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ABSTRACT

There are many methods available to decrease permeability in the subsurface but
one that has been the subject of much research over the last decade is microbially
induced carbonate precipitation (MICP). In this pre¢@sicrobial activityis promoted
that increases pore water alkalinity. When calcium or other divalent cations are supplied
to the system, solid carbonate minerals can form which occupy pore space and can
decrease permeability. Permeability reduction can also come from naidoadfilms
forming in the pore space. The goal of the work presented in this dissertation is to
understand how pore space is affected, both physically and chemically, by biofilms and
the precipitates that they can form. Fundamental research presentediterded to
inform ongoing applicatiofbased research and development.

Previously it has been a challenge to image MICP at high resolution without the
use of destructive techniques. To overcome that obstacle, a fluoredaguqtiyl
bacterium capablefarea hydrolysigdriven MICP was constructed. Biofilms were
grown in twedimensional microscale porous media reactors and allowed to precipitate
calcium carbonate under varied conditions. These reactors were imaged noninvasively
using confocal microscogso that both biofilmand carbonate minerals could be
resolved at micrometer resolution. Image analysis was utilized to quantify how much
pore space was occupied by the biofilm and minerals in order to estimate porosity
reduction. Finally, porascale reacte transport modeling was utilized in order to
estimate local concentrations within the reactors.

The results show that the extent to which the porosity and permeability of the
porous medium was decreased depended on when the calcium was added terthe sys
Also, periods of low flow were found to decrease porosity and permeability to a greater
extent. This result adds to the evidence that a pulsed flow injection strategy may be most
effective for permeability reduction via MICP in the subsurface. Aduttiy, reactive
transport modeling predicts a heterogeneous mineral saturation environment at-the pore
scale which highlights the challenge of predicting precipitation behavior in 3astg
reactive transport models.



CHAPTER1

INTRODUCTION

Background

Controlling and understanding how water, and other fluids, flow in the subsurface
is a significant challenge. The resistance to flow in soil, rock or any other porous medium
is the primary factor whit controls how these fluids flow. The measure of how well a
porous medium conducts a fluid is called permeability. It is often desirable to decrease
the permeability in regions of the subsurface in order to manipulate ground water
transportFor example,his could be to block the flow of pollutantseren potentially to
mitigate the effects of hydraulic fracturibg surface water in the oil and gas industry.

The research presented in this dissertation investigates micrahiiliged
calcium carbonaterpcipitation (MICP) as a potential method to reduce porosity and
permeability in the subsurface. Specifically, uhsarolyzing bacterial biofilms and the
precipitates that they are capable of forming were focused on. The research presented in
this dissemtion was conducted in such a manner to have wide applicability across
multiple potential applications of MICP by looking at the fundamental processes
involved.Figure 1lis an example of the end result of carrying out MICP in a porous
medium composed sland. Calcium carboretrystals and biofilm form osand

partides, thus taking up pore space and decreasing permeability



Figurel. A 3D confocal micosmpy reconstruction of a sand grain with attached bacteria
(S. pasteurji and calcium carbonate precipitates. The sand grain surface was imaged
with reflected light (Blue), calcium carbonate was imaged using auto fluorescence
excited by an ultraviolet laser (White), and biomass was imaged usinglDBAD
fluorescent staining. ®eas containing healthy cells stain green while areas that contain
cells with compromised cellular membranes or extracellular nucleic acids stain red. (A)
Biomass distribution. (B) Biomass with calcium carbonate overlaid. (C) All
components includindghe sand grain surface shown in blue.

This research was sponsored by the U.S. National Science Foundation (NSF)
under CMG award NdDMS-09346967 | mp &M rieraldrecipitating Biofilms on the
Physical and Chemical Char @ardhwascosdudtedat o f
the Center for Biofilm Engineering (CBEBhd the Montana Microfabrication Facility
(MMF) at Montana State University (MSU) (Montana, USA). The research described
here has been conducted concurrently and in close coordination véthretlearch
efforts at CBEMSU focusing on the scalgp and field application of the MICP
technology. These efforts were supported by the US Department of EDigrgy
FE0004478, DHFE000959, DE-G0213ER86571, DE-C26:04NT42262 and DE

FGO208ER46527.
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Researh that was supplementary to what is discussed explicitly in this
dissertation includes collaboration with Oregon State University (OSU) to validate x
computed tomography observations using confocal microscopy. This work was funded
by the Office of Scence (BER), Subsurface Biogeochemical Research Program, U.S.
Department of Energghrough Grant Numbers DEG-02-09ER64758, DEFG02
07ER64417 and DEEG0209ER64734Additional support was provided by the NSF
| GERT program throughbaot ogi oalGkBGp483He ms & Gé
out of which two collaborative projects were born. The first ongoing project is the
construction and analysis of a metabolic network model for the sulfate reducing
bacteriumDesulfovibrio alaskensi&20. The second collakation to come from the
IGERT traineeship was a project to observe and model the chemotactic response of the
methanogemMethanococcus maripaludis hydrogen gas. The abstract for the
chemotaxis work, published Brileya et al.(2013)can be found in Appendix.Hhe
confocal microscopy equipment used was purchased with funding from th&INSF

Research Instrumentation Program andMih& Murdock Charitable Trust

Dissertation Overview

This dissertation is organized in a progression from a literature review in Chapter
2 to methods development in Chapters 3 and 4-gxake experiments in Chapter 5 and
modeling in Chapter 6 where MICP is explomdilico. Observations from

experimentdy motivated chapters inform the model described in Chapter 6 and in turn,
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results extracted from the model adds further understanding to the experimental work.
Chapter 7 draws conclusions from the work as a whole and proposes future research.

Chapter 2 isa book chapter which serves as a literature review and forms the
theoretical basis for the dissertation as a whole. This chapter was accepted and is in press
a sMiciobially induced carbonate precipitation in the subsurface: Fundamental reaction
and tranport process&s | n t h e tThea Hardlboekdf Porous Medi@dnnolly
and Gerlach, 2015Yhis chapter presents a general introduction to MICP and specifically
describes the various alkalinity producing metabolisms, including urea hydrolysis.
Biofilm conceps are discussed as well as precipitation theory and the topics are tied
together in a discussion of reactive transport concepts and modeling.

In Chapter 3 the description and kinetic characterization of two new model
organisms for the study of MICP is pented. The recombinant bacteria constructed in
this work arePseudomonas aeruginosttain MJK1 andescherichia colstrain MJK2
which carry a plasmiborne urease operon and a chromosomal green fluorescent protein
(GFP) constructThe ureolytic activitis of the two new strains were compared to the
common, norFGFP expressing, model organi§porosarcina pasteurin planktonic
culture under standard laboratory growth conditidme utility of the new strains was
demonstrated with confocal imaging in digy flow cell reactors with calcium
carbonate precipitation occurring. This
ureolytic model organisms for the study of microbially induced calcium carbonate

preci pi t alournal of Mzrohiological Metbds(Connolly et al., 2013)
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The biofilm-specific kinetics of urea hydrolysis must be known in order to utilize
the new model organism straifts porescale reactive transport modeling. If reaction
rates were to be left unknown then it would not be possible to predict local
concentrations. In Chapter 4 the description of experiments to determine an appropriate
kinetic model is described usiig coli MJK2. Inverse modeling of the smaitale (mm
to cm) plug flow reactors used in these sets of experiments was used to estimate
volumetric urea hydrolysis kinetics. The kinetics determined in Chapter 4 are utilized
throughout the remaining chapterg@active transport modeling. This work was
submi tted and i s Estimationefrabibfiyaspecilic reaetioniratew a s
Kinetics of bacterial urea hydrolysis in a biofitm. npjrBiofilms and Microbiomes

In Chapter 5 the defined biofikspedfic kinetics ofE. coliMJK2 and the ease of
noninvasive imaging using GFP are utilized in 2D micromodel porous media reactors.
MICP was carried out in these 2D micromodel reactors and imaged with confocal
microscopy. Imaging allowed for the estimatiorpofosity reduction due to all pore
blocking constituents (biofilm, mineral and gas). Differential pressure measurements also
allowed for the estimation of permeability during these experiments. Results of Chapter 5
suggest that the timing of the calciundéion to MICP systems may be important and
periods of low flow or no flow lead to more mineral plugging but also may encourage the
accumulation of gas bubbles in the pore space. Chapter Sesitybeing prepared in
the form of a manuscript titleiReactive transport and permeability reduction in a
synthetic 2D porous medium with biofiimnduced carbonate precipitatiom

preparatiorto be submitted to a peegviewed journal.
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In Chapter 6, experimental observations are incorporated into an indibased
biofilm model that has been modified to include mineral precipitation. This work is a
collaborative effort with Dr. CristiaRicioreand s r esear ch group at
University (TU Delft) in the Netherlands who created the original bie@iimy model
(Picioreanu et al., 1998The model agrees well with experimental observations when it
is assumed that the model domain is seeded with many mineral nucletlathasing
classical nucleation rate relationships found in the literature. The model also predicts a
highly heterogeneous saturation environment in MICP systems that have similar urea
hydrolysis kinetics. This is contrasted with a fairly homogeneouscama@entration on

the same scale (100 pm)

The appendices contain supplemental information for the main chapters as well as

additional work completed during this PhD work that do not fit neatly into the central
theme of this dissertatioAdditional workcontained in the appendices incluithe

surface characterization of microbial precipitates usingyxphotoelectron spectroscopy
(Appendices F and Ginodeling of microbial chemotaxis (Appendix H) and the

discussion of medical struvite stone formation viarobial urea hydrolysis.
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CHAPTER?2

MICROBIALLY INDUCED CARBONATE PRECIPITATIONIN THE
SUBSURFACE: FUNDAMEN AL REACTION AND TRANSPORT PROCESES

Contribution of Authors and Coauthors

Manuscript in Chapter 2
Author: James M. Connolly

Contributions:Envisioned graphics, table design and major topics of the review. Wrote
and revised manuscript.

Co-Author: Robin Gerlach

Contributions: Envisioad major topics of the review. Contributed to the writing,
development and revision of the manuscript with commamtsfeedback.
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Introduction

Many microorganisms are capable of inducing carbonate mineral precipitation
under certain conditions. Not to benfused with structured biomineralization in
eukaryotes for bones and shells, bacteria can indirectly cause precipitation as a byproduct
of alkalinity increasing metabolisms, such as photosynthesis, urea hydrolysis, sulfate
reduction, nitrate reduction and iron reduction. The geologic record holds many egampl
of microbially produced carbonates and presently the process is being utilized to
manipulate porous media propert{@e Muynck et al., 2010; Riding, 2000)

Applications in porous media are numerous but can generally be divided into either
increasing the material strength or reagcpermeabilityPhillips et al., 2013a)The
microbiology of such systems will be discussed includingab@isms, biofilm concepts

and biological reaction rates, followed by mineral precipitation fundamentals and reactive
transport modeling approaches.

Microbial activity can induce a cascade of physical and chemical changes, which
can include the shift ofarbonate equilibrium chemistry, precipitation, and changes to
system hydrodynamics. Changes in hydrodynamics in turn can change the reaction and
transport in biofilmand minerakffected porous media. Both Darsgale and porscale
reactive transport coepts will be discussed and classical porous media methodology
will be applied to MICP systems.

In the subsurface, microorganisms have a close association with the surfaces of

the porous medium they live in making them potentially sensitive to chandexsto t
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porous media surfaces. Precipitation can cause changes (physical and chemical) to
surfaces that the microbes are attached to, and as a result can change the reactive
transport behavior in the porous medium. Additionally, precipitation can changeéhe |
physical and chemical environments thus altering microbial activity and in mixed
microbial communities potentially shifting locabjpulations. As shown in Figure 2
many processes can occur during MICP and affect reactive transport, porous media
morplology and biogeochemical conditions. Before precipitation, attached
microorganisms can affect flow by the formation of biofilm. Once precipitation
commences additional pore space reduction can occur along with the potential for
inactivation of biomass thugh encapsulation in the precipitéfd Qabany et al., 2012;
Cuthbert et al., 2012planktonic biomass also has the potential to cause precipitation in
the bulk fluid that can be deposited downstream. The deposited precipitates can cause an

additional reduction in porosity and permeepil



Planktonic Cell
Biofilm Cell

Figure2. Fluid flow and reactive processes affecting MICP at the pore network scale.
Microbial cells exist either in a freely floating planktonic state or in a biofilm.
Precipitation can occur in suspension, in the bioGinon solid surfaces. Biofilm and
precipitates affect local hydrodynami€shey are present in sufficient quantities by
blocking pore throats, isolating pores and constricting flow. Stagnant zones and
preferential flow pathways develop leading to pstale chemical, physical and
potentially biological heterogeneity.

The aim of this chapter is to describe the major{scede processes associated
with MICP and put them in the context of porous media reactive transport modeling
approaches. First MICP iswililed into biological, physical, and geochemical sub
processes; their interactions are discussed at thespale, and finally it is discussed
how these processes and interactions affect local and system wide reactive transport. The
chapter as a whole istended to serve as an overview of the current knowledge within

the MICP field in regards to poszale processes. The processes are represented in
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equation form where possible to provide mathematical relationships that are useful for

modeling.

Biologicd Processes

Among the known microbial metabolisms there are primarily four types that have
been associated with significant mineral precipitation in the subsurface through the
generation of alkalinity. These mineral precipitatinducing metabolisms areea
hydrolysis, nitrate reduction, sulfate reduction and iron redu¢@astaier et al., 1999)
Microbial photosynthesis (e.g. in cyanobacteria) is also a significant source of
biominerals in nature (e.gtromatolitegRiding, 2000). However, the importance of
photosynthesis is restricted to the eartho
and will thus not be discussed in this chapfée. do not aim to discussery type of
alkalinity producing metabolism in this chapteowever thefour that ae discussed in
detailarelikely representative of the most effectimees(DeJang et al., 2010; van

Paassen et al., 2010)

Alkalinity Producing Metabolisms in the Subsurface

Alkalinity is generally defined as the amount of acid that must be added to a
solution to decrease its pH to a given level, or alternatively as the ability of a solution to
resist a pH decreag€rittenden et al., 2012Where the carbonate buffering system

dominates, as is the case in most natural waters, alkalinity can be expressed as

Alkalinity =[HCO;] + 2[COZ ] +[OH]-[H"]- (@)}
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Square brackets indicate molar concentrations. Alkalinity production can then be
generalized as any process that results in the consumption of acid equivalgots (H
production of base equivalents (Odt other anions). In the presence of dissolved
inorganic carbon (DIC) and certain cations such as calciudi)(@a increase in
alkdinity can induce the precipitation of carbonate minerals such as calcium carbonate
(CaCQs):
Ca®™ +CO;f - CaCQ,. )
DIC is the sum of all carbonate species in a solution and can generally be represented as
DIC =[H,CO,] +[HCO;,] +[CO? ] - ()
H>COs denotes the sum of fully protonated carbonic acid and dissolved\VZi@n
other ions such as sodium or calcium are abundant, as is often the case in MICP systems,
calcium bicarbonate ions (CaHEQ) sodiumcarbonate ions (NaGQ, and other similar
species may also have to be included. The relative concentration of each of the three pure
carbonate species is pH dependent and is determined by the set of equilibrium equations

in Table 1

Tablel. Equilibrium reactions and pkl¢gio(k)) values for the carbonate system at 25°
C.

Reaction Equilibrium Equation pk
Water dissociation HO 7z "@®H' 14
Carbonic acid dissociation H.COs* 7z HE€EW 6.35

Bicarbonate dissociation HCO: z GC:D+H' 10.33
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At a pH value between roughly 6.5 and 10, the DIC is dominated by bicarbonate
(HCGOs). For this reason, most of the biological and geochemical reactions discussed in
later sections of this chapter will be written with DIC as bicarbordtieough
bicarbonate generally dominates DIC at biologically relevant pH values, there will still be
a small fraction present as carbonate £&)Q@vhich is the species available for
precipitation. It should be noted that equilibrium reactions, and thysktfgio(k))
values in Table 2are dependent on temperature and ionic strength. One example where
both ionic strength and temperature must be considered would be a deep brine aquifer
that would have elevated temperature and potentially very highsteiogth.

As alkalinity and pH increase, precipitation of carbonate minerals becomes more
favorable due to an increase in the carbonate concentration and as a result, the saturation
state. The saturation state (S) is defined as

_IAP
S= k ) (4)

sp
where IAP is the ion activity product angh ks the solubility producfMullin, 2001). The
IAP is simply the product of the activities, (here denoted asdk3ll ions associated
with the mineral. Taking calcium carbonate as an example:
IAP ={Ca?}{CO 2} . (5)
When the IAP is greater thag,Kor S > 1) then the solution is supersaturated and
precipitation is possible. Incraag the activity of either calcium or carbonate ions can

lead to supersaturation. The use of activity rather than concentration is particularly

important when calculating the saturation state because depending on the conditions (e.g.
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temperature and iongtrength), order of magnitude errors are posgifthang and Dawe,
1998) Figure 3shows the relationship between concentration and activity over a range of
ionic strengths fodivalent and monovalespeciesAt low ionic strength the values for
ion activity approach the concentrations of the ions (activity coefficient = 1). This
approximation cannot be made for high ionic strength solutions such as seawater or high

salinity brine systems.
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Figure3. The ratio of the ionic activity versus concentration (also known as an activity
coefficient) for monovalent and divalent ions over a range of ionic strengths. For
comparison, seawater has an average ionic strength of approximately A.7Trel
Davies extension of the Deby#ickelrelationship was use@avies, 1962)The Pitzer
equation should be used at ionic strengths above 0.1 iffitder, 1991put was not
shown here because aspic solution chemistry would have to be assumed.
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Urea HydrolysisMany heterotrophic soil bacteria have the capability to use urea

(CO(NH2)2) as a nitrogen sour@dobley and Hausinger, 1989; Morsdorf and
Kaltwasser, 1989)Urea can be present in the subsurface famimal waste sources or be
added directly to engineered environments. Urea must be hydrolyzed in order to be
utilized for biomass growth and many organisms possess enzymes for that purpose.
Uncatalyzed urea hydrolysis proceeds slowly but its rate islgreereased (by orders of
magnitude) by the urease enzymes produced by many orgdpYisrgge and Cabral,
2002) UreasdDixon et al., 1976; Mobley et al., 199&gtalyzes the hydrolysis of urea to
form inorganic carbon and ammonia by

CO(NH,), +2H,0 - 2NH, +HCO, + H* . (6)
Urea hydrolysis on its own has no effect on alkalinity but at circumneutral pH the
ammonia becomes protonated where

NH, +H*a NH. (7)

Combining urea hydrolysis with the subsequent ammonia protonation, the overall
reaction becomes

CO(NH,), +2H,0+H" - 2NH: +HCO;,, 8
where one proton is consumed and one bicarbonate ion is produced. Thus, at
circumneutral pH the hydrolysis of one mole of urea increases the alkalinity by two
moles, effectively incresing the saturation state of carbonate minerals.

