference and experimental solutions, separated by a semi-
porous Teflon liquid junction. The reference and test cups share the same atmosphere
(H: gas). contain identical platinum electrodes, and are stirred magnetically with Teflon-
coated stir bars. The overall design and function of the HECC has been described
elsewhere (e.g.. Palmer and Wesolowski, 1992; Wesolowski et al., 1995; Palmer et al..
2001).

Centrifuged pellets of bacteria weighing 0.5 to 3.0 grams (wet weight) were added
to the test compartment of the cell with 30-40 grams of electrolyte solution (0.1 m NaCl
containing a starting acid concentration of 0.03 or 0.001 m HCI), to yield bactenal
suspension concentrations ranging from 10 to 65 g/ L (see Table 1 for exact
concentrations used). The wet weight of the bacteria includes a certain amount of water
that cannot be easily removed, and is hence a possible source of error in our experiments.
Great effort was taken to ensure that the amount of water in the final bacterial pellet was
minimized and consistently removed. The final bacteria pellet was centrifuged twice at
3500 rpm for 10 minutes, decanting the excess water each time. Any water that collected
on the pellet or the walls of the centrifuge tube prior to use in the experiments was

removed with a disposable pipette.
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Approximately 5 grams of a 0.Im NaCl solution containing 0.03 m HCl was
added to the interior reference compartment. All solutions used were sparged with Ar
gas to remove CO». and stored under Ar pressure prior to being added to the cell. The cell
was quickly sealed. and the headspace was filled with hydrogen gas to 10 bars. The
headspace was vented and replaced with fresh hydrogen (to 10 bars) 5-7 times to cleanse
the solutions of dissolved oxvgen. which would interfere with the measurements. The cell
was then equilibrated overnight (6 — 15 hr with continuous stirring) at the experimental
temperature (either 30. 50. or 75°C). as needed to obtain a stable starting potential. Due
to the difficulty in obtaining sufficient biomass for the TOR-39 experiments. surface
titrations of TOR-39 were only undertaken at 50°C.

After imtial equilibration, approximately 30-40 aliquots of NaOH or HCI
(adjusted to equivalent ionic strength with NaCl) were titrated into the test compartment
In a step-wise fashion using a finely-calibrated positive displacement pump. allowing 8-
10 minutes for equilibration between additions. At each step of the titration. enough
titrant was added to achieve a 12-15 mV change (equivalent to 0.2-0.3 pH units) in the
measured potential. At the end of each equilibration period. the drift rates were less than
0.1 mV/minute and usually significantly less than that. The starting pH value of each
titration was approximately 3.5. so two displacement pumps (one acid and one base) were
used to span the entire pH range of interest. Acid was added first, bringing the test cell
pH down to approximately 2.5, with base added next until a pH of approximately 8-9 was
obtained. As a result. most titrations were reversed between pH 3.5 and 2.5. while only
one titration was reversed over the entire pH range. Blank titrations were conducted at

each temperature with each test solution used (0.1 m NaCl containing a starting acid



concentration of 0.03 or 0.001 m HCI). and were conducted in an identical fashion to the
bactena titrations. Also. a test of the apparatus was conducted without a reference cup to
ensure that the two electrodes were behaving identically; the measured potential between
the two electrodes was negligibly small.

The H™ molality at each titration point was calculated using a computerized data
interpretation program that solves equation | given the appropriate input parameters of
temperature. H- pressure. and measured potential. The program was also used to track the
total H™ concentration, H-O volatilization. and the dilution factors at each step in the
experiments with a high degree of precision (concentrations of starting solutions and
titrants were known to * 0.1%. and the amount of titrant added was accurate to
approximately 0.001 mL). The temperature was regulated by a secondary heater that is
wound around an aluminum block seated within a tube shaped block furnace. The cell
was placed in the center of the cvlindrical aluminum block. Temperature varied less than
0.1°C during the experimental run. H: pressure increased during each experimental run

bv 1-2 bars as utrant was added to the sealed vessel.

DOC Measurements and Cell Integrity

We sampled the end solutions of the experiments and measured the dissolved
organic carbon (DOC) content. A precipitate formed in these solutions upon the addition
of acid. suggesting that significant concentrations of organic molecules were present in
the samples. Dissolved organic carbon (DOC) measurements were taken using a
Shimadzu TOC-5000A total organic carbon analyzer. with a number of filtered samples

(0.45um filters) taken from the experiments. The solutions contained tens to hundreds
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ppm DOC. with no correlation between the DOC measurements and temperature, length
of experiments. or bactenal species.

In order to determine the extent to which these organic molecules affected our
experiments we conducted 3 tests where we: 1) reversed an experiment over the entire pH
range after first titrating up pH (and potentially releasing DOC) at 75°C, 2) acid titrated
the filtered solution from the end of a regular titration. beginning at high pH at the
endpoint of a 75°C base titration and finishing at pH 2. and 3) titrated a filtered bacterial
suspenston (one that was not previously titrated) after it was allowed to equilibrate
overnight at pH 3.5 and 50°C. These experiments were designed such that we could
determine both the stage at which the organic molecules were forming in our

experiments. and the effect of those molecules on the bacterial titration results.

