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This final report describes identification and enumeration of dominant microbial groups up- 
gradient, within, and down-gradient of an active reactive permeable barrier installed in Dover 
Air Force Base, Kent County, Delaware; quantification of electrodynamic and electrostatic 
surface potentials of dominant microbial groups and the reactive core material; and a projective 
analysis of the surface thermodynamic properties to biofouling potential of the reactive 
permeable barrier. 

The work was performed between May 1999 and May 2000. The AFRL project manager was 
Ms. Alison Lightner. The authors wish to acknowledge the valuable sampling support received 
for the Dover National Test site and the project support received from the Strategic 
Environmental R&D Program (SERDP). 
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EXECUTIVE SUMMARY 

A. OBJECTIVE 

The goal of this research is the development and implementation of microbial surface 
thermodynamic technology that can be used to predict microbial adhesion characteristics and 
ultimate biofouling. This goal is achieved via identification of dominant microbial groups up- 
gradient, within and down-gradient of a reactive barrier, enumeration of identified microbial 
groups, and quantification of electrodynamic and electrostatic surface potentials of dominant 
microbial groups. 

B. BACKGROUND 

Subsurface sorptive-reactive treatment zone, which is commonly called a Permeable 
Reactive Barrier (PRB), is a recent technology for treating various organic (17, 33, 45) and 
inorganic (3, 6, 19) contaminants. PRBs offer an economic alternative over other subsurface 
remediation technologies and have applicability to a wide range of contaminants. PRBs can be 
operated in an active mode where movement of groundwater is controlled by pumps or in a 
passive mode where the existing hydraulic gradient moves the groundwater through the reactive 
material. Currently two basic types of configurations are available, continuous PRB and funnel- 
and-gate PRB (63). Various materials have been tested as media in PRBs, e.g., Zero-Valent Iron 
(ZVI) (17, 25, 27, and 45), Fe (II) (3), surfactant treated zeolites (33), mixture of compost, wood 
chips, gravel, limestone (6). Recently, Fruchter et al. (2000) has reported creation of an in-situ 
permeable reactive zone by subsurface redox manipulation with injection of chemicals. Since 
PRB technology is still in its development stage, little research has been done to investigate its 
potential problem areas and to measure its long-term performance (17,25, 35, and 45). 

Potential problems associated with PRBs include, but are not limited to, corrosion of iron 
with subsequent chemical precipitation and biofouling. Both of these problems have the 
potential to substantially impact the hydraulic capture zone, the residence time in the reactive 
zone, and cause buildup of hydraulic pressures on the upstream side of the reactive zone. 
Chemical precipitation can result when redox sensitive ions change state due to changes in 
alkalinity or other water chemistry parameters, viz. increase in ferrous and sulfide concentrations 
(34). Since most research has focused on chemical precipitation, knowledge about biofouling of 
PRBs is limited. 

Biofouling can occur due to enhanced microbial growth within the reactive zone (6, 25). 
It is initiated by the adsorption of microorganisms to the subsurface media. Bacterial adsorption 
can be considered to take place in four phases (62). First, the bacterium transfers to the solid 
surface, via diffusion, convection, or active transfer by chemotaxis. Second, initial adhesion 
consisting of a reversible followed by an irreversible phase occurs. Third, the bacterium firmly 
attaches through the synthesis of specialized structures. Fourth, surface colonization begins. 
The initial adhesion step is typically considered a primarily physicochemical phenomenon that 
can be described by colloid stability theory, such as the classical Derjaguin, Landau, Verwey, & 
Overbeek (DLVO) (40) theory. The traditional DLVO forces consist of an electrodynamic or 
Lifshitz-van der Waals component (LW) and an electrostatic component (EL).   A number of 



researches have described bacterial adhesion to different surfaces using DLVO theory (8, 66, 
69), where bacterial cells were treated as inert colloids. However, in a number of cases DLVO 
theory alone has been found inadequate to describe behavior of colloids in suspension (72, 82). 
Recently, van Oss and colleagues have reported a missing component in the DLVO force 
balance that accounts for aqueous interactions, the Lewis acid-base interaction (AB), and thus 
extended the DLVO theory (XDLVO) (72). 

Recent literature describes bacterial adhesion to particles in aqueous media using 
XDLVO theory with good correlation to experimental observations (24, 50, 57, 70). However, 
the primary focus of the studies was the behavior of pure strains of bacteria in relation to their 
attachment to surfaces. In an actual environmental setting at a contaminated site, the subsurface 
biogeochemistry should allow for metabolically similar groups of bacteria to dominate the 
ecological community. Therefore, there is a need to examine the predominant bacterial groups to 
understand species interaction with each other as well as species interaction with the physical 
surrounding. Based on a review of current literature by the researchers, this study is the first 
attempt to predict biofouling potential of a subsurface reactive treatment zone considering the 
overall surface thermodynamic characteristics of a group of microorganisms. 

C. SCOPE 

The scope of this study was to develop and implement a tool to predict microbial 
adhesion and ultimate biofouling of PRBs using microbial surface thermodynamic 
characteristics, which would help assess the long-term performance of the PRBs. Dominant 
microbial groups were enumerated, identified, and cultured from upstream, reactive iron core, 
and downstream soil samples from Dover Air Force Base (DAFB), Delaware. Electrodynamic, 
polar and electrostatic interaction energies between the groups of microorganisms and the ZVI 
were quantified through contact angle and zeta potential (^-potential) measurements. XDLVO 
theory was applied to determine adhesion characteristics of the microorganisms to ZVI and to 
predict potential for biofouling of PRBs. 

D. METHODOLOGY 

The major microbial groups were identified using selective (or elective) culture 
techniques to isolate different types of bacteria from the soil cores. All samples were analyzed 
for the possible presence of five different groups of microorganisms: N03"-reducers, SO4"2- 
reducers (SRB), Fe (IH)-reducers (IRB), anaerobic heterotrophs (ANA), and aerobic (facultative) 
heterotrophs (AER). The concentrations of viable cells were estimated by the most probable 
number (MPN) method (11,47). All anaerobic work was done inside an anaerobic chamber with 
90:10 (volume basis) N2: H2 atmosphere. 

Detection of N03~-reducers was done through amendment of the samples with 0.1% 
KNO3 in serum bottles. Loss of NO3" was traced by analyzing samples from the serum vial using 
a Dionex® 2010i-ion Chromatograph. SRB and IRB were enumerated in Hungate-type culture 
tubes using Postage's Medium F (4) and medium described by Ghiorse (23) respectively, 
following 5-tube most probable number (MPN) technique (11, 47). Headspaces of the tubes for 
S04_2-reduction were kept pressurized at 5 psi with 80:20 (volume basis) H2: C02 in a Hungate 
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gas station. All tubes were incubated for 30 days at 35°C with periodic manual agitation. 
Positive tubes for S04"2-reduction were indicated by black precipitate and those for Fe (111)- 
reduction were indicated by a change in color of the Fe slurry to dark brown from reddish brown. 
ANA were enumerated using Bacto® Anaerobic Agar following plate count method. The agar 
plates were incubated in BBL Gas Pak® System anaerobic jars at 35°C for 4 days. AER were 
enumerated using Bacto® R2A agar following plate count method. The agar plates were 
incubated at 28°C for 7 days (2). 

The surface tension parameters and surface potentials for the microorganisms (biotic 
surfaces) and the zero valent iron (abiotic surface) were quantified using contact angle and zeta- 
potential (Q measurements and with the application of theory described in the materials and 
methods section. The advancing contact angles and ^-potentials of SRB, ANA, and AER 
cultured from the ZVI were determined at mid-logarithmic growth, stationary, and decay-states. 
These states, for all bacteria, were determined based on optical density readings at 660 nm 
(OÜ66o) using a HACH DR/2000 spectrophotometer. SRB consortium was cultured using 
slightly modified Tanner's medium (59); ANA were cultured using Bacto® Anaerobe Broth 
MIC (DIFCO Laboratories, MI); AER were cultured in a hydrocarbon minimal medium. 
Advancing contact angles for the cells were determined using procedures described by Grasso, et 
al. (24) using a Tantec Contact Angle Meter (Tantec, IL). Four different liquids were used of 
which diiodomethane was apolar and water, formamide, and glycerol were polar. For each 
liquid, an average of 10 readings was recorded. Zeta potential of the cells were measured 
directly using the Lazer Zee Meter®, Model 501 (Pen Kern Inc., NY). The washed cells were 
first suspended in DI water to a concentration of approximately 106 cells/ml. Numbers of cells in 
the suspension were counted using a Hemacytometer (Hausser Scientific Company, PA) under 
lOOOx magnification. 

ZVI surface free energy determination was done through contact angle measurements by 
column wicking method. Washburn equation (79) was used for the calculation of contact angles. 
Three different probe liquids were used for contact angle measurements, diiodomethane, water, 
and formamide. Hexane was used as a spreading liquid due to its very low surface tension (78). 
^-Potential measurements were done using Lazer Zee Meter®, Model 501 (Pen Kern Inc., NY). 
An average of 10 readings under an applied potential of 100 V was recorded. 

For partitioning experiments, SRB cells were harvested at different physiological states 
following same procedure as stated earlier. Partitioning experiments were done in 40-ml vials 
with Teflon-lined screw caps. Twenty ml of the cell suspension and 20-mg sieved (106 \\m) ZVI 
were combined in each vial. All vials were shaken in a rotary shaker at 80 rpm and at room 
temperature for 30 minutes. The contents of the vials were then filtered through MSI® 25-mm 
nylon filters of 5 (xm size and the ODßöo values were measured. ODööO reductions in the samples 
were calculated as a percent of the initial OÜ660 and averages of five experiments were recorded. 