Microorganisms can utilize urea hydrolysis in an assimilatory fashion by simply

incorporating the ammonium or ammonia into their nitrogen metabolism or in a

dissimilatory process where the bacteria gainggnthrough the formation of a
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membrane potentidlahns, 1996)t is also a reasonbbtheory that dissimilatory urea
hydrolysis is a competitive strategy that provides an advantage ovatkabiphilic
organisms. Heterotrophic bacteria in the geisgrarosarcinaandBacillushave been
shown to produce particularly high amounts of ur¢dabns, 1996; Morsdorf and
Kaltwasser, 1989)n the case obporosarcina pasteuriurease has been shown to
comprise approximately 1% of the cell dwgight(Bachmeier et al., 2002jnaking it a
highly effective organism in the context of MICP for engineered purposes in the
subsurface where oxygen is pres@itQabany et al., 2012; Martin et al., 2012; Tobler et
al., 2011) Undermost conditions, in the presence of sufficient calcium, dissimilatory
urea hydrolysis readily induces calcium carbonate precipitation and permeability

reduction in a porous mediu(@e Muynck et al., 2010; Phillips et al., 2013a)

Denitrification Denitrification is the reduction of oxididgorms of nitrogen,

mainly nitrate (NQ@), to nitrogen gas (§) and is primarily carried out by heterotrophic
bacteria. The overall redox half reaction of denitrification is
2NQ; +10e +12H" - 6H,0+N,. 9)
Denitrification is thercoupled to the oxidation of an electron donor such as acetate
(CHsCOQO) and the overall catabolic reaction becomes
5CH,COO0 +8NQ; +3H" - 10HCQ, +4N, +4H,0, (10
where alkalinity is generated by the consumption of protons and the generation of

bicarbonate. The use of acetate as a carbon source in an engineering setting could be

particularly useful because the use of calcium acetate and calcium nitrate accomplishes
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adding the electron/donor pair necessary for growth and alkalinity production as well as
the divalent cation necessary for mineral formation. There are many organic and
inorganic electron donors that can be utilized by denitrifying microorganisms. For
exanple, denitrification using hydrogen gas as an electron dauwoliydrogenotrophic
denitrificatior) has been shown to greatly increase alkalinity and to precipitate calcium
carbonate in wastewater treatment environmgrgs and Rittmann, 2003)

Mineralization through nitrate reduction has been of recent interest in the
bioremediation field as an alternative to urea hydrolijddestin et al., 2013§lue to
concerns concerning growth inhibition of ureolytic bacteria in anaerobic environments
and problems with generating large amounts of anwumom the subsurfacgMartin et
al., 2012; van Paassen et al., 200®nitrification is, however, not without
complications due to the potential generation gjéaamounts nitrogen gas that could
cause transient (rather than long lasting) permeability reduction and the potential
formation of nitrous oxide, a strong greenhouse gas. Furthermore, the direct injection of
nitrate into the subsurface may face reguiatarrdles because it is a regulated pollutant
in much of the world although balanced addition of nitrate and electron donor could
result in very little nitrate remaining after the treatment. Incomplete oxidation of organic

electron donors is also possibg@tentially causing unwanted byproducts.

Sulfate ReductiorBacteria that use sulfate ($Q as an electron acceptor for

respiration, known as sulfateducing bacteria (SRB), are capable of increasing

alkalinity in anaerobic environments. Sulfate reduchas also been described in
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Archaea(Klenk et al., 1997; Muyzer and Stams, 20B8) in this chapter the term SRB
refers to the broad class of microorganisms that can use sulfate as an electron acceptor.
When oxygen or nitrate is not present, mineralization still can occur in the salesuida
sulfate reduction under the right conditidBsaissant et al., 200.7As a half reaction,

sulfate reduction can be written as

SO +9H" +8€ - HS +4H,0. (12)
The electron donor could be organic or inorganic depgnainthe specific organism.
The reduced sulfur species equilibrium acts similarly to the inorganic carbon equilibrium
in that speciation is dependent on pH. At pH values below 7 the dominant species is
hydrogen sulfide gas @3). At pH values between 7 ah@, the dominant species is
bisulfide (HS), a strong base, and at extremely basic pH values sulfijel(®inates.
In this section we will assume that these reactions are taking place in an already alkaline
environment where bisulfide is the dominapesies.

SRBs are a diverse class of microorganisms, many of which are capable of
utilizing multiple electron donors and carbon souitengeler et al., 19985ome SRB
species can produce alkalinity and precipitate carbonate minerals on their own. Others
enter nto symbiotic relationships that form biominerals and yet others decrease alkalinity
and cause corrosive environme(iyzer andStams, 2008)Both the metabolic
potential of the organism and the biogeochemical conditions that surround them dictate
how they will affect the mineral saturation states and this complex interplay cannot be
fully covered in this chapter. Rather, thecgon will primarily deal with the types of

systems that are associated with precipitation.
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Perhaps the most common example of alkalinity production in nature via sulfate
reduction is when it is coupled to anaerobic methane oxidéioetius et al., 2000;
Milucka et al., 2012)The overall result is the consumption of methane and sulfate and
the production of bicarbonate and free sulfidesS(dr HS depending on the pH). At
above a pH of 7 the reaction occurs according to

CH, +SO? - HCO, +HS +H,O. 12

The resulting increase in alkalinity has been shown to cause precipitation, particularly of
carbonate minerals and iron sulfid®gallmann et al., 2006 Anaegobic methane
oxidation has been linked to the formation of modern calcium carbonate deposits in
marine environment§slenn et al., 20073s well as porblocking authigenic carbonates
in marine sediment@Vallmann et al., 2006)

Alkalinity generation and precipitation can also be facilitated by SRBs in pure
culture bythe degradation of organic substances such as carbohydrates and organic acids.
As an example, the complete oxidation of acetatesGTHD) increases alkalinity by

producing bicarbonate at circumneutral pH where
CH,COO +SO§' - 2HCG; +HS . (13
Rather than producing bicarbonate, classes of SRBs, many of which lie in the genus

Desulfovibriq are able to gain energy by oxidizing hydrogen gas. Hydrogen oxidation

increases alkalinity by consuming a proton where

4H,+SO; +H' - HS +4H.,0. (14)
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Iron Reductionlron reducing microorganisms represent a potential source of

alkalinity production in environments where there is a significant amount of ferric iron
(Fe*). Dissimilatory ironreducers use ferric iron as their terminal electron acceptor
reducing it to ferrous iron (B8 coupled with the oxidation of +br organic substrates.
Like sulfate reducers, iron reducers are diverse and widely distributed phylogenetically
acrossBacteriaandArchaea(Fredrickson and Gorby, 1996; Lovley et al., 20@pecies
from the gener&eobacterDesulfuromonasndShewanellare representative of the
metabolisns discussed in this section. Dissimilatory iron reduction is a particularly
complex process because ferric iron exists in many forms and is often poorly soluble in
the subsurfacéNevin and Lovley, 2002)This section will not cover iron equilibria and
how iron reducers can affect it in detail but Nevin and Lovely (2002), as well as others,
provide a thorough discussion of this topic.

Iron reduction can be represed by the half reaction

Fe" +e - Fe&". (15

The source of ferric iron and the fate of ferrous iron are highly variable depending on the
physical and chemical environment in which the process is taking place. Féigs ox
(Fe03) and oxyhydroxides (FeOOH) are common in the subsurface but are often not
very soluble. Thus, ferric iron reduction requires the use of specialized strategies by the
involved microbes, which can include the use of external electron shattgstors, F&
solubilizing agents and possibly electron flow by direct electrical contact to the iron
minerals through filamen{®Nevin and Lovley, 2002; Pfeffer et al., 2013pluble iron

could al® be added to a system in an engineered setting. The fate of the reduced iron can
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be as precipitated pyrite (F§®r magnetite (F4), remain in the soluble form, or be
oxidized back to ferric iron by either biotic or abiotic reacti@fredrickson and Gorby,
1996) Ferrous iron can also be precipitated in the form of iron carbonaéesiies,
FeCQ) (Fredrickson et al., 1998)

It has been demonstrated experimentally that iron reduction can increase
alkalinity when ferric oxyhydroxidéFeO(OH)) is supplied as the source of soluble
oxidized iron(Vile and Wieder, 1993)Using acetate (G3€0QO) as theelectron donor,

net alkalinity will be produced by

8FeO(OHy CH,COO +15H" - 8F€" +2HCQ, +12H,0, (16)
where protons are consumed and bicarbonate is produced, increasing alkalinity. The
formation of bacterial iron carbonates in nature is well documéatgd-redrickson et
al., 1998)however its stimulation for engineered purposes remains relatively unstudied

and remains undemonstrated as a viable techn¢&igphens and Kii, 2008)
Biofilms

A microbial biofilm consists of a consortium of cells held together by a self
produced matrix that is attached to a surface. The matrix typically consists of
biopolymers such as polysaccharides, nucleic acids and proteins ateh isetérred to
in general terms as extracellular polymeric substances (EP&jacklis and Marshall,
1990; Flemming and Wingender, 2001&he high surface area of a porous medium can
be highly conducive to biofilm growth. Biofilm growth in general, and especially in a

porous medium, can be gsificant cause of metabolic diversity due to spatially and
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temporally heterogeneous mass trans@@unningham et al., 1991; Shafahi and Vafai,
2009)that can cause microenvironments.

Biofilms and planktonic (freely floating) biomass contribute to carbonate
precipitation. The ratio of biofilm biomass to planktohiomass is entirely system
dependent but generally it can be assumed that most of the biomass is acting in an
attached state in tlsabsurfacéCosterton et al., 1987; Lapp®rott and Costerton, 2003;
Vandevivere and Baveye, 199Fvenplanktaic cells detected in a porous medium will
often be detached biofilm clustdiStoodley et al., 2001Yhis is in fact an important
distinction because at the pegeale thdocations of highest microbial activity and
alkalinity generation, thus supersaturation will be most likely localized within biofilm
colonies. During the early stages of mineral formation, one would expect nucleation to
occur in biofilms but microbial bidms, and even the EPS alone, have been shown to
affect and in some cases inhibit mineral nucleation and growth signifi¢&néissant et
al., 2003; Decho, 2010; Dhami et al., 2013; Ercole et al., 2012; Kawaguchi and Decho,
2002; RodriguedNavarro et al., 2007For example, the growth of aragonite has been
shown to be inhibited by the adsorption of acidicypatcharides to crystalline surfaces
(Wada et al., 1993)

Along with the physical effects of biofilm growth on mineral formation and
reactive transpoih a porous medium, there are chemical effects. The chemical effects of
biofilm and EPS on mineral precipitation are not fully understood and are likely to vary
from system to system; however, there are some concepts that have gained general

acceptance. Bkaryotic cells and biopolymers generally have exposed negative charges



24
that are available for crosslinking with divalent cations through electrostatic interaction
(Flemming and Wingender, 2001b; Mayer et al., 199¥)en divalent cations are
present, as they are likely to be in MICP systems, EPS has the tendency to bind these ions
potentially affecting crystal nucleation and groWitawaguchi and Decho, 2002; Perry
et al., 2005) This binding adds structural rigidity to the biofilm by crosslinking the
negatively charged EPS polymé@hen and Stewart, 200ahd loweringdiffusivity.
Cation binding also affects the polymorphism of minerals. For example, calcite is the
most stable form of calcium carbonate at long time scales but when organic molecules are
present, specifically biofilaassociated polymers, other polymorggasagonite and
vaterite) or amorphous precipitates can be stabilidami et al., 2013; Rodriguez

Navarro et al., 2007)

Kinetics
Until now only the existence of the different biogeochemical processes in MICP
has been discussebut in order to truly understand MICP systems the rates at which
these processes take place need to be understood. MICP systems generally have slow,
rate limiting biological reactions followed by fast aqueous inorganic equilibrium
reactions. The reactis responsible for producing alkalinity are limited by microbial
enzyme rates. For modeling purposes it is generally assumed that the biological reactions,
including those taking place in biofilm, limit overall reaction rates and all inorganic

species eqlibrate fast enough to be at equilibriyfghang and Klapper, 2010)
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The enzymecatalyzed biological reactions discussed in Se@iare usually a
chain of many reactions. Nitrate reduction for example is a 1st@lfi process with each
reaction being carried out by a different enzyme possessing different kinetic properties
Even the apparently simple urea hydrolysis system, with the primary reaction being
carried out by a single enzyme can be affected by other reactions that would affect
intracellular substrate or product concentrations such as cell membrane transport
reactons for urea and ammonia or pH regulatfdahns, 1996)

Enzymatic reactions aregically a function of reaction substrates, products,
temperature and pH. The most common rate expressionMichaelis Mentenkinetic

model with only substrate concentration being taken into account where

dC C
S =R, =R, Ce —2—. 1
dt S max Ekm_I_Cs ( 7)

Csis the substrate concentration,ifRthe substratdependent reaction rateaRis a

theoretical maximum rate and ks a half saturation constants(€km at Rs= 0.5Rnax)

and G is the enzyme concentration. For example, ifithehaelis Mentenkinetic model

were applied to urea hydrolysiss Would be the concentration of urea and the other

kinetic constants would need to be determined through experiments or extracted from the
literature taking into account potential pH, temperature, presand ionic strength
dependencies.{s often assumed to be constant or scaled to the microbial population. It
should be noted that above certain enzyosubstrate concentration ratios saturation
kinetics with respect to enzyme concentration canddselop. However, such high

enzymeto-substrate concentration ratios are not very likely to occur in porous media
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systems of relevance to engineers. Simplifications can be made for cases with very high
and very |l ow substr atzeerco nocrednetrrdata nodh s frierssut

relationships with respect to; @s follows.

ZeroOrderR, =R, for C.> X, (18
. R R
FirstOrder: R, :%Cs and %1 k, for C,< <k, (19

In the first order approximation,-Rd{km is typically combined to form a new variable,

the first order reaction rate constant) (leaving a simple linear relationship. Both

enzyme specific rates and rates of overall metabolic activity are commonly expressed in
any of the three forms above degderg on the conditions and application. In substrate

limited systems, it can be more appropriate to use the first order approximation because
substrate concentrations are low. In other systems, where the substrate concentrations are
expected to be highea,zero order approximation may be appropriate.

Local reaction rates (and concentrations as a result) are difficult to predict at the
porescale because biofilm specific rates are not well studied. As discussed previously,
the majority of the microbiologa activity in the subsurface is likely to be attributed to
biofilm. Unfortunately most tabulated kinetic values.gkand k») are reported for
planktonic systems or for pure enzymes. To accurately predicspale behavior the
volumetric reaction ratedte per volume of biofilm, or per volume of porous medium)
must be known and estimating those rates accurately can be difficult since planktonic or
pure enzyme characteristics might not holebtin biofilms. Figure 4 showss calculated

saturation stateistribution in a porescale model with ureolytic alkalinity generation.
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The biovolumetric reaction rate is varied and the result is a significant change in the
calculated heterogeneity of local saturation states. In general, higher biological reaction
rates lead to more heterogeneous local concentrations due to mass flutidimaites

illustrated in Figure 4

13

12

11

10

Figure4. The theoretical geometry presented in Figure 1 (A) was applied to a 2D,-steady
state finite element model ttemonstrate the effect of alkalinity production in a biofilm

on the porescale spatialiresolved saturation state (S). Panels B, C and D show

simulations with varied urea hydrolysis rates of 0.5, 1.0 and 2.0 mol/&spectively

and a constant precipitan rate of 0.001 mol/(%h). In this example urea hydrolysis

occurs only in the biofilm domains and laminar fluid flow (Re << 1) is restricted to the

l iquid domain (no flow inside the Dbiofilm
section at thend of this chapter for additional information regarding this model.
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Mineral Precipitation Theory

Precipitation is very effective at blocking pore space in geologic materials. As
opposed to pore blockage with biofilm alone, the precipitation of minerals is an attractive
strategy to block pores because the minerals have the potential to be longgr lastin
(Ebigbo et al., 2010; Mitchell and Ferris, 2006he precipitation of carbonate minerals
can occur in the subsurface abiotically or throughnierobial production of alkalinity
as discussed in SectiGnBiomolecules, even if they are not directly involved in
precipitation have been shown to affect altie# steps involved in precipitatigpecho,

2010; Kawaguchi and Decho, 200R) order to understand precipitat, and the effect
of microbial activity has on it, one must understand abiotic precipitation. The following
section presents basic principles of aqueous mineral precipitation processes and theory

important in the context of MICP.