Results and Discussion

A sample titration curve for B. subtilis is shown in Figure 3.2, along with a typical
curve from a blank titration. Below pH 3. the bacterial suspension titrations are virtually
identical to the blank titration curves. indicating that the bacteria do not adsorb or release
protons over this pH range. The low pH portion of the titration curves results from the
neutralization of excess acid in solution from the parent solution and/or from titrant
addition. Since this region is insensitive to bacterial surface protonation, it is not used in
our model of the bactenal surface. However, the low pH data indicate that bactenal

surface sites do not undergo protonation/deprotonation in this pH range. At pH values
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greater than 3. the bacterial surface releases abundant protons to solution and

significantly buffers the base addition throughout the low to mid pH range.
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Figure 3.2. A single acid-base titration of B. subtilis (circles) with the corresponding
blank titration (squares) at 30°C. The overall trend and blank to signal ratio are
representative of all temperatures.

Cell Integrity

Bacteria are living entities, most stable at the environmental conditions at which
they grow or are cultivated. During the course of these experiments, we subject the
bactena to extremes in terms of temperature, pressure, nutrient availability, and chemical
composition. In response to these conditions, it is possible that the bacteria die, undergo

lysis, sporulate. and/or exude organic molecules. Optical microscopic inspection of the
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bacteria before and after both the washing and experimental procedures showed no
significant change in the bacterial population. The bacteria were intact and undeformed.
and no cell fragments were present. The degree of sporulation is small and at levels that
are acceptable considering the growth stage at which the cells were harvested. Also, a
recent study (Daughney et al. 2001) has shown that the protonation and metal uptake of
sporulated cells 1s very similar to unsporulated cells harvested from the stationary growth
stage (as the cells in this study were harvested).

The results of the DOC and reversed titrations are shown in Figure 3.3. The
reversed titration shows a slight apparent hysteresis effect, but the differences between
the up and down pH titrations (light and dark symbols. respectively) can be partially
explained by continual dilution of the bactenial suspension during the run by the titrant
addition. Also. the difference between the up and down portions of the curves are less
than the observed difference encountered from run to run at a given temperature.
Modeling results indicate that the up and down portions of the titration curves can be
adequately fit with the same acidity constant and site abundance values whether treated
separately or together. Any breakdown products that are created during the titrations are
either constant during the run. or are insignificant. These results also demonstrate that
the utration 1s reversible on the time scale of the experiments, indicating that bactenal

protonation/deprotonation reactions can be modeled as equilibnia.
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Figure 3.3. A reversed titration of B. subtilis (light circles are base additions and dark
circles are acid additions). Also shown are a blank titration (squares) and a dissolved
organic carbon (DOC) titration (triangles). All titrations conducted at 75°C. The DOC
sample shown was taken after an overnight equilibration in the acid test solution. A
similar titration was conducted using a high pH sample from the end of a titration, but has

been omitted for clanty.

The filtered bacterial supematant. extracted after overnight equilibration at low
pH (Figure 3.3. triangle symbols). yields a titration curve that closely matches the
titration blank curve. There is some disparity between the blank titration and the filtered
suspension at high pH, but the magnitude of the difference is small relative to the overall

titration trend of a normal titration curve.
A similar curve was obtained from the filtered sample from the end point of the
titration at high pH. It, too, is virtually identical to the blank titration curve between pH

3.5 and 9. There are some significant differences in the low pH range, but it is unclear
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whether this is an artifact of the procedure used. This sample was taken from a 50°C
experiment and titrated at 25°C on the bench top with a conventional pH apparatus. The
disparity between its titration curve and that of a blank may be attributed to differences
between the bench top apparatus and the HECC. as well as to the relatively high error of
conventional pH electrodes at low pH conditions. Overall, we conclude from these
control expeniments that although there was an organic breakdown product/exudate in the
titrated solutions (as shown by the high DOC concentrations), the presence of those

molecules did not affect the results of the titrations in any observable way.

Bacterial Suspensions

The titration curves obtained from the experiments are depicted in Figure 3.4 for
all three temperatures studied. The general shape and location of inflection points are
similar in each curve. Though not depicted in these bacteria weight-normalized plots, the
absolute magnitude of the total base added to the experiments to obtain a particular pH
value increases with increasing amount of bacteria in suspension, at a given temperature.
On a per gram basis. B. subtilis exhibits more buffering capacity than does TOR-39,
particularly at pH values above 5. This indicates that, compared with B. subrilis, TOR-39
possesses fewer surface functional groups that are proton-active in this relatively high pH

region.
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For B. subrilis. the vanability in the titration curves is not necessarily an
indication of the experimental uncertainty. but rather may arise from real differences in
the bactenal population. Expenimental runs conducted with the same harvest of bacteria.
or from bacteria cultivated within a short time span of one another, show little to no
variability. The observed differences between runs likely result from slight differences in
temperature. growth tme, growth medium composition, and/or concentration of
inoculated bacteria. The metabolic state at which the bactenia are harvested. whether
exponential. stationary or sporulated phase. tends to affect the surface properties and
hence the titration results (Daughney et al.. 2000). For TOR-39, the vanability from run
to run i1s much larger than expected. Along with the above-cited possible causes of
uncertainty. the mass of TOR-39 used in the experiments was less than that used in the B.
subtilis experiments. In addition. the growth media was more complicated than that used
to culture B. subtilis. Both of these effects could contribute to greater experimental

uncertainties.