E.        RESULTS AND DISCUSSION 

SRB were the predominant group of microorganisms in ZVI and their numbers were 
approximately 2 to 4 orders of magnitude higher than in upstream and downstream locations. 
However, in ZVI, ANA count was approximately two orders of magnitude lower.  AER count 
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was lower than SRB and ANA at upstream and reactive core locations. AER were not detected 
at downstream location. No viable IRB or N03~-reducing microorganisms were detected in any 
of the samples. Subsurface chemistry showed an oxidation-reduction potential (ORP) around - 
300 mV and dissolved oxygen (DO) concentration around 0.30 mg/L in ground water samples 
collected from the reactive core at DAFB. 

Our finding that SRB are the predominant organisms in the ZVI is in accordance with the 
subsurface redox chemistry at the site (32, 80). SRB are an important group of morphologically 
very closely related anaerobic microorganisms which have been shown capable of 
dehalogenation of different chlorinated solvents including TCE, PCE, DCE and also degradation 
of petroleum BTEX compounds by various researchers (7, 9, 10). Gu et al. recently reported 
microbially mediated iron-sulfide precipitate in ZVI columns (25). Higher counts of SRB in the 
reactive zone compared to upstream and downstream locations, therefore, indicate that the actual 
degradation of the contaminants is possibly coupled to microbial sulfate reduction in the reactive 
zone. In that case, iron-sulfide precipitate could cause clogging problems of the permeable 
barrier at DAFB site. Since ANA population at upstream location is very high, ANA have 
potential to be transported to the reactive core. However, once they reach the reactive core they 
have to compete with the SRB, which are already the dominant populations within the reactive 
zone. AER count in the ZVI is around two orders of magnitude lower than the SRB and one 
order of magnitude lower than the ANA. This result is expected because of low DO values in 
the reactive zone. 

Zeta potentials measured for the different groups of bacteria at different physiological 
states varied between -11.5 (ANA at logarithmic state) to -21.3 (ANA at decay-states). 
However, all measured values stayed within the range of <25 mV at which the equations for 
determining the EL components of AGiwi and AGiW2 are valid (72). These results conform to 
the findings reported by Smets et al. (57). The LW component of the surface tension (f™) did 
not show large variation (standard deviation 2.37) among different consortia at different 
physiological states. This result conformed to the findings reported by other researchers (24, 
57). Lowest -fw (40.61 mJ/m2) was observed for SRB at stationary state and the highest -/-w 

(46.51 mJ/m ) was observed for the same at decay-state. At all physiological states, the electron 
acceptor surface tension parameter (y+) of ANA were around one mJ/m2 and the electron donor 
parameter (y) were >28.5 mJ/m2. Thus, ANA exhibited a monopolar hydrophilic surface (72, 
74) at all states. However, for SRB and AER, y+ values were much greater than one mJ/m2 and 
y values were within 25.17 to 33.56 mJ/m2 at all physiological states. Thus, SRB and AER did 
not show a dominant monopolar surface characteristic at any state. ZVI had a relatively low y^ 
value. The y+ value of 2.47 mJ/m2 and y" value of 16.87 mJ/m2 showed that the ZVI surface was 
not monopolar (72, 74). The measured ^-potential of ZVI (-12.1 mV) was within moderate 
rangeof<25-mV(72). 

Only SRB at logarithmic state and AER at stationary state manifested hydrophobic cell 
surface characteristics. As the SRB cells went from logarithmic to stationary state, their cell 
surface characteristic changed from hydrophobic to hydrophilic. The cells became more 
hydrophilic from stationary to decay-states. ANA cells also showed a somewhat similar trend, 
where the cells became more hydrophilic as they went from logarithmic to stationary and from 
stationary to decay-state. However, AER cells became hydrophilic to hydrophobic as they went 
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from logarithmic to stationary state. The cells became hydrophilic again as they entered decay- 
state. Hydrophilicity of AER cells in decay-state was more than in logarithmic state. 

The ExDLVO plots suggests that for SRB at small separation distances (approximately 
<10 Ä), the AB forces dominated and the cells showed negative AGiw2 values at all 
physiological states. In logarithmic state, highest negative free energy was observed. Magnitude 

TOT TOT 
of AG1W2 in stationary state was the lowest but similar to the magnitude of AGiw2 at 
decay-state. This indicated highest adhesion potential of SRB cells to ZVI surface at logarithmic 

TOT 
state and lowest potential for adhesion at stationary state. The AGiw2 -values for ANA 
remained positive at all separation distances and at all physiological states. At small separation 
distances, AB forces dominated and the magnitude of AGiw2T0T increased as the cells went from 
logarithmic to stationary and from stationary to decay-state. Thus, ANA showed decreasing 
adhesion potential to ZVI surface as the cells went from logarithmic to stationary and from 
stationary to decay-states. For AER at short distances, highest negative free energy was 
observed for cells in stationary state, where AB forces dominated. AER showed highest 
adhesion potential to ZVI surface at stationary state and lowest at decay-state. Because decays 
of LW and EL forces were very rapid, at larger separation distances (approximately >25 Ä) the 
EL forces dominated and decay of Giw2TOT was very gradual for all consortia at all physiological 
states. 

An interesting behavior of SRB, the dominant group of microorganisms in the reactive 
core, is worth noticing. SRB cells showed highest hydrophobicity (indicated by AGiwiTOT 

calculations) and correspondingly the highest adhesion potential (indicated by AGiw2TOT 

calculations) at logarithmic state. However, although the cells at decay-state were more 
hydrophilic than cells at stationary state, at short distances decay-state cells showed more 
adhesion potential to ZVI compared to cells in stationary state. This result is contrary to the 
reports of a number of authors, who described surface hydrophobicity/hydrophilicity as the only 
measure for adhesion of cell to surfaces (24,58, 65). The theoretical observations were validated 
through partitioning experiments. 

Partitioning of SRB at different physiological states between suspended and attached to 
ZVI phases was measured as a percent reduction of ODööO- Highest partitioning (26.5%) was 
observed at logarithmic state. At stationary state, partitioning of bacteria was lowest (14.1%) 
and was almost half of that at logarithmic state. Decay-state partitioning (17.0%) was closer to 
but higher than that at stationary state. The results also showed greater partitioning of cells at 
decay-state compared to the cells at stationary state. Consequently, the results from the 
partitioning experiments confirmed the predicted adhesion of SRB to ZVI by the XDLVO 
calculations. 

F.        CONCLUSIONS 

The few PRB long-term performance studies mostly focused on the chemical aspect of 
the reactive core. The observed flow reductions and performance deterioration typically was 
postulated as a result of chemical precipitation. Although biofouling was observed in Newbury 
Park, CA (53) and Portsmouth, OH (35), a model for predicting the potential for such biofouling 
in PRBs was not present.   Our study shows that the dominant SRB population at DAFB site 
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permeable reactive core has the potential for biofouling, which can be predicted by a bacterial 
surface-thermodynamics approach. This report thus presents an optimal method for the 
prediction of biofouling potential and assessment of long-term microbiological performance of 
PRBs. 



TABLE OF CONTENTS 

Section                                                            Title Page 

I INTRODUCTION   

A. OBJECTIVE   

B. BACKGROUND   

1. General   

2. Microbial Adhesion   

3. Surface Thermodynamics      2 

C. SCOPE     5 

D. APPROACH      5 

1. Microbial Identification      6 

2. Microbial Enumeration      6 

3. Microbial Surface Thermodynamics      7 

H MATERIALS AND METHODS      8 

A. THEORETICAL CONSIDERATIONS   8 

B. SITE AND SAMPLE SOJL DESCRIPTION   10 

C. ENUMERATION AND CULTURE OF MICROORGANISMS   11 

D. SURFACE TENSION PARAMETERS AND SURFACE POTENTIALS .. 11 

1. Microorganisms     11 

2. Zero Valent Iron    12 

E. PARTITIONING EXPERIMENT     13 

HI QUALITY ASSURANCE AND QUALITY CHECK    14 

A. PROJECT ORGANIZATION    14 

B. ACCEPTANCE CRITERIA FOR DATA QUALITY    14 

C. DATA QUALITY NEEDS, ACCURACY, AND PRECISION   14 

D. SAMPLE HANDLING, PRESERVATION, AND STORAGE  15 

E. QA/QC PRACTICES  15 

F. DATA REDUCTION, REPORTING AND ANALYSIS   15 

XI 



G.   QAREPORTS   15 

IV RESULTS AND DISCUSSION   16 

A. MICROBIAL IDENTIFICATION AND ENUMERATION  16 

B. SURFACE TENSION PARAMETERS AND SURFACE POTENTIALS ... 17 

1. Biotic Surfaces  17 

2. Abiotic Surfaces  19 

C. HYDROPHOBICITY/HYDROPHILICITY OF MICROORGANISMS 19 

D. INTERACTION OF CELLS WITH ZERO VALENT IRON  20 

E. PARTITIONING EXPERIMENT  24 

V CONCLUSIONS  25 

REFERENCES   26 

APPENDIX 

A TOTAL INTERACTION ENERGY AND ITS COMPONENTS  29 

Xll 



LIST OF FIGURES 

Figure Title Page 

1 SRB, ANA, and AER Counts in Upstream, Reactive Permeable Core, 
and Downstream Locations of thePRB atDAFB  16 

2 Variation of Total Interaction Energy Between ZVI and Bacterial Cells, 
AGiw2TOT (&T), with Distance (Ä) for SRB at Logarithmic Growth, 
Stationary, and Decay-States 21 