CarbonatéMineralsand Blymorphs

Carbonate minerals are commonly precipitated when DIC is present in high
enough concentration to allow for local, or widespread supersaturation with respect to
carbonates. Other minerals, such as iron sulfides, phosphates and silicates can also
precipitate but carbonates are generally dominant in natural and engineered systems that
produce microbially induced precipitates. This is because many microorganisms produce
DIC as a metabolic byproduct and divalent cations can be added easily or may laérea
present. Carbonate precipitation is also comparativelf{Rasandri and Kharaka, 2004)

making it an obvious choice in many engineered applications. Nuclesatb crystal
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growth behavior varies between particular minerals but the specifics pertaining to
carbonates will be the focus here. It should be noted that if phosphate is expected in a
system calcium carbonate growth has the potential to be inhibitatigredent at a high
enough concentration apatite can be precipitg®éht and House, 2002)

Carbonates can be either crystalline or amorphousdnatalline). Of the
crystalline carbonates, there are many typgsedding on the geochemistry of the
environment that they are formed in. If only calcium carbonate is considered, there are
three possible polymorphs: calcite, aragonite and vaterite. Each polymorph is calcium
carbonate but possesses different crystatstra and solubilitfyMohamed and Antia,
1998) At room temperature in pure, aqueous environments without microbes, calcite is
the most stable polymorph because it has the lowest solyBilitgnmer and Busenberg,
1982) The subsurface environment is rarely pure, meaning that trace ions as well as
organic and inorganic atecules are present to varying degrees. These impurities change
the properties of carbonate minerals that are precipitated. Sparse substitutions by trace
metal ions in the crystal lattice of a carbonate crystal can affect the morphology leading
to one paticular polymorph having many distinct morphologieset al., 2012; Zhang
and Dawe, 2000)The precipitation bother carbonate minerals is possible in biologically
relevant environments including iron and magnesium carbonates. Carbonates with mixed
cationic composition can also form, such as dolon@&EMg(CQ).) (Krause et al., 2012;
SanchezZRoman et al., 2011; Vasconcelos et al., 1995)

Polymorphic distribution is affected by biological activity. Multicellular

organisms generally control the polymorphism of calcium carbonate shells (e.g. oysters
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and egg shells) through the use of scaffolding biopolymers and nucleation control.
Although it is not as controlled as in multicellular organisms, it has been shown that
microbial biofilms change polymorphic composition in a similar way by stabilizing

otherwise metastable polymorp(#odriguezNavarro et al., 2007)

Nucleation

Supersaturation with respect to mial solubility is required for precipitation, but
supersaturation does not guarantee precipitation. The formation of thermodynamically
distinct phases in a liquid is usually initiated first by nucleation where the rare phase first
appears at discrete ptsn The formation of a nucleus is associated with the system
seeking a point of lowest free energy, as proposed by GiIBd8) Classical nucleation
theory that arose from the work Gibbs and others was based on condensation of a
vapor to a liquid however it is commonly extended to crystallization from solutions. The
energy difference between a small elementary volume of solid precipitate and the same
mass of di ss ol carbe spiitanio avo pattse Brst, thepésis a free energy
associated with the energy difference between the crystal surface and the bulk crystal
l attice that i s c¢al k®hdsetohdgpartssuhe fre energyf r e e
between the bulk cryak lattice and the dissolved solute called the volumetric free energy,
G, analogous to a very large crystal particle of infinite radius. The overall free energy

can be written as

PGPG+pG. (20
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If we assume a $grical crystal geometry of radius r, the total free energy can be written

as
PG4 r20+43' oG, (21)
wheredi s t he wuni t s wrisfaardt eolumeatrie freg gnergynTte sgoface

energy i s al wayss npeogsaittiivvee siof tghGe) aecuirirgy a ma X

at a radiusdit (see Figure 4) such that

PG =45 T (22
where &it is the theoretically minimum stable nucleus raqMsillin, 2001). A nucleus
smaller thangi is most likely to redissolve and nuclei reaching a size larger tharare
stable and are more likely to nucleate larger crystals.
The free energy treatment of the nucleation shows the importance of
heterogeneities. Any localized perturbation (physical or chemical) to bulk conditions can
be either a source or inhibitor of nucleation. Local high concentration locations are more

likely to be points of nucleation as systems have the tendency to equilibrate.
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Figureb. Critical nucleus size behavior due to a maximum in the total free ergg®)y (
based on Equations Z2. A small nucleus (r <<¢ is unstable ani likely to redissolve
as relaxation occurs to a lower total free energy. A large nucleus {y isdikely to
grow in order to reduce total free enef@ibbs, 1948; Mullin, 2001)

Nucleation can happen in two ways. Nucleation can occur on surfaces and as a
result of particles in suspension (heterogeneous nucleation) or a nucleus can form
randomly in a perfectly homogeneous liquid (homogeneous nucleation). When
considering MICP athe porescale, the understanding of nucleation is important because
it creates the initial conditions for crystal growth. The difficulty for modeling is that
nucleation is considered a spatially stochastic pro€asiauer et al., 2008)ading to an
uncertainty in the locations and density of nucleation points, and the effects of microbial

activity are not well characterized.
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The classical approach for homogeneous nucleation is that once a solution is
supersaturated, the polymerization of aqueous calcium carbonate occurs randomly and
becomes the nucleus precur@dullin, 2001). The polymerized aqueous calcium
carbonate is termed amorphous calcium carbonate (ACC) and is much different than
solid, crystalline phases because it lacks a clear crystal structure. Once an ACC cluster
reaches a certain critical sinucleation occurs and ordered crystal growth proceeds
(Figure 4)(Yoreo and Vekilov, 2003])This classical view is useful but neglects some
detail that is critical to the understanding of the process in haalbgystems.

A more modern view of calcium carbonate nucleation has three main differences
compared to the classical model. First, ACC forms even in tsatarated solutions and
can be more stable than was previously tho(@bmichelis et al., 2011; Gebauer et al.,
2008; Raiteri and Gale, 201®econd, there is more than dype of ACC that can be
ordered such that different calcium carbonate polymorphs are nudfelaiesk et al.,
2000; Politi et al., 2006)rhird, ACC can be metastable even in supersaturated
conditions, particularly when magnesium ions are present at certain concen{faitns
et al., 2010; Radha et al., 2Q1Zhe overall impact of these more recent discoveries in
carbonate nucleation is a change in the assumed energetics of nucleation. The newer view
of calcium carbonate nucleation that includes the existence of metastable prenucleation
clusters lowers # energetic boundary (free reaction enthalpy) to precipitation relative to
what was previously thought under the classical nucleation iGeéekuer and Calfen,

2011)
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The control of the type of ACC that is present during prenucleation ir shell
forming multicellular organisms has been shown to be a mechanism for the control of
polymorphic compositioMarin et al., 2008; Weiss et al., 2003milarly, it is a
reasonable hypothesis that biofilms will affect ACC type and cluster size subsequently
changing the nucleation characteristics relative to those which would be expected in the
bulk fluid. For example, a number of studies have shown that vaterite and ACC are
preferentially formed in some MICP syste(RodriguezNavarro et al., 2007; Xiao et al.,
2010) Vaterite is the least stable crystalline calcium carbonate polymorph at bitijogica
relevant conditions so its occurrence in MICP systems leads to the conclusion that the
bacteria are not only inducing precipitation but also affecting polymorphism by
stabilizing otherwise unstable intermediate mineral foffRedriguezNavarro et al.,
2007) In many MICP systems calcite is the only observed calcium carbonate polymorph,
however it is thought that in many cases vaterite is an intermediary and calcite develops
through the Ostwald rule of stages where more stable phases form via less stable
intermediategXiao et al., 2010; Yoreo and Vekilov, 2003)ao et al. (2010) also
present continued evidence for phospholipid cell walls nucleating carbonate minerals,
specifically vateriteas a precursor to calcifalso seeDouglas and Beveridge, 1998)

In the subsurface environment it is reasonable to assume that true homogeneous
nucleation is a rare event. Geologic porous media have many of the factoentiraily
are associated with the existence of heterogeneous nucleation. These factors include the
presence of secondary nucleation sites (seed crystals) and rough qiuiates2001).

Heterogeneous nucleation requires less free energy change compared to that associated
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with homogeneous nucleation, allowing nucleation to happen at a lower saturation state.
The concentration and distribution of nuclenducing heterogeneities will thersal
affect precipitation distribution later in the process because nucleation represents the
initial condition for precipitation.
There are many factors in nucleation that are difficult to quantitate and even if
they are known their effect is difficult fredict. The classical nucleation relationship can

be described by the Arrhenius expression where

R —Bexp(? "16Gs” 8 23)
3k, T3 (N S)*

B is equal to 1 nucleus per time per volume and simply contains the uniis e the
Arrhenius form(Kashchiev and van Rosmalen, 2003; Mullin, 2001y interfacial

tension 3 is the molecular volume gkis the Boltzmann constant and T is the temperature.
Unfortunately Equation 23 does not capture observed nucleation behavior very well
leading to a multitude of more complex expressions, many of which are system specific.
For a more complete review of miaénucleation se¥oreo and Vekibv (2003)

One nearly universal example of a situation where observation does not match
classical theory in nucleation is the €ince of a lag period between critical
supersaturation and nucleation. Observable nucleation does not generally occur at
precisely the same time at which the critical supersaturation is reached as predicted by
Equations 20 and 21. A so called inductiond;j fng, is required. Many factors affeGigt
however in general shorter induction times are associated with higher nucleation and

growth rategFlaten et al., 2010Bimilarly, higher supersaturation and the presence of
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heterogeneous nucleation sites will decrease the induction time. Inverse proportionalities

betweenits and Ruchave been proposed such that

b TR (24

howevertheir use in predicting subsurface behavior is limited because of the

unpredictability of heterogeneous nucleation sites.

Crystal Growth Models andiKetics

Once nucleation occurs, crystals will grow based on the conditions that exist at
the crystal/fluidinterface. As in nucleation, there are many molecular scale factors that
affect crystal growth. There are thermodynamic controls that limit crystal size and
polymorphic composition and kinetic controls due to ion diffusion limitations and surface
species guilibrium reactions. Many factors affect crystal growth but generally crystal
growth is faster with higher supersaturation. The relationship between saturation and
crystal growth can be handled a number of ways mathematically. More complete reviews
are numerous however a complete discussion of basic crystallization can be found in
Mullin (2001)

There is no universally accepted mathematical treatment of logystaeth. The
general thermodynamics are understood but the stochastic nature, small scale, and
sensitivity to impurities even at extremely low concentration makes the quantitative
prediction of crystal growth difficult in many systems, including the sdase
environment. At a fundamental level mineral crystal growth occurs when ions in a

supersaturated solution diffuse to a crystal surface and are incorporated into the lattice.
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Gibbs is credited with providing the current thermodynamic understandimgstédic
growth through the principle of the minimization of system free en@dybs, 1948)
Gi bbs6 theory states that the equilibrium
interfacial energy.

The most bsic thermodynamic treatment of crystal growth is the GNbisner
model where a thin transition phase on the growing crystal surface is ags(otmedr
and Adhikari, 1926)In this thin transition phase adsorbed ions lose a degree of freedom
and areonly allowed to diffuse along the crystal surface before they are incorporated at
points of highest energy (e.g. kinks and steps) and grow via layers. The\(@ilofsr
model is the basis of a number of other models that are useful in the investigation of
structural characteristics and mechanisms however generally these models fall short of
being able to make accurate quantitative predictions especially in complex systems.

Recognizing that crystal growth is a diffusion process, with molecules being
required to diffuse to the crystal surface before they can be incorporated, classical work
by Nernst and Noyes & Whitney in the laté"lgnhd early 2t) centuriegMullin, 2001)
suggest a crystgrowth rate of the form

dm_Dacc- . (25)
dt U

The mass growth rate (dm/dt) of a crystal, or collection of crystals, is determined
by the molecular diffusion coefficient, D, a static boundary layer thickGetse
crystal/liquid interfacial area, A, and the bulk solute concentration, C, relative to the

theoretical concentration at saturation, C*. Equation 25 is valid for a simple system
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containing a single molecule crystal however it requires modificatiométticomponent
crystals such as carbonates. Equation 25 can be split into two parts: molecular diffusion

to the surface and reaction at the crystal surface. This division can be written as

(jj_rp =k A(C- C) (26)
and
dm
E = kreactA(Ci - C*) (27)

where kir and keactare diffusional mass transfer and reaction rate coefficients
respectively. Cis the solute concentration at the interface. Typically reactions 26 and 27
are conbined and a reaction order terrp, is added resulting in

-kac-cy™ (@

where k is the overall precipitation rate constant. Bojtakd ny are then determined
experimentally. For inorganic salts, is typicaly between 1 and 2 but should be thought

of as a fitting parameter rather than a variable that presents any clear conceptual meaning
(Morse et al., 2007)Equation 28 requires further modification in multispecies systems
where there are multiple concentrations that would affect the precipitatenin this

case the saturation, rather than concentration, is used and equation 28 becomes

dm
— =k A(S-1)™ 29
1 JA(S-1) (29

and serves as the basis of most empirical crystal growth rate nf@deEhong and
Mucci, 1989) Dissolution is commonly treated in an analogous fashioncalcium

carbonate the common rate relationship for dissolution takes the form
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dm
dt

= (kdl{H 1+ de)A(l- Sk for S<1 (30)
(Chou et al., 1989; Compton et al., 198%)1, ks> and ry are experimentally determined
constants. For calcium carbonate dissolution, it was determined that gHaplay
important role in addition to the saturation state, S. Thus, an additional rate term is used
that is dependent on the bulk proton activity; fH

Caution must be used in when using empirical precipitation and dissolution
relationships, and publishednstants therein, for peseale modeling purposes. Rate
constants are typically determined by measuring bulk concentration changes during
desaturation over the course of a precipitation event. These concentration measurements
are typically taken in welnixed systems. It may be appropriate to use literature values
determined in well mixed systems for a Darcy scale m@lglEbigbo et al., 2012)
because both are volume averaged approaches but thetymat be appropriate for use
in porescale modelgMiller et al., 2013) The use of NavieStokeg(rather than Darcy)
eqguations to solve for local pore velocities in pscale models allows fahe modeling
of local concentrations and biofilm reaction kinetics. This calls into question the use of
values obtained from well mixed systems for multiple readares porescale model,
crystal growth and dissolution might be better predicted from leaxliinterfacial
concentrations, however these are unknown in a velweeaged system and measured
bulk concentrations determine the fitted rate constants. The scarce availability-of pore
scale rate constants provides a challenge to using relationshlpas Equations 29 and

30 in porescale models. Corrections that account for differing mass transfer
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characteristics may have to be applied to values that were calculated from experiments in
volumeaveraged systems in order for them to be used ingua® models, potentially
reducing their accuracy. Figurdllustrates the effect of precipitation rate at the pore
scale thereby highlighting the importance of the use of accuratespalesrate constants

in systems with precipitation.
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Figure6. The theoretical geometry presented in Figure 1 (A) applied to a 2D, sttddy

finite element model to demonstrate the effect of precipitation rate orspaie
spatiallyresolved saturation state (S). Panels B, C and D show sinmglatith varied
precipitation rates of 0.001, 0.005 and 0.01 mdinrespectively along with a constant

urea hydrolysis rate in biofilm domains of 1.0 molK). Precipitation is modeled as a
surface flux of both carbonate and calcium ions at the ptat@doundaries and laminar

fluid flow (Re << 1) is restricted to the liquid domain (no flow inside the biofilm

domains) .
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Mechanistic pproaches to crystal growth can be found in surface complexation

models(Heberling et al., 2011; Ruiagudo et al., 2011; Van Cappellen et al., 1993;

Wolthers et al., 2012jat lend themselves well to peseale models where interfacial

surfaces are known (or assusth@nd interfacial concentrations can be calculated.

Advances in surfaesensitive spectroscopic analysis that were not available to Gibbs and

others in the early 20century have allowed for an improved understanding of the

N o
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surface chemistry involved igrystal growth and dissolution. The basic concept behind
surface complexation models is that at the crystal/liquid interface there are water
molecules and dissolved ions that form ionic bonds with exposed lattice molecules. These
bonded molecules, whichenot yet part of the ordered crystal lattice (denoted by > in
this text), enter the system of chemical species providing a link between the aqueous
chemistry and the crystal surface. Surface complexation has been particularly well
studied in carbonates wte two classes of hydration species (z8@nd >MeOH) have
been shown to exigMorse and Mackenzie, 1990; Nilsson and Sternbeck, 1999; Van
Cappellen et al., 1993Me is any divalent metal such as calcium, magnesium or a
transition metal such as iron. Other surface species such as >M&g€Q@lso present by
complexation withdissolved ions rather than wat@okrovsky et al., 2000; Ruizgudo
et al., 2011)

Taking calcite as an example, the reactions occurring at the crystal surface are
found inTable 2which is adapted from Pokrovsky et @000 andRuiz-Agudoet al.

(2011).
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Table2. Surface reactions on a calcite crystal and their associated solubility constants.

Ad i ndicates surface species and all other
Surface Reaction pk (25° C)
>COsHZz COs +H* 5.1
>COsH + Ca&*z >COsCa + HY 1.7
>CaOHz >CaO+ H* 12.0
>CaOH + HZz >CaOh" -11.5

>CaOH + CG% + 2H'2 >CaHCQ + H,0O -23.5
>CaOH + CG* + H'Z >CaCQ + H.O -17.1

Precipitation kinetics can be estimated from surface speciation using an approach
first proposed byilsson and Sternbedi999)and later refined biRuiz-Agudo et al.
(2011)where crystal growth occurs through dehydration and incorporation of either
agueous calcium carbonate (Cafg£) or calcium ions. The adsorption of lagtimns
must happen at dehydrated surface sites38aQ>CQ;, >CaHCQ, and >CaC®.