Equilibrium Modeling

For each titration. we use the dilution-corrected values of the net amount of acid
or base added to the cell. and the measured molality of H™ in the cell, to determine the
number of types of proton-active functional groups present on each bacterial surface.
their concentrations on the surface. and the acidity constant of each type of functional

group. That is, we fit the dataset based on the reaction.

R>AH & R>A+H" (2)
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where R represents the bacterium to which a generic functional group type A is attached.

The corresponding mass action equation for the above reaction is:

. =[R>A']0}'H.[H’]

3
: [R>AH") )

where K represents the equilibrium acidity constant; y represents the activity coefficient
of the subscripted species: and the brackets represent the concentration of the enclosed
species in moles per kg of water. The activity coefficient is calculated with the Davies
equation.
The effect of the surface potential on the surface speciation is accounted for using
the Poisson-Boltzmann charge-distribution equation. i.e.
Kininnsie = K exp(-AZFy/RT) (4)
Where Kimnse is the equilibrium constant corrected to zero surface charge. The
parameters AZ. F. y. R. and T refer to the change in surface charge accompanying the
reaction, Faraday constant. electric potential of the surface, gas constant, and absolute
temperature. respectively. A constant capacitance model is used to relate the electric

potential (y) to the surface charge (6), such that

C= (5)

g
y
where C is the capacitance of the surface layer in F/m*. Characterization of the electric
potential requires an estimation of the functional group site density and a value for the
electric field capacitance. We assume that the surface sites are homogeneously
distributed over the bactenial surface, although studies (Sonnenfeld et al., 1985a; 1985b)
suggest that they may be concentrated at the tips of the rod-shaped cells. The conversion

of bactenal mass into a site concentration value (in moles sites/m-) requires an estimate
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of the geometric surface area of the bacteria. Cells of TOR-39 are cylindrical in shape.
with a length of approximately 2 um by 0.5 um. vielding a geometric surface area of
4.3010"" m/cell. B. subtilis cells have dimensions of 5 um by 1 um. and a surface area
that 1s approximately 10 times larger than that of TOR-39 on a per cell basis. Xue et al.
(1988) estimate that a bacterial suspension of 2.9 g cells/L is composed of 210"
cells/mL. and these values. coupled with the geometry of the bacterial species yield
surface area values of 140 m™/g and 290 m*g for B. subtilis and TOR-39, respectively.
We could determine a surface layer capacitance value that best fits our data at each
temperature. However. because we only have a small number of titrations at each
temperature. the uncertainty associated with these best-fitting values is large and a
temperature dependence of the capacitance value can not be discerned relative to the
uncertainties. Therefore, for each temperature of interest and for both bacterial species.
we use the surface laver capacitance value (8.0 F/m°) that provided the best fit to the
more extensive 25°C titration data from Fein et al. (1997). The computer speciation
program FITEQL 2.0 (Westall. 1982a,b) was used to interpret the data after the included
aqueous activity and EDL models were modified to account for the elevated temperatures
of the experiments. For each temperature studied. we changed the value for B in the
Davies equation to the appropriate value for that temperature.

We attempt to fit each dataset (sequentially) using a one-site model, a two-site
model. and a three-site model (where each site represents a different type of organic acid
functional group on the cell wall). In the multi-site models. each functional group type
undergoes deprotonation according to the stoichiometry shown in reaction (2). but each

type of site exhibits a unique, discrete acidity constant value. Each model accounts for



the speciation of H,O. HCI, NaCl. NaOH; equilibrium constants were taken from Wolery
(1992). The models are differentiated based on the variance function, V(Y), as calculated
by FITEQL. Note that the goodness of fit will always improve with the inclusion in the
model of an additional functional group type. However. Westall (1982a. b) states that
reasonable fits correspond with V(Y) values of between 1 and 20. Fein et al. (1997) and
Daughney and Fein (1998b) obtained V(Y) values of less than 10 for bacterial
protonation models that provided excellent fits to their experimental data over a similar
pH range to that studied here. Therefore. our choice of model that best fits the data is the
one with the least number of adjustable parameters (in this case, the least number of

functional group tvpes) that produces acceptably low average V(Y) values (less than 10).

Surface Complexation Modeling Results
The calculated acidity constant values, site densities, and associated V(Y) values
for each titration are shown in Table 3.1 and are summarized in Table 3.2. Typical model

fits to the data for individual titrations are shown in Figures 3.5-3.8 for each condition.
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