3 Variation of Total Interaction Energy Between ZVI and Bacterial Cells, 
AGiw2T0T (*T), with Distance (Ä) for ANA at Logarithmic Growth, 
Stationary, and Decay-States 22 

4 Variation of Total Interaction Energy Between ZVI and Bacterial Cells, 
AGiw2TOT (&T), with Distance (Ä) for AER at Logarithmic Growth, 
Stationary, and Decay-States 23 

A-l       Variation of Total Interaction Energy and Its Components with Distance 
Between ZVI and SRB at Logarithmic Growth State 30 

A-2      Variation of Total Interaction Energy and Its Components with Distance 
Between ZVI and SRB at Stationary State 31 

A-3       Variation of Total Interaction Energy and Its Components with Distance 
Between ZVI and SRB at Decay-State 32 

A-4       Variation of Total Interaction Energy and Its Components with Distance 
Between ZVI and ANA at Logarithmic Growth State  33 

A-5       Variation of Total Interaction Energy and Its Components with Distance 
Between ZVI and ANA at Stationary State  34 

A-6      Variation of Total Interaction Energy and Its Components with Distance 
Between ZVI and ANA at Decay-State 35 

A-7      Variation of Total Interaction Energy and Its Components with Distance 
Between ZVI and AER at Logarithmic Growth State  36 

A-8       Variation of Total Interaction Energy and Its Components with Distance 
Between ZVI and AER at Stationary State   37 

A-9      Variation of Total Interaction Energy and Its Components with Distance 
Between ZVI and AER at Decay-State  38 

Xlll 



LIST OF TABLES 

Table Title Page 

1 Surface Thermodynamic Characteristics of ZVI and Different 
Groups of Microorganisms at Different Physiological States   18 

2 Partitioning Results for SRB at Different Physiological States  24 

xiv 



SECTION I 
INTRODUCTION 

A.       OBJECTIVE 

The goal of this research is the development and implementation of microbial surface 
thermodynamic technology that can be used to predict microbial adhesion characteristics and 
ultimate biofouling. This goal is achieved via identification of dominant microbial groups up- 
gradient, within and down-gradient of a reactive barrier, enumeration of identified microbial 
groups, and quantification of electrodynamic and electrostatic surface potentials of dominant 
microbial groups. 

B.        BACKGROUND 

1.        General 

Sorptive reactive treatment zones can be used in-situ (e.g., with columns or walls 
of porous media intercepting existing groundwater flow paths) or ex-situ (e.g., in above ground 
porous media bioreactor, through which contaminated groundwater is pumped). The in-situ 
technology can be passive or active. When operated in the passive mode, the existing hydraulic 
gradient moves groundwater into the sorptive reactive porous media. When utilized in the active 
mode, pumps move groundwater through the media; this can be accomplished using in-situ or 
ex-situ and can be combined with other technology (e.g., surfactant-enhanced elution). Mixtures 
of sorptive material, iron and/or sulfate containing minerals and granular inert materials (e.g., 
quartz sand) are used to create a porous media with the desired sorptive, biodegradation, and 
hydraulic conductivity properties. As contaminants move into the treatment zone, contaminant 
migration is slowed by the sorptive material, increasing residence time in the media. 
Biosynthesis and bioenergetic pathways of bacteria are facilitated by oxidation-reduction 
reactions involving contaminants and Fe3+ or S04

2". Thus, these redox reactions in anaerobic 
environments result in contaminant degradation. 

Potential problems associated with these systems include, but are not limited to, 
chemical precipitation and biofouling, both of which could substantially impact the hydraulic 
capture zone and residence time. Chemical precipitation can result when redox sensitive ions 
change state due to changes in alkalinity (or other water chemistry parameters such as increase 
ferrous and sulfide concentrations). Enhanced anaerobic microbial growth occurring in the 
reactive barrier would also impact the hydraulic flow patterns or result in reactive wall plugging. 
Biofouling can be initiated as a result of microbial adhesion or biomass sloughing, both are 
related to mechanisms that govern microbial transport. 

2.        Microbial Adhesion 

The movement of bacteria through porous geological formations is a critical 
factor in the fate and remediation of many polluted surface and subsurface formations (22, 31, 
61, and 83). Prediction of contaminant fate therefore requires accurate incorporation of factors 
governing bacterial transport phenomena. Bacterial transport is also important when the bacteria 



themselves are of concern because the microorganisms are expected to cause biofouling of many 
abiotic treatment processes. This background section summarizes and discusses previous work 
and concepts in bacterial adhesion as they relate to the proposal objectives. 

Adsorption can be considered to take place in four phases (30, 41, 62, 69). First, 
the bacterium transfers to the solid surface, via diffusion, advection, or active transfer by 
chemotaxis. Second, initial adhesion occurs consisting of a reversible followed by an 
irreversible phase. Third, the bacterium firmly attaches through the synthesis of specialized 
structures. Fourth, surface colonization begins. Initial adhesion is typically considered a 
primarily physicochemical phenomenon. According to some, initial bacterial adhesion is 
reversible and takes place in the secondary total interfacial energy minimum (8, 69). The 
illustrated importance of electrostatic parameters (e.g., electrokinetic potential of the particle or 
surface and medium ionic strength) has strongly corroborated this notion (21, 40, 43, 44). 
However, the distance between the secondary adsorption minimum and the solid surface has 
been reported to be too large to allow immediate surface interaction (69). Long range 
hydrophobic forces must therefore play a major role in adhesion (18,42,58, 64). 

The essential physicochemical parameters thought to govern adsorption behavior 
have been quantified via several different experimental assays. Electrostatic character has 
mainly been measured using zeta potentials (13, 21, 39, 44, 52, 64), and ion exchange 
chromatography (21, 32). Hydrophobicity has been measured using contact angle measurements 
(8, 13, 18, 39, 44, 49, 52, 65), hydrophobic interaction chromatography (21, 32), and several 
different partitioning assays (5,13,20, 31,43, 65). 

Four studies used complicated retardation approaches when modeling microbial 
adhesion. It appears to date; few have incorporated colloid stability theory. For example the 
classical Derjaguin, Landau, Verwey, & Overbeek (DLVO) theory—which considers van der 
Waals and electrostatic interactions—and none have incorporated extended DLVO theory—which 
also considers long range hydrophobic (Lewis acid/base) forces. Lindqvist and Bengtsson (37) 
used a two-site model, which involved an instantaneous, linear equilibrium site and a reversible, 
linear kinetic site. Lindqvist et al. (38) assumed that sorption rate was a function of the water- 
phase bacterial concentration and the number of available sites on the soil, while desorption was 
proportional to soil-sorbed bacterial concentration. Taylor and Jaffe (60) depicted the attached 
biomass as a thickening biofilm exposed to shearing, and the rate of deposition of bacteria was 
linear with respect to solution-phase bacterial concentration. Finally, Zysset et al. (84) also 
depicted attached mass as a biofilm, modeled sorption by a first order rate expression, but related 
desorption to the growth rate of the attached biomass. None of the authors above, however, took 
a detailed mechanistic approach to investigate the causes of initial attachment. 

3.        Surface Thermodynamics 

Classical DLVO theory has often been used to describe interfacial interactions in 
modeling of particle transport. Traditional DLVO forces are comprised of an electrodynamic or 
van der Waals component and an electrostatic component. A recent study reported that the 
experimentally determined colloidal attachment efficiency of an abiotic Brownian particle in 
porous media was several orders of magnitude larger than predicted by classical DLVO theory. 



This discrepancy was attributed to potentially one or more of the following: interfacial 
electrodynamics of interaction, coupling of electrodynamics and hydrodynamics, and surface 
roughness. In a subsequent theoretical paper, the previous model was modified by accounting 
for surface charge heterogeneity. Several other studies have also reported that classical DLVO 
theory was often inadequate in describing colloidal stability as well as bacterial adhesion. 

It has been surmised that physical interactions, other than electrodynamic and 
electrostatic, play a major role in colloid stability in aqueous media. Van Oss and Israelachvili, 
using different techniques, have both identified an additional (hydrophobic) force component 
that has hitherto been neglected in the DLVO force balance. Van Oss and colleagues have 
extended DLVO (ExDLVO) theory by accounting for Lewis acid-base interactions. Lewis 
acid/base interactions include chemical phenomena described by the Arrhenius, solvent system, 
Lux-Flood, and proton acid-base definitions. Traditional coordination chemistry; non-classical 
complexes, such as, solvation and solvolysis; nucleophilic and electrophilic reactions; charge 
transfer complexes; weak intermolecular forces and H-bonding, and hydrophobic partitioning. 
Electron donor, donor/acceptor interactions are asymmetric in nature and can be either repulsive 
or attractive. The inclusion of acid-base forces is essential for describing polar media interfacial 
interactions. 

When van Loosdrecht et al. (69) attempted to correlate bacterial adhesion to 
negatively charged polystyrene (in a non-flow apparatus) with bacterial electrophoretic mobility 
(traditional DLVO approach), they reported that no clear correlation was observed. Rather, 
bacterial surface hydrophobicity was the dominant characteristic in determining adhesion. This 
clearly supports the need for an ExDLVO approach to modeling interactions. 