Under the conditions studied Nilsson and Sternbeq999)and also byRuiz-Agudo et
al. (2011) which are biologically relevant temperatures and pH, it was determined that
adsorption to >CaHCgwould likely be ratdimiting so the two possible ratemiting

precipitation reetions can be written as

>CaHCQ, +CaCQ,,, BH,0- >CaHCQ +6H,0, 3D

aq)

and

>CaHCQ, +Ca BH,0- >CO,Ca’ +H" +8H,0. (32
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CaCQaqg)or calcium ions approach the surface in a hydrated state and when they are
incorporated in the crystal lattice they become dehydrated. Equations 31 and 32 are
written such that the molecules that were dehydrated disappear on the right hand side
indicatinga flux out of solutior{Ruiz-Agudo et al., 2011)The rates of these
precipitation reactions can be treated as first order with respect to the surface
concentration of >CaHC{Xdenoted by square brackets in units of pel surface area)
and the activity of the hydrated species being adsorbed. Assuming both reactions from
Equations 31 and 32 are happening at the same time the overall precipitation rate can be

written as
O;—T =k {CaCO,}[ > CaHCQ] +k,{Ca®'}[ > CaHCQ)]. (33

ki and k are empirical rate constants and values for calcite have been estimated to be
approximately equal and on the order of a®l/(L-h) when calculated from measured

bulk aqueous activitie@Ruiz-Agudo et al., 2011)

Reactive Transport

Biofilm and MICP have the potential to affect reactive transport in a porous
medium greatly. In a homogeneous porous medium, effects include permeability
reduction through a decrease in porosity, the ftionaof isolated pores and flow
channeling that leads to increased dispersion. In a heterogeneous porous medium
biologically-mediated effects are less clear and are highly system dependent. The study

of pore topology coupled with reaction kinetics and sottansport are essential for a
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more complete understanding of how physical and chemical mechanisms interact in

MICP systems in the subsurface.

Solute Transport

There is a set of dimensionless parameters that are particularly useful in the study
of reacive transport in the subsurface. Here we will discuss them in relation to MICP
systems but for a more complete analysis of their meanings many reviews are available in
the chemical engineering and porous media litergeigeBird et al., 2006) There are
five rates that we are concerned with in MICP systems. These rates are: (1) the solute
trangort rate due to advection, (2) the solute transport rate due to diffusion, (3) the
precipitation rate, (4) the biomass growth rate, and (5) catabolic conversion rates leading
to alkalinity production. Note that the biomass growth rate is loosely propairtio the
amount of biofilm present in the pore space similarly to high precipitation rates
correlating to more blockage due to precipitation. Ratios of these five rates relative to
each other or relative to a length scale (such as the pore diameibén thimkness or
discretization dimension) describe system behavior and are the basis of some useful
dimensionless parameters discussed in this section.

The Reynolds number (Re) is an important parameter in the characterization of
the hydrodynamics in a paus medium. Re is the ratio of inertial forces to viscous forces
and can be written as

Re= VL (34)
g
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or specifically for a porous medium made up of spherical grains of diameter, d, equation

34 becomes
vid
Re= (35
g (-1
where v is the average pore fluid velocity

kinematic viscosity, and is the porosity. Viscous forces generally dominate in the
subsurface because of slow velocities and small length scales; however in an engineered
setting, areas around injection points may have very high Re depending on the system.
There is an interplaydiween Re and biofilm growth. In higher Re flow, biofilm
is exposed to higher shear forces and is therefore more susceptible to physical
detachmen(Stoodley et al., 2001Biofilms grown in high shear environments are
generally stronger and thinner, presumably to counteract the higher shear forces. In
contrast, biofilms grown in low shear environments are generally less dense and occupy
more pore spac@eoddsio et al., 2011)
Porescale hydrodynamics also affect chemical gradients. Fast fluid flow causes
fast convective solute transport which facilitates fasterticracates. When considering
the balance between solute transport (both convective and diffusive) and reaction rates at
the porescale in MICP systems one must recognize that there are three types of reaction:
(1) reactions occurring in mobile pore flu{@) reactions occurring within a biofilm or in
immobilized pore fluid (3) surface reactions at the precipitate/fluid or precipitate/biofilm
interface. Reactions occurring in mobile pore fluid are the most straightforward to

quantify. These include reactis for chemical equilibria and planktonic biological
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reactions; rates measured in a laboratory setting and found in the literature are likely to be
appropriate for direct application. Equilibrium reactions, especially in aqueous carbonate
chemistry, are meh faster than the biological reactiq@hang and Klappef£010, 2011)

so it can be assumed that, for modeling purposes, they occur instantaneously.

Biofilm -Catalyzed Reactions

Reactions that occur in biofilms are more likely to be limited by mass transport
for two main reasons. Biofilm limits both advectivedadiffusive mass transport and high
cell densities can lead to locally high rates of reaction. As St¢R@08)points out, the
diffusive time scale of a solute to the base of a biofilm approximately increases with the
square of the biofilm thickness. That is to say ad®thick biofilm will be 100 times
more diffusion Imited than a 1@m thick biofilm and 10,000 times more diffusion
limited than a planktonic cell, assuming a diffusion length scaleeaf for a single cell.
Literature does support the existence of some advection within biofilms which will
increase massansport but at least some amount of mass transport limitation is inherent
in any biofilm systen{Pintelon et al., 2012)

Mass transport in precipitation and dissolution surface reactions are often limited
by the stagnant layer near the surface often termed the raastet resistance layer. In
MICP systems the mass transfer resistance layer becomes difficult to predict because of
the presence of biofilm can create multiple phase boundaries (biofih@ral, mineral
liquid, liquid-biofilm). Porescale information, surcas the relative abundance of the

various phase boundaries, is important for accurate effective rate predictions in MICP
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systems because the relative locations of the biofilm that induces precipitation and the
growing precipitate become important. Crystidat form and grow within the biofilm
matrix may grow at different rates and affect the pore structure differently than crystals
attached directly to the porous medium. In MICP systems both of these precipitation
processes are likely to be occurringreg same time.

Simplifying the system and taking microbially induced precipitation as one
overall reaction, it can be useful to compare a predicted reaction rate with the rate of
mass transport in the form the Ddrhler number (Da). Generally, Da is definas a
reaction rate divided by the mass transport rate of thdimaitexg compound (usually the
substrate) participating in the reaction. Da can also be thought of as the ratio of the time
scales of transport and reactigfogler, 2005) This allows for an assessment of whether
a system is limited by mass transport or by the reaction rate. The convectiveHamk

number can be written generically as

Da=k,,C*C (36)
for a reaction of orderpawhere k. is a kinetic rate constant,@ a representative
concentration (usually the bulk pore water concentration){Jisd fluid residence time.

Da is a useful parameter to consider for rieastoccurring in the bulk pore fluid or when
reactions are volume averaged. In more classic chemical engineering reactor design the
calculation of Da allows one to quickly decide if a substrate is being fully utilized in a
reactor. If the bulk transpors too high relative to the reaction rate (Da << 1) most of the

reactant will pass through the reactor without time enough to react. In contrast, the entire

reactor volume would not be utilized efficiently if the reaction occurs too quickly relative
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to bulktransport (Da >> 1). In porous media systems when Da is much greater than one
for a precipitation reaction, inlet plugging will be expected. However, if Da is less than
one, more uniform precipitate deposition is expected but with a lower conversion
efficiency of the reactants supplied to the system. Furthermore, Da is not constant
temporally or spatially in systems where the reaction causes a change in porosity or the
reaction rate changes in space or time. For instance, as porosity decreases due to
precpitation and biofilm growth it is likely that a regime change will occur where the
system goes from low Da (reaction rate limited) to high Da (tranBpuoted) behavior
(see Figure ) In engineered systems this transition may mark an important poiré whe

control parameters, such as flow rate or reactant concentrations, will need to be adjusted.
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Figure7. Expected volumeaveraged system behavior in the context of kinetic and
transport rate limits. As solute transport is @ased the overall reaction rate will increase
until reactions are limited by the reaction kinetics of the system. The shape of an actual
system curve is highly dependent on factors such as pore size distribution and
concentration dependence on reactioagétut generally bulk reaction rates will increase
with increasing transport rates (i.e. Darcy velocity) until a kinetic limitation is reached.
This behavior was shown through p@eale modeling bivolins et al. (2012)

The use of the convective Dantkter number (Equation 36) is only appropriate if
there is minimal diffusion limitation or if effective reaction rates are used, which take
into account diffusion limitations. This is because the volaweraged reaction rates
used in the calculation may be inaccurate due to diffusion limitations arly heaaying
reaction rates. It is reasonable to expect that reactions of interest are limited by diffusion
in MICP systems, which are dominated by reactions occurring in biofilms, on surfaces,

and in pores with stagnant fluids (potential interfacial massport limitations). There
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are three primary ways to take the diffusion limitation into account, all of which require
the estimation of volumaveraged concentration heterogeneity. Assuming that the
reaction rate of interest (i.e. alkalinity productiordgrecipitation) is dependent on
substrate or product concentrations, rates cannot be constant at tsegtenehen
concentration heterogeneity exists. Taking diffusion limitation and nonconstant reaction
rates into account, actual reaction rates casidrgficantly different than those predicted
from models using bulk pore fluid.

The effect of diffusion limitation can be quantified by calculating an effectiveness
factor,d, which is defined as the observed mean rate of reactigg dRided by the ate
of reaction that would be predicted if there was no mass transfer limitation (Equation 37).
The rate predicted as if there was no mass transfer limitation is simply the rate model
evaluated at bulk pore fluid conditions,ulR so

R

= —obs 3
q Rbulk ( 7)

The effectiveness factor can be estimated through the use of the Thiele mogiudus (h

dimensionless number, which relates diffusion and reaction rates. A brief derivation of

the Thiele modulus is useful in the undargting of the assumptions that must be made.
First let us consider a section of biofilm that is attached to an inert porous media

grain of tre geometry presented in Figure 8
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Figure8. The assumed biofilm profilgeometry forThiele modulusalculations The

biofilm is assumed to be of a slab geometry with G:a@t z = L. A reaction, ¢is

occurring in the biofilm domain only and the problem is nondimensionalized such that u
= C/Gouk ande = z/Ls. The assumed profile isipinto context of an assumed pore
geometry where dcan be highly variable highlighting the importance of using caution
when using volumaveraged parameters.

It is assumed that a biofilm that is carrying out a reactioim Bteadystate conditions. R
is dependent on the concentration of a solute (C). It is also assumed that the biofilm
geometry in the system is well approximated by a slab geometry and that the biofilm is

homogeneous. Under these conditions we can write a mass balance equation

d’C
DeE = Rc ) (38)

whereDe is the effective diffusion coefficient of solute C within the biofilm and z is the
spatial coordinate normal to the biofilm/liquid and biofilm/support interfaces. We can

nondimensionalize concentrations within the biofilm by dividing by the bulk pore wate
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concentration, ik, and nondimensionalize the length scale, z, by dividing by the biofilm

thickness, L, such that u = C/gik ande = z/Ls.

d* (UG _

e TR (39

By rearranging variables the general form of theelehmodulus (f) is derived, where

d’u _ L°R,
= :Cf 5 =hZg(u), (40)
bulk™ e

and

L2f Rbulk )

ht21C D
bulk~"e

(41)

g(u) is a function of u (the dimensionless concentration) and is the ratio of the
concentratiordependent reaction rate expressiog,t&the reaction rate evaluated at the

bulk concentration, Rix.

R
u)=—=. 42
g(u) R, (42)

Mass fluxes and concentration profiles can be obtained by solving Equation 40. Equation
40 isuseful in the analysis of for calculatingd  achadacterizing the system with
respect to diffusive mass transport.

In order for hito be a useful dimensionless descriptor it must be adjusted so that
the dimensionless rate is integrated over the cdratéon profile. A generalized Thiele

modulus, K, is obtained by

\ e’ o
h, = hténg(u)dug . (43
e o
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Solutions to Equation 43 can be found in Table 3, I#h 1 the representative
element of biofilm is diffusion limited and if'h<< 1 it is limited by the reaction rate.
Beyond the simple classification of diffusion limitation or reaction rate limitatiomcain
also be used to calculate the effectiveness fagtaf, the biofilm elemen{Gottifredi and

Gonzo, 2005ysing
d = pp(u)de. (44)

The zereorder case is solved easily because g(u) =dsa for h* O1. Caution should

be used when applying a zesocder model to effectiveness factor calculations. If the
biofilm is diffusion-limited (h* > 1) it is often the case that a zenwler rate model would
not accurately represent the system and another ratel meg have to be usedero

order rate models are best suited for high substrate concentrations. If a biofilm is limited
by diffusion, the deeper region of the biofilm will have very low (or zero) substrate
concentration requiring the use of a higher ordée model. Calculating for a first

order rate model is also straightforward but requires the calculation of a concentration
profile (u as afunctionaf ) b eugsanensoastant over the integral space and g(u) =
u. Equation 38 can be solvedwithbhndary condi tions du/ de
base of the biofil m) and u = 1 at e =

interface) to obtain

U= cosh(hz)

cosh(h) ’ (49

and
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q=2nn), (46

t

for a firstorder kinetic model.

Calculating i andd is relatively straightforward for zerand firstorder kinetic

models (se@able 3 but is more complex for rate relationships suchehaelig

Menten Michaelig Menteneffectiveness factors can be estimated numerically or through

approximate solutions that are dependentoioeing very large or very smgfang and

Govind, 2008; Gonzo et al., 2012; Gottifredi and Gonzo, 209%)ther approach is to

employ a weighted average bktfluxes that are calculated from zeaad firstorder

approximations to provide a smooth transition between the regimes without introducing

more complicated mathemati@®érez et al., 2005)

Table3. Useful relationships for the calculation of the Thiele modulus and effectiveness
factor for zere, first-order andMichaelis Menten(M-M) rate models assuming

boundary conditions du/de = 0 at e = 0
Rat .
Mo dzl Re= g(u) = h = h' = n-=
2 1
Zero- Lmeax hl *
Runax 1 I max — for hi* < 1
Order CouD. ﬁ or ft
FiISt- L2fk1 tanh(h t )
Order le u De ht ht
C u(p+1) Lir,,. _y No
M-M h,[2(B +1[1-PIn(p +1) +PInp][*  Analytical

"k, +C  (B+u) (k, +Cyy)D,

Solution

B = kn/Cpux. Note that if p >> 1 a first-order approximation is valid and if p << 1 a zero-order approximation is

valid.

Onced is calculated, its use is straightforward if parameters can be estimated and

averaged over a representative volume. If an average biofilm thickness and volume

fraction can be estimated, bulk pore water concentrations can be used to estimate the
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biofilm reaction rate. The correct use of an effectiveness factor can add precision to a

volumeaveraged model without significantly increasing the computational cost.

Precipitation Reactions

The calculation of an effectiveness factor has been discussed in tbet adra
biofilm but the other important reaction of the system, namely precipitation, also needs
attention. The same principles apply but precipitation reactions occur at a surface rather
than within a volume so adjustments must be made. As shown ireHigtirere can be
precipitation in three main forms in a MICP system: Precipitation can occur (1) in the
biofilm matrix, (2) suspended in the liquid phase being transported with the bulk pore
fluid, or (3) attached to the solid porous media grains in do@atact with the bulk pore
fluid. The assumption of which type of precipitation dominates a system affects how it
should be modeled because it will dictate the degree of diffusion limitation experienced
at the precipitate surfaces.

The precipitation reztion models discussed in Secti@nan be translated into
effective rates that can be used in reactive transport modeling similarly to the biofilm
catalyzed reaans however some assumptions must be made. Precipitation is a surface
reaction, not a reaction that is well approximated over a volume, so the rate of
precipitation is proportional to the sade area of the precipitatéis often most
important to know how much pore space is occupied by the precipitated minerals so
additionally, a surface area per volume relationship must be assumed. A surface area (A)

to volume (V) ratio can be obtained by approximating individuaetipitates as spheres
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of radius, r. Equation 27 can then be converted into a volumetric rate where the volume

occupied by the number, N, of precipitate particles of radius, r, can be written as

dv 4 r?

dt

Nk, (S- )", (47)

wheeji s the precipitatedbs density. Equation
porosity reduction over time in volursveraged numerical simulations where r and N

can be updated at each time step according to a mass balance and physical constraints

sudh as a maximum radius. Note that, if attached precipitates dominate a system,

Equation 47 still applies but the surface area term must be divided in half to account for a
hemispherical geometry. The approach in Equation 47 is best used when discrete (not
overlapping) crystals are expected and N (the number of precipitate particles) remains
somewhat constant.

The derivation of the precipitation rate model used in Equations 29 and 47 shows
that there is already consideration of the diffusive mass transistargce inherent to
precipitation reactions (see Equation 25). The issue is complicated when additional mass
transfer resistance is introduced by the presence of biofilia.dysterrdependent
because the mass transfer portion depends on variableglike hickness and
porosity which can be highly variable from system to system and heterogeneous within a
single system. If there is little biofilm in a system, publishgdalues, measured in well
mixed batch systems, are more likely to be accuratervddditional mass transfer

resistance is expected, it must be taken into account.
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Concluding RRmarks

Porescale behavior in MICP systems is important to understand for the accurate
predictions of larger scale process. In this chapter we have distheggdcesses that
play a role in increasing alkalinity and ultimately the precipitation of carbonate minerals.
The biological and abiotic components of the process on their own are relatively well
understood but their interactions are complex, partiguiarthe context of porous media
systems, which leaves room for future research in the field. Qualitatively we understand
that microorganisms, existing in biofilms, attached cells or as free floating planktonic
cells, can increase alkalinity as a byprodefdheir metabolisms which can consequently
result in carbonate mineral precipitation and porosity reduction. It is known that
biologically produced molecules affect the mineralogy of the precipitates however in a
reactive transport context this inforn@tiremains difficult to quantify. The coupled
nature of the system where biomass growth and mineral precipitation affect transport, and
vice versa, makes it difficult to isolate and study processes independently of each other
experimentally. This makes nd@structive analytical techniques important in future
research.

Continuing to make progress in this field will benefit from a multidisciplinary
approach with novel methods such as microflui@itgang et al., 2010bfonfocal
microscopy(Connolly et al., 2013;iRs and Stewart, 2008; Schultz et al., 2QXyay
microtomography and nanotomograghyildenschild and Sheppard, 201 8uclear

magnetic resonance imagifgridjonsson et al., 2011; Graf von der Schulenburg et al.,
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2008; Seymour et al., 2007, 2004% well as spectroscopic techniq(@andeu etla,
2006; Nehrke and Nouet, 2011; Ni and Ratner, 2088¢n with quality data from each
of these techniques, mathematical models will be essential in order to make predictions
about compounds and behavior at spatial and temporal scales currentlgerotble or
measurable. Furthermore, cross validation between techniques is often best done through
modeling.

Modeling studies on MICP systems have been done both at theqadeéZhang
and Klapper, 2010nd at the continuum scgléheng and CortRuwisch, 2014; Ebigbo
et al., 2012; Martinez et al., 2014; van Wijngaarden et al., 20thjhe models highlight
the need for further experimental characterization and parameter estimation. For example,
rate equations can be used to calculate porosity reduction over time but it is unclear how
that porosity reduction is best converted into ar@ability reduction. Armstrong and
Ajo-Franklin(2011)showed that the commonly used Koz&bgrman relation provides a
poa fit when simple raw permeability reduction data is used but could be refined to
provide an acceptable fit when geometric factors were taken into account as measured by
X-ray microtomography. In continuum modeling there is typically little access to
accuate geometric descriptors, especially when the pore topology changes over the
course of the simulation. Recent advances in high resol@ibmin) 3D imaging
techniques in opaque porous media for the biofilm phase of the MICP system will also
help to mordully characterize the system, making it possible for accurate field scale

modeling(Davit et al., 2011, lltis et al., 2011)
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Modeling Notes

The porescale models shown in Figures 3 and 5 are intended for illustration
purposes only however physically relevant equations were solved using tabulated values
for chemical constants such as diffusioefficients and ion dissociation constants. The
model was simplified to two dimensions and the system was assumed to be at steady state
with respect to fluid flow, reactive transport and ion equilibria. Grain diameters are
approximately 2@um and the porehtoats are approximatelypsbn. COMSOL
Multiphysics® (Version 4.2) was used to solve the finite element problem and generate
the saturation maps.

Naviefi Stokesequations were solved to obtain the flow field with constant
velocity defined in the influenegion on the left and zero pressure defined at the effluent
on the right. Fluid velocities ranged from zero to 0.5 cm/s in the narrowest pore throat

(zero at the solid/liquid and biofilm/liquid interfaces and zero inside the biofilm regions).
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The averageldid velocity in the fluid domain is 0.024 cm/s. Laminar flow exists
throughout the domain. Local ion concentrations were estimated using the-Rlan¢
equation coupled to the Navi8tokes flow field and ion equilibrium equations were
solved for simuineously. Aqueous equilibrium reactions were modeled with fast
forward and reverse reactions (approximately four orders of magnitude faster than
ureolysis or precipitation reactions). Uncharged species, such as urea, followed Fickian
diffusion. The totalnfluent DIC is 3 mmol/L, which is in the rage of what could typically
be found in aqueous environments exposed to the atmosphere. The inlet calcium and urea
concentrations were chosen to be equimolar at 100 mmol/L. No chemical species are
completely depled in the domain for this simulation. Precipitation and urea hydrolysis
rates are assumed to be constant for illustration purposes; however, they are varied as

noted in the figure captions to show the general effect of each.

Chapter ZNomenclature

[ > X] Area concentration of a surface species X
{x}  Activity of chemical species x.

A Crystal/liquid interfacial area

ACC Amorphous calcium carbonate

B Unit constant from Arrhenius expression
C Generic concentration variable

C* Theoretical solute concentratiahsaturation

Couk Bulk pore water concentration
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Ci Solute/Crystal interfacial concentration
Cs General substrate concentration variable
D Molecular diffusion coefficient
d Pore diameter
Da  Damk hler number
De Effective biofilm diffusion coefficient
DIC Dissolved norganic carbon
EPS Extracellular polymeric substance
G Total Gibbs free energy (nucleation)
P Grit Total free energy of a critical nucleus
Gy Unit volumetric free energy
G Precipitate surface free energy
G Precipitate volume free energy
ht Thiele modulus
h Generalized Thiele modulus
IAP  lon activity product
k Chemical equilibrium dissociation constant
ks Boltzmann constant
kd1 kdoDisassociation rate constants
ka Damk™hl er reaction rate constant
kgt~ Diffusional mass transfeioefficient

Km Michaelig Menten half saturation constant
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knue  Nucleation rate constant
kp Overall precipitation rate constant
kreact Precipitation reaction rate coefficient
ksp ~ Mineral solubility product
L Characteristic length
Ly Biofilm thickness
m Mass variable
MICP Microbially induced carbonate precipitation
Ng Disassociation rate order (fitting parameter)
N Damk”™ hl er reaction order
nue  Nucleation rate order
Np Precipitation rate order (fitting parameter)
pk -logio(K)
r Precipitate radius
Roux  Rate of reaction as evaluated with bulk conditions
Rc Concentration dependent reaction rate
rerit  Radius of a critical nucleus
Re  Reynolds number
Rmax Michaelis Menten maximum reaction rate
Rnuc  Volumetric nucleation rate
Robs Observed mean rate daction

Rs General substratéependent reaction rate
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SRB
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Saturation state
Critical supersaturation where nucleation occurs
Sulfate reducing bacteria
Temperature
Time variable
Nucleation induction time
Nondimensionalized concentratioanable, C/Gui
Average pore flow velocity
Thickness dimension for Thiele modulus calculations
Interfacial tension
Unit surface free energy
Static boundary layer thickness
Nondimensionalized spatial variable, z/L
Effectiveness factor
molecular volume
Hydraulic residence time
Kinematic viscosity

Porosity
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Abstract

Two bacterial straind?seudomonas aerugino8&JK1 andEscherichia coli
MJK2, were constructed that both exprgssen fluorescengrotein (GFP) and carry out
ureolysis These two novel model organisere useful for studying bacterial carbonate
mineral precipitation processes and specificatgolysisdriven microbially induced
calcium carboate precipitation (MICP)Thestrainswere constructed by adding plasmid
bome urease genesr€ABC ureD andureFG) to the strain®seudomonas aeruginosa
AH298 andEscherichia coliAF504gfp, both of whch already carriednstable GFP
derivatives. The uedytic activities of the two new strainvgerecompared to the
common, noFGFPexpressingmodel organisnsporosarcina pasteurin planktonc
culture under standard laboratory growth conditidsihwas found thathe engineered
strains exhibite@ lower ureolysis rateper cell butwere able to grow faster and to a
higher population densitynder the conditions of this studgoth engineered strains were
successfully grown as biofilms in capillary flow cell reactors and ureeiydisced
calcium carbonate maral precipitation was observed microscopically. The undisturbed
spatiotemporal distribution of biomass and calcium carbonate minerals were successfully
resolved in 3D using confocal laser scanning microscopy. Observations of this nature
were not possiblpreviously because no obligate urease producer that expresses GFP had
been available. Future observations using these organisms will allow researchers to
further improve engineered application of MICP as well as study natural mineralization

processes in nuel systems.
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Introduction

Microbially induced calcium carbonate precipitation (MICP) is an important
process in many engineered and natural systechsling: geologic carbon
sequestration, radionuclide redhiation, soil stabilization angermeabiliy manipulation
(Cunningham et al., 2013; De Muynck et al., 2010; Ferris et al., 1996; Fuijita et al., 2000;
Lauchnor et al., 2013; Phillips et al., 2013; Whiffin et al., 200@&tural systems,
including the earthos gl olhavébeeo affeckedby cycl e
bacterial precipitation of calcium carboné®ding and Liang, 2005Microbial
carbonateediments, including those produdeyl biofilms, are presenihroughout the
geologic record and are widely distributed, making them importannidenstanding
global carbon cyclingRiding, 2000; Vasconcelos et al., 1995he medical community
is alsointerested in MICP in the conteaf kidney stonesand mineral formation in
ureteral stents and cathet@w#orris et al., 1999)Even withthe extensive body of
literature and interest in MICP, specific rhaoisms and implications of how microbes
inducemineral formation spatily and temporally are still natlear.For example, the
degree to which micreacale biomass and mineral formation aflew paths that
translate to centimeter and larger scale processes is not fully undéstostrong and
Ajo-Franklin, 2011; Graf von der Schulenburg et al., 2009)

Perhaps the most highly studied microbial process that can indlotem
carbonatgredpitation is ureolysis. Organisms that produce large amounts of urease,

such asSporosarcina pasteur{formerly known afacillus pasteuri{Yoon et al.,
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2001), can be extremely efficient at raising the pH of their environment through
hydrolyzing urea ath subsequently precipitating calcium carboregeshown in
Equations 4&%1 (Mitchell and Ferris, 2006)
CONH)2+2HO Y 2+ MNEIO; Urea Hydrolysig48)
2NHs+2HO Zz 2+ BH AmmoniaProtonatiorand pH Increasgt9)
H.CO:;+20HZ HGOHO+O0OH Zz Ci+2HO0
Shift of Carbonate Equilibriurtt0)

COZ+Ce&*z CaBP Calcium Carbonate Precipitati¢hl)

The uease rzymehydrolyzes urea (CO(NHt) to produce two ammonia
molecules and one carbonic acid molec¢&quation 1) The overall effect of urea
hydrolysis isa pH increase and a shift of the carbonic acid equilibrivvatdscarbonate
(Equations 49 and %0In thepresence of calcium, or other divalent cations, precipitation
of solid carbonate species takes placee a critical saturationage has been reached
(Equation 51 In engineered systemsalcium is typically supplied to the system so
calcium carbonate mmost ofterthe primary precipitateOther organic and inorganic
compounds are often incorporated into the precipitates, potentially changing their
characteristics from those expected from pure forms of calcium carli@osizk and
Newman, 2005)

Microscopc observations have beesed extensively to study MICP processes
but reattime imaging that can differentiate biomass from mineral precipitates has been a
significant challenge. Electron microscopyly provides an engoint view of the system

with unavadable sample preparation artifa(Bohnalkova et al., 2011l contrast,igght
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microscopy allows for the direct observation of microorganisms in a fully hydrated
environment. Currently, staining is the only way to use light microscopy to definitively
differentiate between biomass and the minerals in a hydrated envirof8uobottz et al.,
2011) However, saining affects biological processes; so long term studies oer th
course of dayssing fluorescent stairese not ideal.

Thegenetic modification ofmicrobesto incorporatea green or other fluorescent
protein is a suitable alternative to direct stain(bgrrainzar et al., 2005Drganisms that
express a fluorescent protein can be imaged over the course of hours and days without the
need to introducpotentially inhibitory or toxic stains. Alsexpression of the fluorescent
protein can potentially be linked to ttranscription of a protein of interetsius providing
insight into thespecific adwity of an enzyme.

The goal otthis work wago developbacterid strainsthatconstitutivelyexpress
green fluorescent protein (GJ&nd active urease. This was accomplished through the
insertion of plasmiéborne urease genes into bacteria containing a chromogfmnal
insert.In addition to the construction of these organisms, their potential to be used in
MICP studiesvas evaluated based on their ability to hydrolyze urea in batch kinetic
studies. Thgrowth and ureolysis kinetics of the newlgnstructed model organisms
werecompared t&. pasteuriia model organismommonly usedor MICP studies.
Finally, the model organi smso6é suitability

demonstrated.
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Materials and Methods

Bacterial Strains and Growtho@iditions

Appropriate growth medium (100 mIable 1)wasinoculatedwith 1.0uL per
mL of frozen stoclculture. The bffled 250 mL Erlenmeyer flaskgere incubated at the
appropriate temperature (Table 1) on horizontal shak@@Gatpm.Cells from overnight
cultures were washed twidsy centrifugation at 420 x g and subsequegtresuspeded
in sterilephosphate buffered saliselution(PBS)to remove sp& media. PBS had final
concentrationsf 8.5 g/L NaCl, 0.61 g/L KiPQy4, 0.96 g/L KkHPOQ: (all Fisher
Scientfic, NJ, USA) and was adjusted to a pH of 7 with concentrated HK. final
inoculum for all expaments was diluted to an OD of 1.54 (See Sedijoandinoculated
at a volumetric ratio of 1:100&xperiments were conducted aP & for Escherichiacoli

andPseudomonaaeruginosastrains and 30C for S. pasteuri

Plasmidand Model Organism @hstruction

To generate ureagoducing straind?seudomonaaeruginosaAH298 (Werner
et al., 2004 andEscherichiacoli AF504gfp (Folkesson et al., 2008)ere both
transforned with plasmid pMKOO1 carrying the urease operon fEscherichiacol
DH5 U( p UR(Edlids.ad)Falkow, 1990Fhe pUC19based plasmigURE148
carries the urease opertirat includesstructural genesreABCand putative accessory
geneaureD andureFGused to acquire nickéKim et al., 2006) The fulklength

sequence of this operon was not previously known.
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Plasmid pMKO0O1 was generated asdols. To subclone the urease genes,
flanking forward and reversefymerase chain reaction (PCR) primers (EuroWiWG
Opeon) were designedith restriction site$stlandSpeladded to theespectives 6 e n d .
Primer sequencesan be foundn the Supplemental Informatiomhe PCRamplified
fragment was igesedwith theappropriate restriction enzymes dighitedinto an
equally-digested pJN105 vectoFhis plasmid contains dnrarabinosenducible
promoter and encodes gentamycin resistéNesvman and Fuqua, 1999)

Theresulting plasmid construetas used to transforohemically competert.
coli cells Gentamiciaresistanttansformants were screeneddsl electrophoresis of
restrictiondigested plasmids. Functional tests for ureolysieevperformed irFluka urea
broth (SigmaAldrich, MO, USA) contaningl 0 0  eggntamicinand50 mM L-
arabnose (Sigma&Aldrich). Antibiotic pressure was maintained in all subsequent
screening and kinetic experiments to ensure plasmid retention.

PlasmidpMK 001 wasfinally transformed into the strains AH298 and AF§{p}
resulting in strains MJK1 and MJK2, respectivdpth of these strains already contained
amutant, chromosomajfp variant(Folkesson et al., 2008; Werner et al., 20@88th
GFP variants aatain an amino acid sequence at theeninal end that is recognized for
degradation by proteases within the ¢alhdersen et al., 1998This causes newly
producedGFP to have a short hdife resulting in the disappearance of signal over time
unless Bw GFP is created to replacéSternberg et al., 1999n strainAH298 this

altered GFP is linked to the growth rate dependent ribosomal promrddgs SO more
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active cells produce more GFP for a relative measure of metabolic affietyer et al.,

2004)

Urease Geneéggjuencing

Theurease insert of pMKOO1 was sequenced in a stepwise manner due to the long
sequence length (5,594 bp). First, flanking primexg¢finsMWG Opeon, High Purity
Salt Freewere used to sequenaeross the plasmid backbop@ctioninto the insert
from either sideThis sequence information then allowed for the design of new primers at
the ends of the newly sequenced section. Thus, for each of the newly sequenced sections,
primers were designed until the sequencing evegtoaleredthewholeinsert. The
sequencing was conducted by the Center for Genome Research and Biocomputing at
Oregon State Universityn an ABI Prism® 3730 Genetic Analyzer using ABI Prism® 3730
Data Collection Software v. 3.0 and Prism® DNA Sequencinglysis Software v. 5.2 and

the KB Basecaller algorithm

Test Tube Screening

Metabolic €reening was performed to ensure that the transformed bacteria were
ureolytically actveDH5 U( p URE14. 8) was used as a posit
transformedstrairs, AH298 and AF504fp, were use@s neghive controls. The screening
began by inoculating 15 L of washed cells into 15mL of fresh media in 15mm x 150mm
(23.6mL) glass test tub@s triplicate Theappropriate growth mediufor each organism
wassupplemerdgd with 10 g/L uredFisher Scientificand 1uL/mLphenol red pH

indicator(Sigma) At the concentration used in this studizepol red turngrom clear to
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bright pink at pHvaluesgreater than approximately 8\&hich is quaitatively indicative
of the pHincreasenduced by active urease expressidhe time when the mediarned

pink was used as a measure of relativaseeactivity between organisms.

Batch Kinetic Studies

Batch cultures were inoculated in 250 mL Erlenmeyer flasks with strains MJK1,
MJK2 or S. pasteurifor kinetic analysis of urea hydrolysis and population grow@Q.
mL of growth media (see Table 1) wagpplemented with 10 g/L urea, altasks were
placel on incubated shakersai@ples were taken for a baseline analyaisl the cultures
wereinoculded. The batch reactowgere sammd repeatedly for approximately 30 hours.
Samples (1.0 mL) were takeraseptically and placed in 1.5 mL microcentrifuge tubes.
Triplicate 100uL aliquots werdransferrednto separate wells @ 96 well pate and
analyzed for bulk GFP signal and optical density (@jediately with the average of
the thregeadings being recorded (see Sec@nd0). pH was measured, the sample
filtered througha 0.2um cellulose acetatsyringe filter(VWR, NJ, USA) and
refrigerated for storage until urea analysis could bsopeed

MJK1 and MJK2 were grown in LB mediu(aeeTable 4 with the addition of 10
g/L of urea, 50 mM tarabinose and 10M NiCl» (Fisher Scientific)lt was found tha$S.
pasteuriidoes not grow well in LBnedium (data not showsp batch studies were
performedn modified calcite mineralization medium (CMMjter Ferris et al(1996)by

omitting calcium chlorideandsodium bicarbonate (CMM i CMM m)iaswekas |
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adjustng theureaconcentration td0 g/L. S. pasteuristarter cultures from frozen stocks

were grown in BHI medium (Sigmaldrich) containing 20 g/L urea.