However, many bacterial strains have the ability to produce exopolymers, which 
can be retained in their glycocalyx or exuded into the environment and adhere onto solid surfaces 
themselves. Consequently, bacteria may encounter surfaces that are not characterized by the 
original matrix chemistry, but rather have been preconditioned with exopolymers. The resulting 
bacterium/particle interaction will then depend on the surface thermodynamics of the 
exopolymer-coated particle. 

The surface thermodynamic properties deriving from the dynamic interaction 
between the bacterium (1) and a surface (2) in water (w) must be measured in order to 
understand and predict their net interaction.   Lifshitz-van der Waals (LW) work of adhesion 

(Wj^), Lewis acid-base (AB) work of adhesion (W^), and the work of electrostatic 

interaction (W^2 )• 

The LW work of adhesion of bacteria is given by: 

WAS = Yiw7 + Y& " Ylf (1) 

Where Y^
W
 is the Lifshitz-van der Waals, or apolar, component of the surface tension of 

material (i), and where 



yr=[W-Wl (2) 

When 2 is a condensed-phase material (e.g., sand, silica, or clay, etc.), W^2 is always positive, 

i.e., attractive. W^ is typically small compared to W^2 • The AB work of adhesion is, 

W& = YiS + Y^w - Yf2
B (3) 

Where yfB = 2^y*yl and y* is the electron-acceptor and y^ the electron-donor parameter of 

the polar y^B surface tension component of material (i) and 

y^=2[^+^-^-^yty]) (4) 

The Y^
W
, y*, and yj~ components are measured together, by means of contact angle (9) 

determinations, as outlined in the protocol section. 

In a number of cases, when the average electrokinetic or ^-potentials of bacteria 
(1) and particles (2) exceeds 10 to 12 mV, ^-potentials of bacteria and particles need to be 
determined, usually by means of microelectrophoresis.   The work of electrostatic interaction, 

Wj^2, then can be determined in the manner described in the experimental section. 

The interfacial (IF) work of interaction is 

W1
IW2=W1

L^2+W4B
2 (5) 

While the total work of interaction then is 

W1W2 = ™1W2 + W1W2 (6) 

One may also include the Brownian motion work (WBR), but the value of this is always on the 
order of 1 kT. Since WBR energy is, therefore, typically one to two orders of magnitude smaller 
than that associated with AB or LW energies are neglected. 

All three forces (LW, AB, and EL) can act at non-negligible distances in aqueous 
media. Because each type of force decays with distance between the bacterium and particle with 
different spatial dependencies, energy versus distance plots (taking LW, AB, and EL forces into 
account) must be defined to predict adhesion. For spherical geometries, WLW decays occur 
proportionally to the inter-surface distance, I, whereas W^6 and WEL decay exponentially. WAB 

as exp (-&X) and WEL as exp (-£ K), where X is the decay length of water and 1/K the 
electrokinetic decay length, or Debye length, which is inversely proportional to the square root of 
the ionic strength of the medium. Thus, bacteria or particles with speculations, sharp edges, or 



other protrusions with a small effective radius can more easily overcome a net macroscopic 
repulsion than completely smooth particles. In this manner, they can engage in adhesion via 
microscopic sites located at the distal ends of such protrusions. 

Three generalizations may be made with respect to the surface thermodynamics of 
macroscopic bacterial adhesion. First, WLW is always positive (attractive) in aqueous media at 
non-air interfaces, and relatively little can be done to influence its value significantly. 

Additionally, WLW is small usually compared to other parameters. Second, WEL, 
as far as macroscopic interactions are concerned, is usually negative (repulsive). Its absolute 
value is decreased by an increase in the ionic strength, changes in (usually decreasing) pH, or the 
presence of multivalent counterions. Finally, W^ can be negative (repulsive) in cases of 
interactions between hydrophilic cells and particles, or positive (attractive) when at least one of 
the interacting materials is hydrophobic. Very hydrophilic surfaces have a low to zero 7+ and a 

high y value (y > 28 mJ/m^). Hydrophobic surfaces (also with a low to zero y1") have a y < 28 

mJ/m^. When the ^-potential of bacteria, particles, or biopolymers is lowered, their Lewis acid- 

base properties are impacted as well. With decrease in the ^-potential, the AB parameter, y, 
decreases concomitantly, via a newly identified one-way EL-AB linkage.    Thus, bacterial 
adhesion to mineral particles can usually be enhanced by the admixture of, CaCl2, for example, 

-2 
in low concentration (e.g., 10   M). 

C. SCOPE 

The scope of this study was to develop and implement a tool to predict microbial 
adhesion and ultimate biofouling of PRBs using microbial surface thermodynamic 
characteristics, which would help assess the long-term performance of the PRBs. Dominant 
microbial groups were enumerated, identified, and cultured from upstream, reactive iron core, 
and downstream soil samples from Dover Air Force Base (DAFB), Delaware. Electrodynamics, 
polar and electrostatic interaction energies between groups of microorganisms and ZVI were 
quantified through contact angle and zeta potential (^-potential) measurements. XDLVO theory 
was applied to determine adhesion characteristics of the microorganisms to ZVI and to predict 
potential for biofouling of PRBs. 

D. APPROACH 

Identification of major microbial groups will coincide with their enumeration in the soil 
cores. Specific microbial groups expected at the site include (but not limited to) sulfate-reducing 
bacteria, iron-reducing bacteria, anaerobic fermenters, aerobic/facultative heterotrophs, and 
methanogens. Other trophic groups, such as autotrophic denitrifiers, will also be examined; 
however, the aforementioned groups are the predicted dominant and representative bacterial 
groups present at the site. The following section describes a brief narrative of the microbial 
identification, enumeration, and cell hydrophobicity methodology proposed. 



1. Microbial Identification 

The major microbial groups were identified using selective (or elective) culture 
techniques to isolate different types of bacteria from soil cores. This consists of about 18 
biochemical assays and 25 assimilation tests in addition to standard microbial microscopic 
examinations. These tests are designed for use on Gram-negative: Enterobacteriaceae, Gram- 
negative: non-Enterobacteriaceae, Gram-positive: staphylococci, Gram-positive: streptococci, 
and anaerobic microorganisms. 

The selective culture technique was used to identify sulfate-reducing bacterial (SRB), 
iron-reducing bacteria (IRB), and nitrate-reducing bacteria, anaerobic heterotrophs (ANA) and 
aerobic heterotrophs (AER). For SRB, Postgate's medium F (47) will be used. Medium will be 
prepared using the Hungate type anaerobic culture tubes under strictly anoxic conditions. Tubes 
will be incubated at 35°C for 30 days. For IRB, medium described by Ghiorse (23) will be used. 
Tubes will be incubated at 35°C for 30 days. ANA will be enumerated using Bacto® Anaerobic 
Agar (DIFCO Laboratories, MI) following plate count method. The agar plates were incubated 
in BBL Gas Pak® System anaerobic jars at 35°C for 4 days. AER were enumerated using 
Bacto® R2A agar (DIFCO Laboratories, MI) following plate count method. The agar plates 
were incubated at 28°C for 7 days. 

2. Microbial Enumeration 

The concentration of viable cells can be estimated by the most probable number 
(MPN) method (11, 47). This involves the mathematical inference of the viable count from the 
fraction of cultures that fail to show growth in a series of broth medium. This method consists of 
making several replicate dilutions in a growth medium and recording the fraction of tubes 
showing bacterial growth. The tubes exhibiting no growth presumably failed to receive even a 
single microorganism that was capable of growth. Since the distribution of such particles must 
follow a Poisson distribution, the mean number at this dilution can be calculated from the 
formula: 

Po = e-m (7) 

where m is the mean number and Po is the ratio of the number of tubes with no growth to the 
total number of tubes. The mean number is then simply multiplied by the dilution factor and by 
the volume inoculated into the growth tube to yield the viable count of the original culture. 

The MPN method has been selected (although labor intensive) due to the 
uncertainty of agar viability. Second, due to the heterogeneity of sample soil cores, the kinetics 
of growth tends to be highly variable. Since no prior knowledge of specific microbial group 
concentration, tube dilution (10 fold series) will be used. For this approach, we will discard the 
data from dilution where the percentage of sterile tubes lies outside of 8 to 36%, or outside of the 
range of 5 to 50% if a large range of error is required. The error from the dilution with the range 
can be read or interpolated from standard coefficient of error curves statistically generated for the 
MPN method. 



3.        Microbial Surface Thermodynamics 

Surface thermodynamic properties were determined using a variety of techniques. 
The electrostatic component of particle surface forces was determined directly by using a Lazer 
Zee Meter®, Model 501 (Pen Kern Incorporated, NY). At least 10 readings were taken to have 
consistency in measured values and the measurements will be conducted under an applied 
potential of 100 V. 

Surface tension measurements were used to quantify Lewis acid/base and 
Liftshitz-van der Waals forces. Upon filtering suspension on a silver membrane, a smooth flat 

layer will form, on which contact angles (9) can be measured, yielding y["w, y*, and yj~ as 
outlined below. 

Surface tension components from the contact angles (9) are measured with liquid 
(L) on surfaces (S), using the following version of Young's equation (73): 

(1 + cos 6)yL =2(VyF^ + V^ + V^Yt. (8) 

Where yL is the total surface tension of the liquid, y^w the Lifshitz-van der Waals (LW) or 

apolar component of condensed material (i), yj1" the electron acceptor and yj" the electron donor 
parameter of the Lewis acid-base (AB), or polar component of the surface tension. Here, 

yfB=^Ffjf[ (9) 

and 

Yi=Y,LW+Y,AB (10) 

which can be determined using liquids with known surface thermodynamic properties. As there 
are three unknowns in the above Young's equation for the surface properties of a given solid (S), 
contact angle (9) determinations must be done with at least three high energy liquids, of which at 
least two must be polar. It is proposed herein to use glycerol and/or formamide as the polar 
liquids and diiodomethane as the apolar liquid. A Tantec Contact Angle Meter (Tantec, IL) was 
used to acquire a minimum of 10 advancing contact angle measurements per sample. 