Table4. Bacterial strains, media and batch growth conditions used in this work.

Growth

Strain Relevant Properties : Referene
Medium
Pseudomonas a (Werner et al.
aeruginosaAH298 GFP on chromosome LB 2004)
Pseudomonas AH298 with urease operon LB/r?]lES 100 This Work
aeruginosaMJK1 added on pJN105 plasmid H9 -
gentamicin

Urease operon on pUC19 LB plus 50
plasmid source olre pHg/mL
genes for transformations. ampicillin

Escher[chia coli
DH5U( pURE1

(Collins and
Falkow 1990)

L . LB plus 100
Escherichia coli (Folkesson et
AF504gfp GFP on chromosome ug/mL al. 2008)
ampicillin
I : AF504gfp with urease LB plus 10
Escherichia coll operon added on pJN105 ug/mL This Work
MJIK2 - ici
plasmid gentamicin
Sporosarcina Commonureasepositive BHI ° plus 20 (Larson and
pasteuriiATCC model organism for MICP g/L urea or Kallio 1954)
11859 studies CMM- ¢

a25 g/L LurieBertani Medium

b37 g/L Brain Heart Infusion Medium

¢Modified Calcite Mineralizing Mediufferris et al., 1996yithout calcium chloride
or sodiumbicarbonate and modified to 10 g/L urea rather than 20 g/L.
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Confocal Microscopy

Confocal microscopy of mature biofilms in capillary flow cell reactors was
performed to demonstrate the use of the newly constructed orgaelisms in MICP
experiments. Borosilicate glass capillary flow cells with a 0.9 mm x 0.9 mm square cross
section and an approximate length of 10 cm had a wall thickness o#0.1 fim
(F&D Glass, NJ, USA). Capillaries were imaged with a Leica DM608c@Gnfocal laser
scanning microscope (CLSM). Growth media (per Table 1) were infused into capillaries
with a calibrated syringe pump connected with size 14 silicone tubing.

Autoclaved capillaries were injected with cell inoculum (per Se@)and
incubated statically for two hours to allow for cell attachment. Flow was initiated and
maintained at 0.5 mL/hr for four days at which point biofilm colonies were clearly
visible. Capillaries were mounted on the microscope stage and the medium was switched
to CMM (containing CaG) supplemented with the required antibiotic, 50 mM L
arabinose and 2J0M NiCl..

Biofilm colonies were located and 3D confocal stacks wereatellierepeatedly
over the course of the observation time. Images presented in this work were collected
through a Leica HC PL FLUOTAR 10X/0.30 dry objective. GFP fluorescence was
imaged with excitation from a 488 nm laser and detection between 498 and .700 nm
Precipitates were imaged by detecting reflected 488 nm laser light between 483 and 493
nm. Raw CLSM data were processed with Imaris Version 7.6 (Bitplane, Zurich, CH). All

confocal slices collected in 3D were projected onto one image for each timeTpasnt.
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projection provides a view of the sample as though the observer is looking at the

specimen from the top.

Analytical Measurements

Biomass QuantificatioriThe optical dasity (OD) measured at 600 nwas used

to quantify the turbidity of liquictultures as a comparative measure of cell density.
Triplicate 100 pL samples were adti® separate wells in a polycarbon@well plate
and absorbance of 80hvm light was measured by a Bek Instuments (Winooski, V,T
USA) Synergy HT MultiMode Microplde Readeand the data were analyzed using
Genb5 software. Areadings are presented as deviations fteninitial time point just
before inoculation, or in the case of the inoculum OEhéphosphatéduffered saline
solution absorbancdhe 96 well pla¢ method results in a light path length of 0.26 cm,
so for increased relevanteliterature values, the Olalues presented herein were
adjusted to a standard path length of 1.0 cm use@éerLambert relationship

(Anderson et al., 2004)

Bulk GFP. Total culture GFRlorescencdbulk GFP)was measured with
excitation from a tungsten halogkght source at 485/20m and intensity measured
through a 52&0 nm band pass filteusing a Bid ek Instuments Synergy HT Muki
Mode Microplate ReaddWinooski,VT, USA). The bulk GFP measurements represent

the total amount of GFP present in the culture at each time pailies for GFP are
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reported in arbitrary fluorescence umgsative to the autofluorescence of fresh growth

medium.

Urea Urea was analyzelly high pressure liquid chromatography (HPLC) after
0.2 em filtration and di | utlommy/lLuredClark t hi n t
et al., 2007) Urea waderivatizedwith xanthydrol under acidic conditions produce a
diode array detedtide mmpound at 230 nmSample wereintroduced ta 4.6x150 mm
Agilent Zorbax Eclipse XDBL8 analytcal columnin an Agilent 1100 Series HPLC
(Agilent Technologies Incand elutedvith a gradient of 20 mM ACS gradsodium
acetate (Sigmdldrich) and HPLC grde acetonitrile (Fisher ScientificPeak areas were
measured (urea peak at approximately 10.5 min) using Agilent ChemStation software

(Rev. A10.02) and compared talibration standards.

pH. The pHvaluesof batch cultures were measured using a V8yRpHony
meter and a Denver Instruments, Micro Glasedy pH electrode with a 5 mm diameter
body. pHvalues were measured@i/ mL samples in 1.5 mL microcentrifuge tulaéer

the probe was calibrated using pH 7 and 10 buffers

Kinetic Models

Kinetic rake parameters were establishedibiyng the experimentatesults of the
batch kinetic studieto modelsby minimizing the sum athesquared errors between the
model and observations. A solution that minimizes the sum of the slograoes was

found usinghe generalized reduced gradient (GRGhlinear optimization technique
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(Lasdon et al., 1978A Gompertz functiorfEquation 5was chosen to be applied to the
population data in the form presented by Zwietering éGampertz, 1825; Zwietering

et al.,1990)

aoD§ e/Max ©Xp 0 Xp(l)

ngo, 8- AeXpe' expg = TR (/- 1) +1f£ (52

OD is the optical density at time (t), QB the initial optical densitymaxis the
specific growth rateluring exponential growtle-is the lag time and A is equal to
In(ODs/ODy). ODst is the optical density at steady state, or in this casgew3 taken to
be the maximum OD reached by the culture. OD is the measure of popdktsity
throughout this workThe fitted parameters for the population modelarg anda- The
decreasefdOD associated with population decags not taken into account ingh
study.

Urea concentration was modeled in three different ways based on techniques from
the literature. The general form of the ureolysis model is

%_ £(C) DD (53

Where C is the concentration of urea at time (t), f(C) is a function of C and n is a
constantlescribing the reaction ordérherate is scaled by the optical density at time (t)
as a measure of the amount of urease present in the reactor.

The simplestireolysis model is represented with f(CYrand n = 0. This is
referred to as the zero order model where

9 @b (54)
dt
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The zereorder model is correctly applied to systems with an excess of urea, or
other substrates, where the enzyme is working at a constant maximum rate. The zero
order model is easily solved analytically so its use mgacated models where other
processes are taking place is common. dC/dt does not depend on C, so thesbysie
rateoccursindependently of timand concentrationg,rthe zero order rate coefficien,
the fitted parameter in the zeooder model.

The most common ureolysis model in the literature is where f(€) and n =1
so the reaction rate is linearly dependent on concentradiene we will refer to this
model as first order and the following equation applies.

‘;_(t::-kldoods: (55)

First order rate models are commoalypliedto ureolysis driven calcium
carbonate precipitation wolkerris et al., 2003; Tobler et al., 2011; Zhang and Klapper,
2010) however, only Zhang and Klapper (2010) scalautie®lysis rate to population
density as done in this warkhe first order rate coefficierk;, was fitedto the observed
data in the first order model.

The last model that was applied is a Michadfienten (MM) function where n =
1 and f(C) =Vma{/(kmtC). Vmaxis the maximum reaction velocity and is the half

saturation coefficient.

V, .
E:ﬂ@D@ (56)
d k,+C

M-M models are common for the description of enzyme kinetics in general and

have been widely applied to urease atiterpure enzyme as well as tgystems with
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ureolytic bacterigBachmeier et al., 2002; Benini et al., 1996; Ciurli et al., 1996; Stocks
Fischer et al., 1999By using a MM type expression a more accurate representation of
the concentration dependermethe reaction rates derived At high concentrations, the
reaction rate asymptotically approaches a maximuma\and as the urea concentration
approaches zero so does the reaction @tteer, more complex ureolysis models that
include pH dependencammonium inhibition and temperature relationships have been
proposedFidaleo and Lavecchia, 2003More complex models were not used in this
work because the large number of fitting parameters require more focused
experimentation outside of the scopelo$ work.

The population growth model is assumed to be independent of the ureolysis
models but the ureolysis models are scaled by the population density. As a resuilg first t
Gompertz population growth model was fitted to the experimeptatal dengy data
independently of the ureolysis modél$e resulting growth curve was then used to

estimate ureolysis rate coefficients from experimental data from the same experiment.

Results and Discussion

Construction of Urease Positive GFIRg@nisms

Two ureasepositive GFPexpressing bacteria weseiccessfully constructed and
namedPseudomonas aeruginosaain MJK1 andescherichia colstrain MJK2. The
initial GFP containing organisms welPe aeruginosaAH298 (Werner et al., 20048ndE.

coli AF504gfp (Folkesson et al., 20038espectivelyThe previously clonedrease
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operonfromE. coliDH 5 U ( p U Rviad idsert@dnto the L-arabinoseénducible

plasmid pJN10%&nd subsequently renamed pMK(B8&e Figure P

PBAD'(— Forward Primer Reverse Primer
araC ¢ Pt Spel q rep aacC1

Urease Insert mob

ureDABC{: ureFGE
1,701 BP 946 BP |,
5,310 BP

11,307 BP

|

Figure9. Linearized map ofhe newvectorpMKO001 (pJN105 withcloned fragment of

DH5 U( p URiEsértd. Shyrt arrowsireDABCandureFGrepresent previously

sequenced sectionsBf coiDH5 U( pURE14.8). The Il onger arr
entire section ofloned genes transferred into pJN105. Restriction BistisandSpel

were added by primers and PCR to the insdiddtitate ligation into the vector pJN105.

araCPBAD s the promotemep encodes traracting replication proteirgacClimparts

gentamicn resistancenobencodes the plasmid mobilization functions.

ThepMKO0O01 plasmid wasntroducel into the GFP stras (Figure 1 The
ureasansertportion of pMKOOlwas sequenceahd compared to the previously
sequenced regions that cover tmeDABCandureFGinDH5 U( p UREhe 4 . 8)
sequence betweameDABCandureFGis not known from previous work and cannot be
compared for homology. THR H5 U ( p U RuFeDABC&guencé¢ D6 Or azi o and
Collins, 1993)was found to be identical to the corresponding sequence in pMKO001
However, according to tHeasecalling algorithmsed to determine the sequei<8
Basecaller)theinsert had two additional nucleotides included near the ente81G (see
supplemental rterials) When analyzed withnolderan older version okKB Basecakr

(3730pop7LR the twoureFG segments were identical. An NCBI BLAST seacatlihe
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entire insert region, including insertiorsfilowed segments with high similaritydo
Proteus mirabilisurease operorQQuery cover48% E value 0.0) andVibrio fischeri

ES114 chromosome Query cover: 4% E value 0.0). The same BLAST search without

the insertions yielded similar results with only the query coverage being reduced slightly.

Sequences withnd without the insertions were loaded into the NCBI ORF Finder and
the insertions were found to have no effect in the predicted open reading frames of the

insert. All predicted open reading frames occur before the insertions.

E. coli DH5a
(PURE14.8)

Urease +

puC19
Plasmid L\/
LLGN\((’
Mm
E coli
P. aerugmo AF504gfp

SERT pJN105 INSER 5.
AH298 A Plasmid
+ Ure
Urease o
Urease +

P. aerugmosa E coli
MJK1 MJK2

FigurelO. P. aeruginosaMJK1 andE. coliMJK2 were constructed by esingthe

urease operorire) from the pUC19 plasmid previously containedeincoli
DH5U(pURE14.8). The ur elasmidpIN1P5® coastructwa s |
plasmid pMKO0O01, which was then transferredPtaaeruginosaAH298 andE. coli

AF504gfp. The resulting bactetliatrains, MJK1 and MJK2, respectivebxpress both
active urease and constitutive GPPap' andGm' refer to ampicillin and gentaiin
resistance genesespectively.
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TheureFGnucleotideinsertonsare likelydue toPCR amplificatiorerrors These
insertions may be significant becauseFG genes are believed to be involved in
acquiring nicke(Kim et al., 2006)and we have shownahboth transformed organisms
require supplemental nickel to express significant urease activity (see Table®) are
two possible effects of thegesertions One explanation is th#fte nickel acquisition
genes arsomehowincompatible with the orgamsinto which they have beenserted
The gene is present but potentially not synthesized in a suitable form to function in the
context of the native metabolic framework. If this was the case, annledR& genes
were incompatible with the transformasttains, it seems likely that both
DH5 U( p URaadMJIK28npuld exhibit the same behavior towards nickel because
they are of the same specie®wever these two strains do not behave the santlean
presence of nickel (Tablg.5A more likely explanationms that these insertions caused a
translational differencthat was large enough to renackel acquisition nonfunctional.
Based on our data, this seems possible because ureolytic activity in MJK2 was highly
dependent on the additiarf supplemental nickel (Tablg @hileDH5 U( p URWA4d 4 . 8)

unaffected by nickel addition.
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Table5. Response of different cultures to nickel addition as determined bgltive
ability to increase phh urea broth. Responsesdeterminedy measuringhe period
of time required for theolor change reaction to occur in the respective cultures

No

Strain Supplemental 1No| gIM

Nickel ?
E.coliDH5 U( p UR Positive Control +++ o+
P. aeruginosaAH298 UntransformedNegative N N

Control
. Untransformed Negative

E. coli AF504gfp Control - -
P. aeruginosaviJK1 New Construct + +++
E. coliMJK2 New Construct - ++

Phenol red alor change within (10 hr+++) (12 hr ++) (24 hr +) (No Activity: -)

Test Tube Screening

Transformed strains were screened for ureolytic activity using the phenol red test
tube assay. The screening showed positive results for ureolysis in both transformed
strains. Norransformed strains did nekhibit significant ureolysigsee Table b L-
arabinoseat a concentration of 50 mNhcreasedhe level of urease activity as expected
based on plasmid construction (data not shown).

It became evident during preliminary screenings that the addition of nickel is
important for the transformed straittsshow ureolytic activity. We found that the
positivecontrol organisnirom which urease was extract@H 5 U ( @48, Bid not
require supplementalickel, whereas the new transformamdlK1 and MJK2,requirel
additional nickel for urease activityheaddition of10 uM NiCl. improved the ability of

strainsMJK1 and MJK2 to raisthepH similalytoDH5 U( p URE14 . 8) . Ni

cke
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concentratiosofupto1l0uM di d not appear to affect the
to increase pHS. pasteuriwas not used as a positive confiar the initial screening
because of differing optimal growth conditions. It is well understood3hpasteuriis
highly ureolytically activehoweverits population growth characteristics are much
different than bdt E. coliandP. aeruginoss peci es maki ng DH5U( pURE
positive contrbfor screening purposes.

The activity of ureasbas been reported to Hependent on nickel concentration
(Mobley and Hausinger 1989, Mobley, Island and Hausinger 1995, Benini et al. 1999)
The particularly strong nickel dependence in MJK2 has the potential to be utilized as an
experimental control in future work, potentially allowing researchers to manipulate
ureolysis and growth rates independently.

Although nické is required for bacterial growth (normally in nanomolar
concentrations) micrar millimolar levels can be toxic to celSar et al. 1998)
Supplemental nickel has been added to miediareolytically constructed organisms in
the past. For instance, Zhang et al. found that their recombinant urease strain of
Lactococcus lactiexhibitedt he maxi mum | evel of wu4s4 ease act
They also reported from the literaturethata nge of suppl ement al ni c
to 200 €M) has been atlerdirease constructEhahgetal.f or gr o
2009) The 10 &M nickel test edwdrlofitswithinthatt r an s f

range.
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Kinetic Sudies

Growth and Ureolysis Characteristi&oth transformed organisnexpress

measurable urease activity under the conditions tested as demonstrated through a
decrease inrea concentrationgnd a corresponding increasepid, OD and bulk GFP
signalin batch culturesver time (Figure 1j1 Ureaconcentrations decreastxless than
1% of the initial concentration of 10 g/L by 30 hours after inoculatidghe presence of
strains MJK1, MJK2 o6. pasteurii The transformantseganhydrolyzng urea
noticedly earlier tharS. pasteuriiwhich is attributed tdiffering lag times. Both
transformants showe@FP expression that generally folledthe trendsn population
growth

The GFP profile during batch growth reveals two diffeesniocetween the
transformats (Figure 3,B). While GFP fluorescerfoe each of the transformants
reaches a maximum very near the time of maximuma@idecays thereaftehe GFP
fluorescence for MJK2 decreases more slowliiefaster decrease GFP fluorescence
for MIJK1 is expeted because dghegrowth rate dependenoé GFP productionhrough

controlby thegrowth ratedependentrnBp; ribosomal promoter.
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Figurell. Ureolytic batch study results for both transformed organ{®d«1 and

MJK?2) and thecommon ureolytic model organisi8, pasteuriiOD s reported after
correction to a 1.0 cm path length and GleBrescences in arbitrary units from a bulk
fluorescent intensity measurement. Both @12l GFP are normalized to inoculated

media Error bargepresen95% confidence intervalwith n = 3 replicated.ines

connecting the data points were added to indicate trends and facilitate distinction of the
different treatments in the graphs.

Despite a significantly longer lag pha&e pasteuriaffectedthe pH such that a
maximum was reached over a similar period of timaboth of the transformants. The
S. pasteuripH curve has a different shape tiHanboth of the transformant€MM- has

less buffering capacity than LB between pH 6 arftit@tion data not shownyhich
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explains the difference ithe shape of th&. pasteuripH curve. The maximum pH
reached by MJK1 was the highest at @@B01 followed byS. pasteuriat 9.240.02 and
MJIK2 at 9.1&0.08 ¢ is the 95% confidence interval)irect canparative conclusions
cannot be made about urea hydrolysis based solely on pH b&aessteurivas grown
in a different mediumRather, OD and urea concentration are the primary parameters of

interest in this work.

Kinetic Curve FittingKinetic parameers were estimated by fitting tkzero, first,

and MichaelisMenten ordemodels to experimental data for both transformed organisms
andS. pasteuriiMJK2 grew the fastestnd had the shortest lag time wiiepasteurii
exhibited the slowest growtdndlongest lag time Figure 11; Tablg €itted parameters
from all three ureolysis models show that, anGD-normalized basisS. pasteuriis
mostefficient at hydrolyzing ured.e. the cell specific ureolytic activity is the highest for

S. pasteurii
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Figurel2. Experimental data (symbols) and model fits (lines) for growthusedlysis
studies (A,B,C) Population growth was modeldy a Gompertz expressiand (D,E,F)
ureolysis rates were modeled using Micha#lisnten (MM), first order, and zero order

rate models.
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Table6. Fitted kinetic parameters along with R2 as a measure of the quality of fit for
population growth and ureolysis in batch culture. Values are presented as Mean(+95%
Confidence Interval) with n = 3 replicates.

Population Growth Model (Gompertz)

Parameter Unit MJIK1 R? MJIK2 R’ 8. pastenrii R’
Hmax 1/hr 0.21(+0.01) 0.29(+0.03) 0.15(+0.01)
¥ hr 6.12(0.06) 0.372 3.97(x0.08) 0.89° 16.08(x0.10) 0.99
ODmax oD 0.57(£0.02) 1.27(£0.03) 0.44(+0.01)
Urea Models
Model Parameter Unit MJK1 R’ MJK2 R’ 8. pastenrii R’
MM Vimax g L'ODThr!  7.0(3.2) 007 2.5(x0.8) 007 28.4 (+£2.8) 0.06
Km g/L 10.6(£7.6) 8.4(x4.0) 4.4(£0.1)
1%t Order ki OD! hr! 0.40(£0.06) 0.96 0.17(20.01) 096 1.880.15) 0.96
Zero Order Io gL1OD1hr!  2.69(£0.64) 0.96 1.09(0.09) 0.97 10.66(x0.76) 0.97

2 Low R? values are attributed to poor fit at later time points where the decrease in OD due to population decay was
not considered in the model. Model characteristics (limax and y) still represent the data adequately for the purposes of
this comparative study despite the low R? value. See Figure 4, A and B for a graphical representation of the model
fit.

The population growth modelfihe data well from stationatiirough
exponentiaphasesHowever, the fit was poor as OD decreased duringttitenary
phase because there is no decay built inté&thmpertz modelThis poor fit during
stationary phase is acceptable in the context of this work though because the goal was to
compare the ureolysis characteristéshethree different strains during the exponential
growth phaseMost ureolysis occurs before statiogghasds reached, thuthe poor fit
at later time points does not significantly affect the results of the ureolysis models.

Zero, first, and MM order models fit the data at &®?> 0.95(Table §. Parameter
estimation for the first and zero order model was highly reproducible with the relative
standard deviation of estimates from triplicate treatments l6&n@%. Alargerrelative

standard deviatiowas observedith the M-M modelat 27.4% for k and 18.9% for
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Vmax The M-M modelhasmore degrees of freedotinus allowingfor more variation in
the fitted naxand kn, and resulting in a larger deviation of fitted parameters as compared

to both of the ongarameter models.

Strain ComparisorMJK1 exhilteda higher specific ureolysis rate, iahigher
ureolysis rate per celhowever MJK2 hada higherspecific growth rateesulting in
more rapidureolysis inMJK2 cultures A number of possibilitiesnay explairtheserate
differencespH and ammoniurnoncentratiorare known to affect urease activity of the
pure enzyméFidaleo and Lavecchia, 200¥). coliandP. aeruginosapecies are also
known D regulate cytoplasmic and extedlular pH differentlyIn E. coli, cytoplasmic
and extraellular pHreman approximately equathenthe culturepH is disturbed over a
range between approximately pH 6.0 and(Wiks and Slonczewski, 2007Jo the
authosdknowledge, no similar measurement ofaptasmic pH has been performed for
anyP. aeruginosastrairs but it is likely that pH regulation is different due to differing
efflux pumps, transporters and metabolic potential.

Native metabolic processes in the transformants may play an important role in
their ureolysis kineticdManyP. aeruginosatrains possasirease genes. Currently, all
four of the sequencd@. aeruginosastrains in the MetaCyc databg§saspi et al., 2012)
are annotated for urease structural genesABC and multiple accessory genes.
However, @tive ureasén P. aeruginosas thought to ke highly regulatedearly
ureolysis studies in Pseudomonads even wrongly concluded that all species within the

genusPseudomonawere urease negatiy8tewart, 1965)In our ownwork we were
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unable toestablislgrowth conditions foP. aeruginosastrainsthat would permit
expreswn of significant ureolysis activitydata not shown)t is known thatP.
aeruginosastrains possess a urea uptake system that is suppressed by the presence of
ammonium(Jahns, 1992F. coliis not known to have a similar ureataige system.
Subsequent work by Jahns showed that ATP generation was linked to urea hydrolysis in
S. pasteuriby cytosolic urease contributing to the membrane potesiialcytosol
alkalinization and ammonium effluthought to be the important factqdahns, 1996)
The mechanism discussed by Jahns (1996) explains the high urease aclvity in
pasteuriibut it could also be argued that some of the same mechanisms allow MJK1 to be

more efficient at ureolysis than tEe coli strain MJK2 on a population noalized basis.

Additional Parameterther factors thanfluencethe kinetics of the urease

enzyme are pH, ammonium concentration and temperdiai@eo and Lavecchia (2003)
constructed a detailed model taking all known major factors into acusing purified

jack bean urease. Although the Fidaleo and Lavecchia model describes a pure enzyme
system very well, constants from the literature for pure enzysterag do not

necessarily apply to systems with microorganisms. The Fidaleo and Lavecchéel wesl

fit to the data with slight modification to scale the rate to OD rather than enzyme
concentration and it was found to be a poor fit vligpublished pH, temperature and
product inhibition constani{glata not shown)The data collected for this styyjwas not
sufficient for the estimation of the large number of parameters associatesiialitia

complex enzyme kinetic model
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Application in Flow Cell Reactors

MJK1 and MJK2 are clearly ureolytically active and express GFP under the
growth canditions provided during this studhut the formation of biofilm must also be
considered in order for these strains to be successfully used in the study of MICP
Biofilm formation isan importahattributebecause it is thought that extracellular biofilm
components play an important role in crystal nucleation and calcium carbonate
polymorphology(Decho, 2010; Ercole et al., 2012; Rodrigidavarro et al., 2007)
Preliminary flowthroughexperiments conducted inmm squarglass cajtlary tubes
under contimous laminaflow indicatel that both transformantgoduce thick biofilms
andprecipitate calcium carbonate. The biofilm characteristics are different between the
two transformants with MJK1 forming dense colony biofilms and MJK2 forming a more
unstructued, flexible biofilm. In both cases, biomass and minerals were successfully
imaged with CLSMFigure 13shows MJK1 in a time series of mineral formation

associated with a biofilm colony in a square capillary flow cell.
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Figurel3. Time lapse CLSM images offa aeruginosaviJK1 biofilm colony (green)

during calcium injection under laminar flow in a 1.0 mm square glass capillary flow cell
(flow direction is from bottom to top)Calcium carbonate precipitates (white) are shown
to accumulat®n the downstream side of the biofilm coldigyeen GFP fluorescence)
Biomass was imagduhsed orthe fluorescence of the constitutively expressed GFP and
the precipitates were imagedingreflected lightmicroscopy T = 0 corresponds togh
beginning of the imaging session. The total time that the biofilm colony was exposed to
calcium wasaboutl15 hoursPlease refer to the methods section (2.6) for the image
processing associated with this figure.

Experiments using either MJK1 or MJK2flow cellswill have to be designed
carefullyin orderto promoteand sustaiithe appropriate metabolisiBoth transformants
are capable of using metabolic pathways thatd potentially counteract the pH increase
associated with ureolysmaking mineral pecipitation impossible even with high
ureolytic activity One example would be if oxygen was depleted in an experimental
system and acidroducing fermentation pathways were being utiliZzgdsomepoint
ureasamightbe too inhibited by the low pMaluesto showsignificantactivity. In
addition, even if a low pHolerant ueasevariant isproducedlow pH values (often
resulting in low saturation indices) might makecipitation not possibland possibly

even cause dissolution of previously precipitataltium carbonateMetabolic
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heterogeneities in biofilm systems could also create multiple environments arnthin

experiment, making results more difficult to interpret

Conclusions

Two novel model organisms wecenstructed to conduct pore scale ureatysi
driven MICP experiments, where organiamd mineral growtlcan be visualized
continuously and nemvasively The two new bacteriatrainswill allow for the
research of spatiotemporal physical #nthemical phenomena at thecrometerscale
in MICP systems. Previouslyt was not possible to observe tgatiotemporal
orientation of biomass with respectrtewly formedprecipitateghat werenduced by the
same biomasg§henew strainsllow for the visualization of biomags situwithout the
need for fluorescent staininghe ability to study MICP in this way can be used for the
optimization of engineered applications dadthe development of an improved
fundamentatinderstanding of natural microbial precipitation processes.

Kinetic analysis revealed that the specific ureolytic activity of MJK1 and MJK2 is
not as high as fd8. pasteuriithe most common organism used for MICP experiments.
Analysis of batch cultures revealed that all commonly used kinetic models aatobe f
the experimental data with limited deviatiofhe zero order (constant ureolysis rate)
model is simple and describes the data well in all cases vdraeitis normalized to the
population density. The population density was modeled with a Gompertz fynction

fitting a lag time and maximum specific growth rate to the optical density data. MJK2
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exhibited the fastest growth characteristics; howewenthertwo organismgMJK1 and
S. pasteurji exhibitedhigherspecific (i.e. cell number normalizedjeolysisrates.

Differences in specific growth and ureolysis rates, along with physiological
differences, make the potential use of each oh#ve model organisms unique. The
newly constructed strains require supplemental nickel for ureolysis activity. MJKseurea
is particularly well controlled with nickel, introducing a potentially useful system control
where ureolysis activity could be regulated independently of growth. The two
chromosomal GFP constructs behave differently as well. GFP expression of MJK1 is
more closely associated with metabolic activity through its control uheegrowth rate
dependent ribosomal promotenBp: while MJK2 constitutively expresses GFP. MJK1
will be of more use in studies aimed at determining the spatially resolved metabolic
activity whereas MJK2 may be preferred in studies where only the physical location of

biomass is important.

Chapter Elossary

A IN(ODs/ODy)

C Urea concentration

CMM Calcite Mineralizing Medium

GFP Green Fluorescent Protein

HPLC High Pressure Liquid Chroatography
Km M-M half saturation coefficient

> Lag time
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LB Luria-Bertani Medium

MICP Microbially Induced Calcium Carbonate Precipitation

M-M MichaelisMenten enzyme kinetics model

Mmax Maximum specific growth rate

oD Optical Density

ODo Initial Optical Density

ODst Steadystate Optical Density

R? Coefficient of determination

t Time variable

V max M-M maximum reaction velocity (rate)
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Abstract

Biofilms and specifically ureaydrolyzing biofilms are of interest to the medical
community (e.g. urinary tract infections), scientists and engineers (e.g. microbially
induced carbonate precipitation). In order to appropyiateldel these systems biofdm
specific reaction rates are required. A simple method for determining bisémTific
reaction rates is described and applied to alyeaolyzing biofilm. Biofilms were
grown in small silicon tubes and influent and effluerga concentrations were
determined. Immediately after sampling, the tubes were thin sectioned in order to
estimate the biofilm thickness profile along the length of the tube. Urea concentration and
biofilm thickness data were used to construct an invers#el for the estimation of the
urea hydrolysis rate. It was found that urea hydrolysissicherichia coliMJK2 biofilms
is well approximated by firsbrder kinetics between urea concentrations of 0.003 and
0.221 mol/L (0.186 and 13.3 g/L). The fhwtder rate coefficient (§ was estimated to be
23.2+ 6.2 h'. It was also determined that advection dominated the experimental system
rather than diffusion, and that urea hydrolysis within the biofilms was not limited by
diffusive transport. Beyond the spigc ureahydrolyzing biofilm discussed in this work,
the method has the potential for wide application in cases where bggfégific rates

must be determined.
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Introduction

The hydrolysis of urea by microorganisms has been widely shownedfeative
method for then situ production of alkalinity and the subsequent precipitation of
carbonate minerals. At circumneutral pH, urea (CO{NHydrolysis can be written as

CO(NH,), +2H,0+H" - 2NH; +HCQ;, (57)
where twoammonium ions and one bicarbonate ion are formed for each urea molecule
that is hydrolyzed. Additionally, one proton is consumed which raises the pH. When
calcium or other divalent cations are present carbonate mineral precipitation can be
possible due tan increase in carbonate (€ concentration.

Carbonate mineral formation through microbial ureolysis is significant in
medicine because of the role ureolytic microorganisms can have in the formation of
kidney and urinary tract stones as well as catlesterustationgMorris et al., 1999; Zhao
et al., 1998)Mineral formation through ureolysis has also been studied extensively for
engineered applications in building materi@sy.De Muynck et al., 20108nd in the
subsurface for permeability reduction, soil stabilization and contaminant remediation
(e.g.Phillips et al., 2013)Microbial urea hydrolysis is also of interest in industrial and
agriculturalwastewater treatment settings where a significant portion of the total nitrogen
is attributed to ure@ingjie and Cabral, 2002)n all of the systems mentioned above,
particularly where the surface area to volume ratio is high, a significant portion of the

ureolytic activity is likely to bettributed to biofilms.
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A significant obstacle in predicting system behavior in bioftlomtaining

systems is the lack of quantitative, systepecific reactive transport characterization.

This study looks specifically at ureolysis in a model biofilmeysin order to shed light

on the reactive transport environment that is likely to be present in systems that have, or
have been stimulated to have, ureolytic activity. Ureolysis in planktonic cultures has been
investigated thoroughly and there have beaoraber of studies to quantify volume
averagedDarcymodeling ureolysis rates in porous media containing microorganisms
(Ebigbo et al., 2012; Handleyidhu et al.2013; Tobler et al., 2011; Wu et al., 20&hgd
immobilized enzyméMoynihan et al., 1989; Redden et al., 20T#¥ most applicable

studies concentrate on the rate of precipitation in these systems leaving theaalero
reactive transport characteristicsupéolysis in biofilms largely undiscussed.

Rather than taking a volurereraged approach, ureolytic biofilms were grown in
silicon tubes that mimic the lamintow environment that would be encountered in a soil
pore or urinary traciThe silicon tubeprovide an environment that contains similar
reaction/diffusion characteristics as our systems of interest but these chericteristics are
much easier to quantify in the simple syst&ma.calcium or other cations that would
cause mineral precipitation wengpplied to the system so that urea hydrolysis could be
studied in detail without the complications introduced when precipitation takes place. The
silicon tubes were thegtestructively sampled and thin sectioned in order to obtain an
accurate biofilm thickess profile over the length of the tube. Biofilm thickness profiles
were combined with influent and effluent urea measurements to ohiesolgsis rate

per biofilm volume(here referred to as adfiim-specific rate). This chapterovides a
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method for he measurement of effective reaction rates in biofilms and greater insight
into the reactive transport envimment of biofilmcatalyzed urea hydrolysis through the

application of nondimensionalization techniques

Materials andMethods

Biofilm Growth

Esderichia coliMJK2 (Connolly et al., 2013piofilms were grown in 10 cm
long, size 14 silicon tubes (Masterflex ®, Gélarmer, IL, USA) withnfluent urea
concentrations ranging from 0.011 to 0.221 mol/L (0.63 to 13.3 B/LgoliMIK2
possesses@N105plasmid that has been modified to contain the urease operoriEfrom
coliDH5 U ( p URaadalso d@uyies a mutant chromosogfpl(green fluoescent
protein genefCollins and Falkow, 1988; Folkesson et al., 20@Xperiments were
initiated by the injection of inoculum into an autoclaved reactor assembly and allowing

cells to attach for amhour. See the supplementary online material for strain details and

preparation of the inoculum. Flow was then started at 1.0 mL per hour (Reynolds number

(Re) of 0.1 in a clean tube) and maintained at 1.0 mL/min for 10 days with a KDS220

multichannel syinge pump (KD Scientific, MA, USA). Flow was only stopped for short

periods to exchange sterile 60 mL plastic syringes filled with sterile medium. The silicon

tube was connected to the syringe via simslide diameter (0.127 mm) PEEK tubing
(see Figure 4). The smalinsidediameter tubing is intended to minimize residence time

and cause a high shear environment that is not conducive to biofilm growth in the



106
influent tubing. Without biofilm growth the average hydraulic residence time is 4.5

seconds in thafluent tubing and 12.1 minutes in the silicon tube reactor.