SECTION n 
MATERIALS AND METHODS 

A.       THEORITICAL CONSIDERATIONS 

The theories of colloidal interactions in aqueous media have been described in detail by 
different authors (28,29, and 72); a detailed discussion is not presented herein. Only the theories 
and model development relevant to microbial adhesion to surfaces are presented. The primary 
non-covalent forces that play a major role in particle-particle interaction in a liquid media are 
LW forces, AB forces, EL forces, and Brownian (BR) movement forces (70, 72). However, the 
BR forces are usually a few orders of magnitude smaller than the other three forces. It can thus 
be safely neglected while calculating force balance for describing bacterial adhesion to surfaces 
or bacterial stability in water (70). 

The free energy of interfacial interaction between two similar particles (1) immersed in 
water (W), i.e. AGiwi expressed in kT units is a suitable measure for the prediction of stability of 
particles in aqueous suspensions (72). Here, k is the Boltzmann's constant (1.38xl0"23 J/degree 
Kelvin) and T is the absolute temperature in degrees Kelvin. A value of AGiwi <0 would 
indicate hydrophobicity and less stability of particles; whereas, a value >0 would indicate 
hydrophilicity and more stability of the particles (72). The total interaction energy AGiwiT0T is a 
summation of its LW, AB and EL components. For all lWl-type interactions, the bacterial cells 
can be approximated as small cylinders. 

The LW component of AGiwiTOT between two cross cylinders at 90° separated at a 
distance IQ, is given by: 

AGlwl
LW = -47t/oR(VY,LW-VY3LW)2 (11) 

where YJ
LW

 stands for the apolar component of the surface tension of substance i. The distance, IQ 

is the minimum equilibrium distance between the two particles of material one immersed in 
water, which is approximately 1.57 Ä (76). 

The polar or AB component of AGiWiT0T between two cross cylinders at 90° separated at 
a distance IQ, is given by: 

AG1wiAB = 27cR^AG1
A^Uo (12) 

where A, is the characteristic length or decay length of the liquid, which for water can be fairly 
approximated as 0.6 nm (71). AG^2 I is the Lewis acid-base energy of interaction between 

two semi-infinite flat plates immersed in a liquid and at a distance IQ, expressed as: 

A GJWUO = "4 (Vyi+ - V) (Vyf - VyD (13) 

where Yi+ and Yi" are the electron-acceptor and electron-donor parameters of the surface tension of 
substance i. 



The surface tension components YiLW, Yi+ and y{ for solids can be calculated by contact 
angle measurements on the solid's surfaces and with the help of equation 8. In that equation the 
surface tension of the liquid, YL, is expressed as: 

YL=Y1;
W
+2A/Y£YL (14) 

In equation 8 there are only three unknown variables, YsW» YS> 
m& Ys> which can be 

determined by measuring contact angles on the solid surfaces with at least three different liquids 
whose surface tension components are known. At least one of the liquids needs to be apolar. 
For the polar liquid, the YL

+
 and % components equal zero. This facilitates the determination of 

YsLW directly from equation 4 without complicated calculations. 

TOT 
Assuming constant surface potential, the electrostatic or EL component of AGiwi 

between two cross cylinders at 90° separated at a distance IQ (for \j/<50 mV), is given by: 

AGi3iEL = 27re£oR\|/i2 [ln{(l+exp (-K/0))/(l-exp (-K/0))} + ln{ 1- exp (-2K/0)}] (15) 

where e is the relative dielectric constant of the liquid (80.18 for water at 20°C), 80 is the 
permittivity of free space (8.85xl0"12 C2/m-J), R is the radius of the cylinders, \|/j is the potential 
of particle of material i at the particle-liquid interface. Although \j/; is not directly measurable, it 
can be calculated from zeta potential (£) as follows: 

\j/ = t, (1+z/a) exp (KZ) (16) 

where z is the distance from the particle surface to the slipping plane (approximately 3-5Ä) (72) 
and a is the radius of the particles. The zeta potential can be measured by different methods; a 
detailed overview is given by Righetti, et al. (48). 

The Debye length, 1/K in equations 6 and 7 is an estimate of the effective thickness of the 
electric double layer, which is 1,000 nm for pure water. However, its value depends on the ionic 
strength of the liquid as: 

l/K=[(efcT)/(4ra2Ivi2ni)]1/2 (17) 

where e is the charge of an electron (4.8xl0-10 e.s.u.), Vj is the valency of each ionic species, and 
ni is the number of ions of each species in bulk liquid per cm3. 

The free energy of interfacial interaction between bacterial cells and attachment surface 
immersed in water, i.e. AG1W2, provides a measure for attachment potential of the 
microorganisms to the surfaces (72). In our case, the attachment matrix is the ZVI chips that are 
of sizes at least an order of magnitude larger than the bacteria. Thus, the type of interaction 
between the bacterial cells and the ZVI can be considered as sphere-plate interaction. The LW, 
AB, and EL components of energy of interaction between a sphere of radius R (material 1) and a 



semi infinite flat plate (material 2) immersed in water at a separation distance I are given by the 
following equations: 

AG1w2
LW = -47r/o2R(VYiLW-VY3

LW)(VY2LW-VY3LW)// (18) 

Adwi^ = 27iR^AG1
A^2,,0 exp[(/0 -1)1 X\ (19) 

AGiw2EL = neeoR [2\|/i\|/2ln{(l+exp (-K/))/(l-exp (-K/))} 

+ (\|/1
2 + \|/2

2)ln{l-exp(-2K/)}] (20) 

On an average, R was approximated as 1 urn for the cells in a consortium. A Gj^21 *s ^e ^-ew'ls 

acid-base interaction energy between two semi-infinite flat plates immersed in water and at a 
distance of k, which is expressed as: 

AG$2il0 = 2 [ (VYl
+ - Vy2

+) (Vyf - Vy2") - (Vyi+ - Vy3
+) (Vyf - Vy3") 

-(Vy2
+-Vy3

+)(Vy2--Vy3-)] (21) 

Equation 21 assumes constant surface potential and is valid when \|/<50 mV) (54). 

The interaction energies expressed by equations 18, 19, and 20 are all additive (71). 
Thus, the total interaction energy can be expressed as: 

AGiw2     =AGiw2    +AGiw2    +AGiw2 (22) 

A negative value of AGi32
TOT will favor adhesion between particles of different materials 

immersed in aqueous media, whereas, a positive value will cause repulsion between the same. In 
addition, the magnitude of the total interaction energy will determine the strength of either 
attraction or repulsion. 

B.        SITE AND SAMPLE SOIL DESCRIPTION 

The DAFB site is located in Kent County, Delaware. Since 1941, the site has been used 
for different military purposes including jet engine testing, repair, and maintenance (27). The 
aquifer at the site is a part of the Columbia Aquifer with a saturated thickness of 4.6-6.1 meters 
in the western portion of the base, to 21.3 meters in the eastern portion. The mean hydraulic 
conductivity at the site is 27.4 meters/day and the specific yield is 0.15 (56). Contaminants 
identified at the site are mainly chlorinated solvents and mono-aromatic hydrocarbons. Highest 
concentrations of contaminants found at DAFB site groundwater are, 1,2-dichloroethane (1,2- 
DCE) at 34 mg/L, trichloroethylene (TCE) at 22 mg/L, tetrachloroethylene (PCE) at 3300 mg/L, 
and total benzene-toluene-ethylene-xylene (BTEX) at 14200 mg/L (56). In December 1997, a 
funnel-and-gate type reactive permeable barrier was installed with two caisson gates to treat the 
contaminant plume. ZVI was used as the principal reactive material at the barrier. 

10 



The aquifer material used for the study was collected from upstream (7.92-8.08 meters 
depth) and downstream (5.79-5.94 meters depth) locations of the barrier. The reactive core 
material sample was collected at 7.62-7.77 meters depth. All samples were collected below the 
ground water table and stored at 4°C in an anaerobic bag for transport. After the samples arrived 
at the laboratory, the headspace of the sample containers was flushed with 90:10 (volume basis). 
N2: H2 and stored at 4°C until analyzed. 

C. ENUMERATION AND CULTURE OF MICROORGANISMS 

All samples were analyzed for the possible presence of five different groups of 
microorganisms: N03"-reducers, S04"2-reducers (SRB), Fe (IH)-reducers (IRB), anaerobic 
heterotrophs (ANA), and aerobic (facultative) heterotrophs (AER). All anaerobic work was done 
inside an anaerobic chamber with 90:10 (volume basis) N2: H2 atmosphere. 

For the detection of N03_-reducers, 10 g (moist weight) of each sample was placed into 
separate serum bottles and amended with 0.1% KNO3 (dry weight basis). The bottles were 
capped with thick rubber septa and crimped and were incubated at 30°C up to 14 days. NO3" 
concentration were determined at 0, 7, and 14 days. For this, 25 mL of deionized (DI) water was 
injected into each bottle. The bottles were then shaken for 30 minutes and the contents were 
filtered through Whatman® #42 filter paper. The filtrate was then passed through Osmonics 
0.45-micron syringe filter and was analyzed for NO3" concentration using a Dionex® 2010i ion 
Chromatograph. 

SRB and IRB were enumerated in Hungate type culture tubes using Postage's Medium F 
(4) and medium described by Ghiorse (23) respectively, following 5-tube most probable number 
(MPN) technique (11,47). Headspaces of the tubes for S04_2-reduction were kept pressurized at 
5 psi with 80:20 (volume basis) H2: CO2 in a Hungate gas station. All tubes were incubated for 
30 days at 35°C with periodic manual agitation. Positive tubes for S04_2-reduction was indicated 
by black precipitate and that for Fe (Ill)-reduction was indicated by a change of color of the Fe 
slurry from reddish brown to dark brown. 

ANA were enumerated using Bacto® Anaerobic Agar following plate count method. 
The agar plates were incubated in BBL Gas Pak® System anaerobic jars at 35°C for four days. 
AER were enumerated using Bacto® R2A agar following plate count method. The agar plates 
were incubated at 28°C for 7 days (2). 

D. SURFACE TENSION PARAMTERS AND SURFACE POTENTIALS 

The surface tension parameters and surface potentials for the microorganisms (biotic 
surfaces) and the zero valent iron (abiotic surface) were quantified using contact angle and zeta- 
potential (Q measurements and with the application of theory described in previous sections. 

1.        Microorganisms 

The advancing contact angles and ^-potentials of SRB, ANA, and AER cultured 
from the ZVI were determined at mid-logarithmic growth, stationary, and decay states.  These 
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states, for all bacteria, were determined based on optical density readings at 660 nm (OD660) 
using a HACH DR/2000 spectrophotometer. 

SRB consortium was cultured using slightly modified Tanner's medium (59). 
The amount of Fe (NH4) 2(S04)2.6H20 was adjusted to give a final concentration of 0.0017gm 
Fe/L of media and the amount of carbon source was halved. These modifications were done to 
avoid formation of black FeS precipitate during growth of the bacteria. ANA were cultured 
using Bacto® Anaerobe Broth MIC (DIFCO Laboratories, MI). AER were cultured in 
hydrocarbon minimal medium (HCMMII). The medium preparation was as follows; in g/L: 
KH2PO4 - 1.36, Na2HP04 - 1.42, KN03 - 0.5, (NH4)2S04 - 2.38, MgS04.7H20 - 0.05, CaCl2 - 
0.01; in mg/L: H3BO3 - 2.86, MnS04.H20 - 1.54, Fe(NH4)2S04.6H20 - 3.53, CuS04.5H20 - 
0.039, ZnCl2 - 0.021, CoCl2.6H20 - 0.041, Na2Mo04.2H20 - 0.025; pH adjusted to 7.2 with IN 
NaOH; media autoclaved for 15 minutes (121°C, 15 psi); 1% sterile glucose (wtVvol.) solution 
added as carbon source to have a final glucose concentration of 0.05% (weight/volume) in the 
medium. All bacteria were cultured in Nephelo culture flasks with 200 mL of respective 
medium and 5% (volume/volume) inoculum. Headspaces of flasks for SRB were pressurized to 
5 psi with 80:20 (volume basis) H2:C02. All flasks were incubated in a rotary shaker at 35°C. 

Before collecting the cultures at each physiological state, the culture flasks were 
allowed to sit undisturbed for 15 minutes. 40 mL of supernatant from each flask was then 
collected using sterile syringes and dispensed into sterile centrifuge tubes. Cells were harvested 
by centrifuging the tubes at 4000 rpm for 30 minutes at 4°C and washing twice with sterile P04- 
buffer (3xl0"4 M KH2P04, pH adjusted to 7.0 with 1 N NaOH). Advancing contact angles for 
the cells were determined using procedures described by Grasso, et al. (24) using a Tantec 
Contact Angle Meter (Tantec, IL). Four different liquids were used of which diiodomethane was 
apolar and water, formamide, and glycerol were polar. For each liquid, an average of 10 
readings was recorded. Zeta potential of the cells were measured directly using the Lazer Zee 
Meter®, Model 501 (Pen Kern Inc., NY). The washed cells were first suspended in DI water to 
a concentration of approximately 106 cells/mL. Numbers of cells in the suspension were counted 
using a Hemacytometer (Hausser Scientific Company, PA) under lOOOx magnification. The pH 
of the suspension was between 6.4-6.7. The chamber of the Lazer Zee Meter® was then filled 
with the cell suspension and ^-potential (average of 10 readings) under an applied potential of 
100 V was recorded. A 3-minute equilibration time was allowed before taking readings. SRB 
and ANA were handled anaerobically throughout all procedures and deoxygenated P04-buffer 
and deoxygenated DI water were used respectively for washing these cells and making cell 
suspensions for ^-potential measurements. 

2.        Zero Valent Iron 

ZVI surface free energy determination was done through contact angle 
measurements by column wicking method. Washburn equation (79) was used for the calculation 
of contact angles (0): 

-     Rev, COS0 
h2 = ^iiL 1 (23) 

2r| 

12 



where h is the height of the liquid front at time t, Re is the effective interstitial pore radius 
between the packed particles, yL and t| are the surface tension and the viscosity of the liquid 
respectively. The ZVI was first passed through an USA standard testing sieve #20 to discard 
larger particles. It was then oven dried at 110°C overnight and cooled in a dessicator. A 
chemically clean glass column of 6-mm inner diameter was filled with the material up to a height 
of 170 mm with a packing density of 2.68 gm/cm3. Three different probe liquids were used for 
contact angle measurements, diiodomethane, water, and formamide. Due to the high viscosity of 
glycerol, it was not used for column wicking. Hexane was used as a spreading liquid due to its 
low surface tension (78). It has been shown that for very low energy liquids 0 equals zero (75), 
giving cos6 = 1. This facilitated calculation of Re using hexane. For measuring the height of the 
liquid front with time, one end of the glass columns were immersed 5 mm (12) into the different 
liquids while holding the columns vertical. The time taken the liquid-front to rise every 4-mm 
was recorded discarding the first few readings due to possible initial disturbances (75). The 
slope of the straight-line plot of h2 Vs t, going through the origin was used to calculate contact 
angles using equation 23. The procedure was repeated 5 times and the average contact angle was 
recorded. 

For zeta potential measurement, oven dried ZVI was first sieved through a 45 |im 
sieve. The sieved material was then suspended in deoxygenated DI water in anaerobic chamber. 
The pH of the suspension was between 6.4-6.7. The suspension was allowed to sit 3 minutes to 
precipitate larger particles. Then the supernatant was collected and injected into the sample 
chamber and the ends of the chamber were capped. The sample chamber was then taken out of 
the anaerobic chamber and installed on the Lazer Zee Meter® for ^-potential readings. A 3- 
minute equilibration time was allowed before taking the readings, ^-potential of the ZVI was 
recorded as an average of 10 readings under an applied potential of 100 V. 

E.        PARTITIONING EXPERIMENT 

For partitioning experiments, SRB cells were harvested at different physiological states 
following same procedure as described earlier. The harvested cells were suspended to the same 
volume as they were collected from using deoxygenated sterile DI water inside an anaerobic 
chamber. Approximate numbers of bacteria in the suspensions were determined as described 
before and dry weights of the suspensions were determined by drying the samples in a 105°C 
oven for 24 hours. The ZVI was oven dried at 105°C for 24 hours and sieved through a 106 |im 
sieve. Partitioning experiments were done in 40-mL vials with Teflon-lined screw caps. 20 mL 
of the cell suspension and 20 mg sieved ZVI were combined in each vial. Two sets of controls 
were included: 1 mg/mL sieved ZVI in deoxygenated sterile DI water and cell suspension 
without ZVI. Initial ODööO of the control with only cell suspension was measured. All vials 
were shaken in a rotary shaker at 80 rpm and at room temperature for 30 minutes. The contents 
of the vials were then filtered through MSI® 25-mm nylon filters of 5 (xm size and the OD66o 
values were measured. Each experiment including controls were repeated five times and average 
readings recorded. OD660 reductions were calculated as a percent of the initial ODm, i-e. the 
ODö6o value of the filtrate from control with only cell suspensions. 
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SECTION in 
QUALITY ASSURANCE AND QUALITY CHECK 

A. PROJECT ORGANIZATION 

The project team consisted of Dr. Strevett, Mr. Md. Shaheed, and Mr. Joe Grego. Dr. 
Strevett is the principal investigator (PI) and was responsible for the overall project. Md. 
Shaheed is a graduate research assistant and was responsible for running tests and analyzing 
results. Mr. Grego was a research associate of the Bioenvironmental Engineering and Science 
Laboratory and was responsible for the day-to-day operation of the analytical equipment. Each 
researcher was responsible for the QA/QC on their respective portion of the research. 

B. ACCEPTANCE CRITERIA FOR DATA QUALITY 

Laboratory methodologies were utilized to study and identify dominant microbial groups 
present in the soil cores. Initially, batch media screening methods were utilized. Full media 
analysis studies were used to evaluate the major microbial groups with the final goal to 
determine biofouling potential. Accuracy and repeatability of identification/enumeration studies 
were evaluated by analyzing replicates of select tube runs. Based on the overall objectives of 
this research, it was projected that data accuracy (and precision) within 5 to 10% would be 
sufficient. 

C. DATA QUALITY NEEDS, ACCURACY, AND PRECISION 

Data quality was important for analyzing the results of experiments designed to compare 
experimental variables. A laboratory quality assurance program is necessary to remove and 
reduce errors that may occur in our laboratory. Chemicals for media were ordered in quantities 
to last no longer than one year. When the media were prepared, manufacturer name, lot number, 
amount and appearance of media, date received, date opened and expiration date were logged. 
Precision was checked using duplicate analyses for each type sample examined. Duplicate runs 
conformed to a <10% frequency. Negative (sterile) controls for each series of samples were used 
to check sterility of the media and the dilution water. When sterile controls indicated 
contamination, samples affected were rejected and immediate re-sampling of those samples were 
performed. Positive control cultures were used to check media. Accuracy was assessed by 
comparison with samples of known bacterial concentration or identification. Analytical 
instruments (HPLC, spectrophotometers, contact angle meter, zeta-meter) were calibrated daily 
by running standards (e.g., three to five replicate injections for HPLC) at the beginning and end 
of each run and as necessary during a long run to establish calibration curves. If the standard 
deviation of the replicates was greater than an acceptable level (5%) the source of this variation 
was determined and necessary corrective actions were taken. Precision of chemical 
concentrations was also assessed (e.g., multiple injections on HPLCs and reporting of standard 
deviations). In terms of completeness, sufficient data were collected to allow sound scientific 
conclusions to be made (as discussed above). 
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D. SAMPLE HANDLING, PRESERVATION, AND STORAGE 

Sample handling was detailed in the laboratory data book. Since the media 
characteristics of interest are the size distribution and mineral composition, these samples 
required anaerobic special handling or preservation considerations. Samples were stored in a 
cool (4°C), dry location where they were not affected by the chemicals utilized. Media stock 
samples were labeled by site, date of sampling, depth of sampling, and person(s) collecting the 
sample; this information was also included in the laboratory notebook. Aqueous samples were 
also stored in refrigerator (4°C) for subsequent analyses. Storage blanks were used as controls 
when storage was required. 

E. QA/QC PRACTICES 

Laboratory notebooks were maintained (in ink) for documenting the materials and 
methods utilized in this research, the experiments conducted (and the rationale for each 
experiment), observations made during the experiments, data collected, and data analysis.. 
Original data and summary data tables and figures were maintained in the laboratory notebook. 
Duplicate copies were maintained for all data stored on magnetic media (either a hard copy or a 
copy on separate magnetic media). 

Analytical equipment had regularly scheduled maintenance and daily calibration (more 
frequent when appropriate). In the event that the variation in replicates of standards exceeded an 
acceptable level (~ 5%), the source of the variation was identified and the appropriate corrective 
action taken. An acceptance criteria of ~ 5% variation in three to five injections of standards was 
utilized with these standards injected at the beginning and end of HPLC runs (intermediate 
injections were also evaluated as warranted). 

F. DATA REDUCTION, REPORTING AND ANALYSIS 

Data reduction was conducted by computer spreadsheets (where appropriate) and 
recorded on hard copies and on magnetic media. This information was available to the project 
officer upon request. The information is presented in the final report by use of summary figures 
and tables in the text and appropriate appendix. Statistical analysis of data was conducted when 
appropriate (e.g., comparing means for differing treatments). In general, the focus of this 
research was major effects; however, statistical confidence in results was maintained. 

G. QA REPORTS 

Project reports included information on QA activities, when appropriate. Examples of 
information which appeared in the reports include the following: significant experimental 
problems encountered and corrective actions taken, major adjustments in experimental 
techniques and rationale, results of QA audits, significant adjustments in the project plan and 
recommended adjustments to the QA plan, etc. 
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SECTION rv 
RESULTS AND DISCUSSION 

A.       MICROBIAL IDENTIFICATION AND ENUMERATION 

SRB, ANA, and AER counts from upstream, reactive core ZVI, and downstream 
locations of the PRB are shown in Figure 1. SRB were the predominant group of 
microorganisms in ZVI and their numbers were approximately 2 to 4 orders of magnitude higher 
than in upstream and downstream locations. This result is supported by the findings of Liang et 
al. (35) who detected SRB in ground water and ZVI samples from a TCE contaminated site. 
ANA count was similar in the upstream and downstream samples. However, in ZVI, ANA count 
was approximately 2 orders of magnitude lower. AER count was lower than SRB and ANA at 
upstream and reactive core locations. AER were not detected at downstream location. No viable 
IRB or N03*-reducing microorganisms were detected in any of the samples. 

1.0E+08 

I   l.OE+07 

1.0E+02 

Upstream Reactive Core        Downstream 

G3 SRB S ANA AER 

Figure 1. SRB, ANA, and AER Counts in Upstream, Reactive Permeable Core, and 
Downstream Locations of the PRB at DAFB. 

Subsurface chemistry showed an oxidation-reduction potential (ORP) around -300 mV 
and dissolved oxygen (DO) concentration around 0.30 mg/L in ground water samples collected 
from the reactive core at DAFB*. This ORP is suitable for the proliferation of different 
anaerobic microorganisms, especially SRB and IRB (32, 80). Thus, our finding that SRB are the 

* O'SulIivan, D., Personal communications; Tyndall Air Force Base, FL. 
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predominant organisms in the ZVI is in accordance with the subsurface redox chemistry at the 
site. SRB are an important group of morphologically closely related anaerobic microorganisms 
which have been shown capable of dehalogenation of different chlorinated solvents including 
TCE, PCE, DCE and also degradation of petroleum BTEX compounds by various researchers 
(7, 9, 10). SRB reduce subsurface sulfate and other sulfur compounds to sulfide, which can be 
coupled to oxidation of the ZVI forming iron sulfide mineral. Gu et al. recently reported 
microbially mediated iron-sulfide precipitate in ZVI columns (25). Liang et al. (35) also 
reported cementation of ZVI in their experimental columns as a possible result of iron-sulfide 
and other precipitates. Higher counts of SRB in the reactive zone compared to upstream and 
downstream locations, therefore, indicate that the actual degradation of the contaminants is 
possibly coupled to microbial sulfate reduction in the reactive zone. In that case, iron-sulfide 
precipitate could cause clogging problem of the permeable barrier at DAFB site. 

Since ANA population at the upstream sampled location is very high, ANA have 
potential to be transported to the reactive core. However, once they reach the reactive core they 
have to compete with SRB, which are already the dominant populations within the reactive zone. 
AER count in the ZVI is around two orders of magnitude lower than the SRB and one order of 
magnitude lower than the ANA. This result is expected because of low DO values in the reactive 
zone *. 

B.        SURFACE TENSION PARAMETERS AND SURFACE POTENTIALS 

1.        Biotic Surfaces 

Contact angle measurements and various surface thermodynamic characteristics 
of ZVI and SRB, ANA, and AER at different physiological states are summarized in Table 1. 
^-potentials measured for different groups of bacteria at different physiological states varied 
between -11.5 (ANA at logarithmic state) to -21.3 (ANA at decay state). However, all 
measured values stayed within the range of <25 mV at which the equations for determining the 
EL components of AGiwi and AGiw2 are valid (72). Grasso et al. (24) reported a stationary state 
^-potential value 40-50 percent higher than in logarithmic or decay states for a pure strain of 
Pseudomonas aeruginosa Olin. However, our results show no such variation of ^-potential for 
any group of bacteria among their different physiological states. These results conform to the 
findings reported by Smets et al. (57) where the measured ^-potentials for centrifuged cells of 
Pseudomonas fluorescens remained between -17.3 to-18.4 mV at all states. 

The LW component of surface tension tf*1) did not show large variation (standard deviation 
2.37) among different consortia at different physiological states. This result conformed to the 
findings reported by other researchers (24, 57). However, magnitudes of 7LW for all consortia 
were consistently higher than that reported for pure strains of Pseudomonas aeruginosa Olin (24) 
and Pseudomonas fluorescens (57).    Lowest yLW (40.61 mJ/m2) was observed for SRB at 

* O'Sullivan, D., Personal communications; Tyndall Air Force Base, FL. 
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stationary state and the highest 7LW (46.51 mJ/m2) was observed for the same at decay state. At 
all physiological states, the electron acceptor surface tension parameter (y) were >28.5 mJ/m2. 
Thus, ANA exhibited a monopolar hydrophilic surface (72, 74) at all states. However, for SRB 
and AER, y+ values were much greater than 1 mJ/m2 and y values were within 25.17 to 33.56 
mJ/M2 at all physiological states. Thus, SRB and AER did not show a dmoninant monopolar 
surface characteristic at any state. 

2.        Abiotic Surfaces 

ZVI had a relatively low -/^ value (Table 1). The y+ value of 2.47 mJ/m2 and y 
value of 16.87 mJ/m2 showed that the ZVI surface was not monopolar (72, 74). The measured 
^-potential of ZVI (-12.1 mV) was within moderate range of <25-mV (72). However, 
magnitude of measured ^-potential is dependent on ionic concentration of the liquid in which it 
is measured (50, 51). Thus, the ^-potential value is not directly comparable with published 
^-potentials of other subsurface minerals (58) used for bacterial adhesion experiments. 

C.        HYDROPHOBICITY/HYDROPHILICITY OF MICROORGANISMS 

Negative values of AGiwi were obtained only for SRB at logarithmic state and for AER 
at stationary state (Table 1). Thus, only SRB at logarithmic state and AER at stationary state 
manifested hydrophobic cell surface characteristics. According to some researchers (24) this 
result also indicates more adhesion potential of the cells to another hydrophobic surface. In all 
other cases, AGiwi were positive, indicating hydrophilicity of the cells. As the SRB cells went 
from logarithmic to stationary state, their cell surface characteristic changed from hydrophobic to 
hydrophilic. The cells became more hydrophilic from stationary to decay states. ANA cells also 
showed somewhat similar trend, where the cells became more hydrophilic as they went from 
logarithmic to stationary and from stationary to decay state. However, AER cells became 
hydrophilic to hydrophobic as they went from logarithmic to stationary state. The cells became 
hydrophilic again as they entered decay state. Hydrophilicity of AER cells in decay state was 
more than in logarithmic state. 

Highest hydrophobicity of SRB, ANA, and AER were not observed at the same 
physiological state. This result is supported by the findings reported by different researchers. 
Grasso et al. (24), Smets et al. (57), Allison et al. (1), and Dufrene and Rouxhet (16) reported 
increases in cell hydrophobicity from logarithmic to stationary state for Pseudomonas 
aeruginosa Olin, Pseudomonas fluorescens, Escherichia coli, and Azospirillium brasilense, 
respectively, van Loosdrecht et al. (65, 67) and Wrangstadh et al. (81) reported increases in cell 
hydrophobicity from a logarithmic state for different bacterial strains under examination. 
McEldowney and Fletcher (42), on the contrary, observed no change in bacterial cell surface 
hydrophobicity among different physiological states. Our results show that SRB and AER 
exhibited highest hydrophobicity in logarithmic and stationary states, respectively. ANA cells 
remained hydrophilic at all states with decreasing hydrophilicity from decay to stationary to 
logarithmic states. Since bacterial cell-surface characteristics vary widely among different 
bacteria (55), it is no surprise that there is no fixed physiological state at which all bacteria would 
show highest or lowest hydrophobicity. 
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D.       INTERACTION OF CELLS WITH ZERO VALENT IRON 

The ExDLVO plots of the total interaction energy between ZVI and different groups of 
bacteria at different physiological states are shown in Figures 2, 3, and 4. For SRB at small 
separation distances (approximately <10 Ä), the AB forces dominated (Figures A-l, A-2, and A- 
3) and the cells showed negative AGiw2 values at all physiological states (Figure 2). In 
logarithmic state, highest negative free energy was observed. Magnitude of AGiw2TOT in 
stationary state was the lowest but similar to the magnitude of AGiw2T0T at decay state. This 
indicated highest adhesion potential of SRB cells to ZVI surface at logarithmic state and lowest 

TOT 
potential for adhesion at stationary state. The AGiw2 -values for ANA remained positive at all 
separation distances and at all physiological states (Figure 3). At small separation distances, AB 
forces dominated (Figures A-4, A-5, and A-6) and the magnitude of AGiw2TOT increased as the 
cells went from logarithmic to stationary and from stationary to decay states. Thus, ANA 
showed decreasing adhesion potential to ZVI surface as the cells went from logarithmic to 
stationary and from stationary to decay states. For AER at short distances, highest negative free 
energy was observed for cells in stationary state (Figure 4), where AB forces dominated (Figure 
A-8). In logarithmic and decay states, the AB forces were mostly balanced out by LW forces 
and the shape of AGiw2T0T curve was dominated by EL forces (Figures A-7 and A-9). AER 
showed highest adhesion potential to ZVI surface at stationary state and lowest at decay state. 
Because decays of LW and EL forces were very rapid (Figures A-7, A-8, and A-9), at larger 
separation distances (approximately >25 Ä) the EL forces dominated for all consortia at all 
physiological states. Thus, at large separation distances SRB, ANA, and AER showed very 
gradual decay of Giw2TOT at all physiological states. 

The observed AGiw2T0T variation with distance (Figures 2, 3, and 4) describes the 
adhesion potential of SRB, ANA, and AER to ZVI surface. At small separation distances, SRB 
showed large favorable energy for adhesion, whereas, ANA showed high-energy barrier to 
adhesion at all physiological states. On the contrary, at small separation distances, behavior of 
AER varied among different states, where the cells showed large favorable energy for adhesion 
at only stationary state. Comparatively low favorable energy of adhesion was observed at 
logarithmic state and an energy barrier for adhesion existed at decay state. 

TOT 
Although AGiw2 varied among different physiological states for all groups of 

microorganisms at small separation distances, at larger distances their behavior was very similar. 
At larger separation distances, the microorganisms showed a very gradually decaying energy 
barrier to adhesion. This result was expected since the EL component of AGiW2T0T dominated at 
larger separation distances. Shape of the EL component curve is dependent on the ionic strength 
of the liquid medium. At higher ionic strengths (around 0.1-0.01 M) decay of EL component is 
very sharp (72). As the ionic strength is lower, the decay of EL becomes increasingly gradual. 
Since the DI, water used in our experiments was of negligible ionic strength, the decay with 
distance of the EL component and ultimately AGiW2T0T was very gradual. Limited data available 
from actual field measurements* suggests relatively high ionic strength of the ground water 
collected from the reactive core.   An increase in ionic strength would have resulted in a sharp 

* O'Sullivan, D., Personal communications; Tyndall Air Force Base, FL. 
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decrease in the EL component. However, in most cases, AB component dominated and small 
variation in EL component would not produce significant affect on the shapes and magnitudes of 
the AGiw2T0T curves. Thus, our results are adequate for describing adhesion potentials of the 
different groups of microorganisms at their different physiological states. 

An interesting behavior of SRB, the dominant group of microorganisms in the reactive 
core, is worth noticing. SRB cells showed highest hydrophobicity (indicated by AGiwiTOT 

calculations) and correspondingly the highest adhesion potential (indicated by AGiw2TOT 

calculations) at logarithmic state. However, although the cells at decay state were more 
hydrophilic than cells at stationary state, at short distances decay state cells showed more 
adhesion potential to ZVI compared to cells in stationary state. This result is contrary to the 
reports of a number of authors, who described surface hydrophobicity/hydrophilicity as the only 
measure for adhesion of cell to surfaces (24, 58, 65). To validate the theoretical observations, 
subsequent partitioning experiments were conducted. 

E. PARTITIONING EXPERIMENT 

Partitioning of SRB at different physiological states between suspended and attached to 
ZVI phases was measured as a percent reduction of OÜ660 (Table 2). The controls with only cell 
suspensions showed no change in ODßöo, confirming the recovery of all the bacteria after 
filtration. The filtrate of the control with ZVI in DI water showed consistent OD66o of 0.01, 
which was possibly due to dislodgment of some originally present microorganisms from the ZVI. 
This value was considered as a background concentration and was subtracted from OÜ660 
readings of the filtrates to get the actual OD66o reading of the introduced cells in filtrate. Highest 
partitioning (26.5%) was observed at logarithmic state. At stationary state, partitioning of 
bacteria was lowest (14.1%) and was almost half of that at logarithmic state. Decay state 
partitioning (17.0%) was closer to but higher than that at stationary state. The results also 
showed greater partitioning of cells at decay state compared to the cells at stationary state. 
Consequently, our experimental observations were consistent with the theoretical predictions of 
adhesion potentials through AGiW2T0T calculations. A few other researchers also report similar 
observations (57, 70). Thus, AGiw2T0T can provide satisfactory prediction for adhesion potential 
of groups of microorganisms to ZVI. The results from the partitioning experiments confirmed 
the predicted adhesion of SRB to ZVI by the XDLVO calculations. 

TABLE 2. PARTITIONING RESULTS FOR SRB AT 
DIFFERENT PHYSIOLOGICAL STATES 

Physiological 
State 

Initial Concentration Initial 
OD660 

% Reduction 
Of OD660 number/mL dry wt./mL 

log 3.25x106 0.130 0.113 26.5 

stationary 5.0x10s 0.146 0.128 14.1 

decay 8.0x106 0.270 0.224 17.0 
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SECTION V 
CONCLUSIONS 

The few PRB long-term performance studies mostly focused on the chemical aspect of 
the reactive core. The observed flow reductions and performance deterioration typically was 
postulated as a result of chemical precipitation. Although biofouling was observed in Newbury 
Park, CA (53) and Portsmouth, OH (35), a model for predicting the potential for such biofouling 
in PRBs was not present. Our study shows that the dominant SRB population at DAFB site 
permeable reactive core has the potential for biofouling, which can be predicted by bacterial 
surface thermodynamics approach. This report thus presents an optimal method for the 
prediction of biofouling potential and assessment of long-term microbiological performance of 
PRBs. 
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APPENDIX A 
TOTAL INTERACTION ENERGY AND ITS COMPONENTS 
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Figure A-l. Variation of Total Interaction Energy and Its Components with Distance 
Between ZVI and SRB at Logarithmic Growth State. 
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Figure A-2. Variation of Total Interaction Energy and Its Components with Distance 
Between ZVI and SRB at Stationary State. 
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Figure A-3. Variation of Total Interaction Energy and Its Components with Distance 
Between ZVI and SRB at Decay State. 
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Figure A-4. Variation of Total Interaction Energy and Its Components with Distance 
Between ZVI and ANA at Logarithmic Growth State. 
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Figure A-5. Variation of Total Interaction Energy and Its Components with Distance 
Between ZVI and ANA at Stationary State. 
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Figure A-6. Variation of Total Interaction Energy and Its Components with Distance 
Between ZVI and ANA at Decay State. 
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Figure A-7. Variation of Total Interaction Energy and Its Components with Distance 

Between ZVI and AER at Logarithmic Growth State. 
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Figure A-8. Variation of Total Interaction Energy and Its Components with Distance 
Between ZVI and AER at Stationary State. 
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Figure A-9. Variation of Total Interaction Energy and Its Components with Distance 
Between ZVI and AER at Decay State. 
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