, PEEKInfluent Silicon Tube Reactor , Silicon
0. 127 mm ID 1.6 mm ID Effluent
Sterile Medium =10cm L=10cm
_» @ l ®= _>
k PTFE j Valve TO WaSte

. Influent 3-Way Valve Effluent
' Synnge pump Sample Sample
mfusmg at 1.0 mL/h (Tube disconnected to sample)

Figurel4. A schematic for the tube reactor assembly. Sterile LB medium is pumped
through a 10 cm long, 1.6 mm inside diameter (ID) silicon tube with biofilm groanng

the walls. Small ID influent tubing was used to connect the syringe to the tube reactor. A
3-way valve was used to take influent samples and the downstream end of the tube
reactor was disconnected to take effluent samples.

After 10 days of biofilm growth three consecutive effluent samples and one
influent sample were taken. The three consecutive effluent samples were taken in order to
65demonstrate steady state behavior. Tubes that had at least one consecutive effluent urea
concentration deviate from the mean of the three samples by 25% were not used in
further analysis. High variation between serial replicates indicates transient behavior such
as biofilm detachment events during sampling making the data set unsuitable for
modeling. The last effluent sample taken from each tube was taken to be representative
and used in all subsequent models because it was taken closest to the end of the
experiment when thin section samples were prepared.

Effluent samples were taken by discenting the downstream end of the tube and
letting media flow into a 1.5 mL microcenterfuge tube at the experimental flow rate for

one hour. The influent sample was taken last by directing flow to the sample tube by the
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3-way valve as shown in Figure 1. Ta@epty microcentrifuge tubes were weighed, 100
pL of 3.8% HCI was added, weighed, sample added, and weighed again. The final
sample pH of approximately 1.5 is effective at stopping ureolysis because the urease
enzyme has been shown to loose activity atpbiFidaleo and Lavecchia, 2003)
Finally, samples were filtered (to remove cells) through auth?ore size cellulose
acetate syringe filter (VWR, NJ, USA) and refrigerated for later measurement of urea
concentrations via HPLC. Imrdately after the liquid sample was taken, the silicon
tubes were destructively sampled for the determination of biofilm thickness profiles by

thin sectioning.

Biofilm Thickness Measurements

Immediately following the liquid sampling, the tubes were digskm order to
determine a biofilm thickness profile along the length of each tube. Each 10 cm tube was
cut into five 2 cm long sections. The center 1 cm of each section was cut out and cut in
half lengthwise with a surgical scalpel. Remaining liquid ea®fully wicked away with
tissue paper before Tissliek O.C.T. Compound (Sakura Finetek Inc., CA, USA) was
dispensed onto the cross section of each tube and placed on dry ice to freeze. Once the
OCT was fully frozen, the cross section of tube was peeley leaving the biofilm
embedded in the OCT. Microscopic investigation showed that no significant biofilm was
left behind on the tube. The frozen and embedded biofilm was then completely embedded
in OCT in a tissue cryofixation mold. The frozen samplesevgéored at2(°C for

subsequent thin sectioning.
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The frozen biofilm samples were cut intqu thick cross sections and mounted
in a Leica CM1850 cryostat. Sections were mounted onto charged microscopy slides
(Fisherbrand" SuperfrostM Plus StainFisher Scientific, NJ, USAand airdried. Five
sections were taken for each segment of tube. The green fluorescent protein (GFP)
produced by the bacteria was imaged via epifluorescence microscopy. Thin sections were
imaged on a Nikon 800 microscope equipped with a CoolSNAP MYQILcamera
(Photometrics, AZ, USA), PhotoFluor L5 light source (89 North Inc., VT, USA),
Nikon Plan Apo 10X/0.45 DIC B/0.17 WD 4.0 objective and a FITC filter cube (EX
480/30, DM 505 LP, EM 535/40). The raw-b@ images were 1940 x 1460 pixels with a
pixel size of 0.449@um. All fluorescence images were obtained with an exposure time of
2 seconds.

Raw images were thresholded in the open source softwargSEtihdelin et al.,
2012)using the automatic triangle meth@thck et al., 1977)The triangle method
proved to provide the most representative results over other commonly used methods
such a®tsu(1979) The thresholded images were quantified to determine average
biofilm thicknesses (). This was done by dividing the calculated ark length of the
section of tube shown in the image (0.923)y the area of the biofilm cross section
that was obtained from the thresholded image. Images that contained significant defects
were excluded from the analysis. Defects included dust particles, bubbles and geometric
irregularities that would cause ir@agacy in the thickness measurements. Average
thickness from all usable replicates aregented (see Appendixf8r thickness

calculations and raw data). Images were not taken when samples did not contain any
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visible biofilm and the thickneswas recordeds zero. Figure 18hows a typical thin

section and the analysis that was performed on it.

100 pm

Figurel5. A representative example of a thin section image. (A) A transmitted light
image shows a qualitative representation of th&élbio(B) The fluorescence image,
showing the GFP signal, is used for quantification. (C) The GFP fluorescence image is
thresholded to differentiate between biofilm (white) and background (black), forming a
binary image. The area of the biofilm signal isqtified and divided by the calculated
visible arc length (0.923 mm) to calculate a representative average biofilm thickness.

Urea Quantification

Urea was analyzed using high pressure liquid chromatography (HPLC) after the
Clark et al(2007)method with irautosampler derivatization identically to Connolly et

al. (2013).

Urea Hydrolysis Rate &ermination

Tube reactors were modeled using COMSOL Multiphysics version 4.3a
(COMSOL Inc., USA) in order to fit kinetic parameters to the measureal
consumption over the length of the tube reactors. The tube reactors were modeled as a
two-dimensional rotated axisymmetric geometry. NaBeokes equations were solved to
obtain a flow field and it was assumed that there is zero fluid flow in dfgnibidomain.

The thin section data were used to reconstruct the biofilm profile for each tube reactor. It
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was assumed that the biofilm thickness was constant for discrete values of x (see Figure 3
for model coordinates) and the thickness was linearlypotated between measured
points. Biofilm thickness could not be measured immediately at the influent or effluent of
the reactors (x = 0 and 10 cm) due to potential artifacts due to the removal of the silicon
tubes from the experimental system, so it westimed thatdat x = 0 cm equaledslat x
=1 cm and kat x = 10 cm equaled: lat x = 9 cm. Urea transport was calculated with

advection by the NavieBtokes flow field and Fickian diffusion. No reduction in

Flow and Geometry

X Line of Radial Symmetry L
g - (Center of Tube)
wfl . Liquid Phase: A
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g Solute Transport: Advection (Navier-Stokes) and Fickian diffusion 5 %
5E Reaction: None S oM
s 8 €8
©
55 Biofilm Phase: 2=
3 = Solute Transport: Fickian Diffusion 5 %
= 3 Reaction: Urea hydrolysis =%
22 =
Ex (o N7}
No Flux

Figurel6. COMSOLmodel overview with boundary conditions.
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diffusive transport in the biofilm domain was considered so diffusion characteristics were
assumed to be constant throughout the simulation. Preliminary analysis showed that
implementing increased mass transpaststance of solutes in the biofilm asStewart
(1998)affected the rate fitting minimally (< 1% difference in the thickest biofilms, data
not shown). Boundary conditions and modeling aggions ae indicated in Figure 16
The urea hydrolysis reaction rate, R, was assumed to be constant within the entire
biofilm in each tube (independent of concentration) and constrained to the biofilm
domain (no reaction in the liquid phase). Justification foctrestant reaction rate
assumption follows in Sectidh The influent and effluent urea concentrations are known
so the urea hydrolysis rate was fitted such thatetxperimentally determined
concentrations fit the model. The urea concentration at the outlet boundary is non
constant so rather than minimizing the difference between modeled and experimental
concentrations directly, the difference between the model@@gperimental total
effluent urea flux was minimized. The last of the three effluent urea concentrations was
taken to be the representative concentration because it was taken closest to the time of
destructive sampling. The known effluent urea flux, dan be calculated by multiplying
the effluent concentration,gg by the volumetric flow rate, Q such that
Jer =CeQ. (58)
Ceris an average and well mixed valdidie modeled effluent urea flux%s, was

calculated by integrating over the area of the liquid phase at the effluent such that
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1D - |_f
Jer=2" ffourdr, (59
0

where u is the x component of the fluid velocity, C is the local urea concentration and ID
is the tube insiddiameter (1.6 mm). The model was run iteratively where the biofilm
ureolysis rate was varied such that the sum of the squared error betwaet & is
minimized. The COMSOL optimization module was used to find a urea hydrolysis rate,
R, that minimizeshe squared error,gdi J&9)?, using the NeldeMead method

(Lagarias et al., 1998; Nelder and Mead,9)36ith a nondimensional fitting tolerance of
10°.

Fitted rate values for each tube were compiled into a data set that represents
reaction rates at a range of urea concentrations. An average urea concentration within the
biofilm volume, Gurea,gr Was @lculated for each tube and was taken to be the
representative urea concentration corresponding to the rate that was fittezhaklig
Menten(M-M) rate, R.m, relationship was fitted to the compiled data using the least
squares curve fitting tool (cftan MATLAB R2012a (The MathWorks, Inc., MA,

USA):

C
km+C’

Rm- m = Rmax (60)

Rmaxis the maximum ureolysis rate andik a half saturation coefficient. It was
theorized that the MM relationship would fit the data best but other rate relationships
were fit for comparison. For a reaction of order, n, with respect to urea concentration a

generalized rate law can be writtas
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Rp =kpCM. (61)
Firstorder (n = 1, linear) and zearder (n = 0, constant rate) relationships have been
used previously to describe microbial ureoly{§isnnolly et al., 2013; Ferris et al., 2003;

Tobler et al., 2011; Zhang and Klapper1@Pso they were also included in the

regression analysis.

Results and Discussion

Analytical Results

Urea MeasuremeniMeasureable urea hydrolysis was observed in all tube reactors

after 10 days of operation. Influent urea concentrations varied be@&Ehand 0.221

mol/L. Effluent concentrationgaried betwee®.003and0.208 mol/L including all serial
replicates. Tubes 5, 10, 11 and were eliminated from the analysis because the steady state
condition was not met (> 25% deviation from the mean). €ader is referred to

Appendix Bfor all urea measurements

Biofilm Thickness ProfilesBiofilm profiles were successfully obtained from 11

tube reactor runs. Biofilm thicknesses ranged from 0.6 to 222.0 um with an average
across all observations of 18.mpAssuming zero flow through the biofilm, laminar
flow is expected in all tube reactors (a maximum Re = 0.18 was calculated for the reactor
with the thickest biofilm observed).

Five replicate biofilm thickness measurements were collected for each profile

point. 5.5 % of the measurements were eliminated from the analysis due to apparent
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irregularities such as bubbles in the cutting medium, dust particles and deformed sections.
All biofilm thickness measurements presented were at least measured in dupticate
average of 4.7 measurements per thickness value. Raw biofilm measurements can be
found inAppendix Band the average profiles used ie thodel can be found in Figure

17.

Sources of ErroiThere are some distinct sources of error associated with the tube

reactor experiment that must be addressed. The most significant source of error is
expected to be in defining the biofilm thickness profile. If the biofilm thickness
throughout the tube isohwell characterized the calculated rates are not accurate because
the rate fitting implicitly depends on the amount of biofilm present. There are four
potential sources of error for the estimation of the biofilm thickness profile: (1) Biofilm at
the influent and effluent of the tubes cannot be accurately quantified, (2) Biofilm
thickness between measurement points may not be well approximated by linear
interpolation, (3) Biofilm thickness may not be constant around the entiresgotésn of
the tube and@4) Significant detachment events have the potential to occur during
sampling for aqueous analysis.

In the first three potential sources of error, the problem is that the entire tube, and
biofilm within that tube, cannot reasonably be imaged in threembions. These errors
are directly related to the lack of the ability to sample at a high spatial resolution and can
be considered random errors. Random errors in this system can be expected to have the

same likelihood for overestimation as for underediiona In other words, the sampling



115
regime is just as likely to miss a thick area of biofilm as a thin area. Although more
advanced techniques would be required, the low spatial resolution problem can be
resolved. 3D imaging techniques such asa} microtanography(Davit et al., 2011; lltis
et al., 2011; Wildenschild and Sheppard, 20h8lear magnetic resonance imaging
(Graf von der Schulenburg et,&008; Seymour et al., 2004)d optical coherence
tomography(Haisch and Niessner, 2007ave the potential to image simple biofilm
systems and better link biofilm geometry to effective reaction rate estimations.

Error associated witdetachment events during the sampling process cannot be
guantified here but the sign of the error and its effects is known. If a large detachment
event were to happen during aqueous sampling or between sampling and thin sectioning,
the biofilm profile duing aqueous sampling would be unknown but it had to be thicker
than would be shown in the thin sections. This would always lead to an overestimation of
the effective reaction rate in that particular tube due to the underestimation of biofilm
volume. Simiarly to the other class of random errors, this problem could be minimized
through the use of more advanced 3D imaging techniques. These more advanced

techniques would still need to be utilized carefully as to not disturb the biofilm.

Reactive Transport Chacterization

TheDamk ™ hl er number (Da) is defined as the
divided by the time scale of reaction within a control voly(fFagler, 2005)For a firstorder

reaction the Damk™hl er number can be defined

Da=k,(, (62)
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whereUis the average fluid retention time. This standard expression for Da requires
modification for a system with rates defined as occurring only in the biofilm phase.
Equation 6 assumes that reaction is occurring within the entire volume for Whidh s
calcubted (the liquid volume). In this case the reaction is not occurring in the liquid
volume so the transport rate and reaction rates must be normalized for the volumes in
which they occur.

Similarly, the Eclet number (Pe) can be defined as the ratio oadwvection rate
of a solute to the diffusion rate of the same sd|Ggssler, 1997)The Fclet number can

be expressed as

vL
Pe= —
5 (63

where D is the diffusiocoefficient, which is 1.3810° m?s for urea in pure water at %5
(Cussler, 1997)v is an average fluid velocity and L is a representative length scale. The
values of v and L can be chosen based on what is being characterized in the system. In this
case both axial and radial behavior is of interest sdPéetet numbers are definedh&

first, Pg, characterizes axial behavior where the velocity is taken to be the average
magnitude of the x component of velocity, Vhe second, Pecharacterizes radial

behavior where the velocity is taken to be the average magnitude of the r cohgionen
velocity, +. The length scales are different for radial and axial behavior. The tube length,
lwbe IS the length scale for axial flow and the tube diamejgyisl the length scale for

radial flow such that
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Al
Pe( — x[;ube’ (64)
and
VI’d upe
P =~ o8 (65

The last dimensionless parameter considered is the Thiele modusic¢h is
the ratio of the time scale of reaction to the time scale of diffusion. The Thiele modulus is

simpe to calculate for first order reactio(Sussler, 1997)

(66)

The length scale (L) here is a biofilm thicknesg fecause the Thiele modulus, in this

case, i<alculated as a metric to quantify potential diffusion limitation of the biofilms in

this system. Biofilm thickness is not constant in these systems so average high and low
values for each tube are used to bound overall behavior. Table 1 shows théethlcula
dimensionless parameters (average, minimum and maximum) for each tube reactor in the
study. The values used in the calculation of the dimensionless parameters were taken

from the finite element model

Table7. Average dimensioerks parameters for all tube reactors along with their minima

and maxima. Da and Pe are calculated foreachtubeand s cal cul ated f or

measurements.

Da Pex Per ¢
Average 4.42 1.410° 2.31 4.75¢10?
Min 3.85 1.34x10* 1.00 1.63<103
Max  4.64 1.64<10° 6.00 3.36x10%
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In general, the dimensionless parameter analysis shows that advection dominates
the system (rather than diffusive transport and urea hydrolysis) and that biofilms are not
diffusion limited. TheDa mk ~ hl er number shows that, for ¢t}
scale of advective transport is larger than the time scale of reaction. In classical chemical
engineering terms Da > 1 indicates that not all of the substrate is being utilized in the reacto
The overall reaction rate, within the entire reactor, is limited by high advective transport. Da
> 1 is out of necessity in this study because there needs to be measurable urea at the effluent
for the quantification of urea hydrolysis within the reactor

Axial Péclet numbers are all much greater than(Pel) one indicating that the
system is strongly advection dominated. Only a small fraction of axial urea transport can
be contributed to diffusion. The radial Péclet number indicates advective arsiveif
urea transport are more balanced with diffusive and advective transport contributing more
equally in the radial direction. There are two primary characteristics that control Pe
assuming a constant diffusion coefficient. First, the bulk flow rdéstsf Pe A higher
overall system flow rate will translate into greater overall velocities, including radial
velocities. Second, the heterogeneity of the biofilm profile directly affects radial
velocities. As the biofilm profile becomes more constant e closest tobeing equal
at all values of x), the averagadial velocity will decreas#jus decreasing Pdt can
also be expected that flow rate and biofilm thickness heterogeneity could be linked.
Although this physiological relationship was not studied here it has been shown that
biofilms adapt to their shear and solute transport environni@tasdley et al., 1999,

1998) E. colibiofilms have been shown to adapt their architecture to specific
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hydradynamic and nutrient conditions. Specifically, when nutrients are provided in
excess (as is expected in this study due to high Da andVaues)E. coli biofilms have
been shown to adapt to resist shear s{fBssdosio et al., 2011)

The Thiele modulus was the most variable dimensionless parameter in the system
but all values were found to be less than one indicating that the time scaleusiodii
generally shorter than the time scale of reaction. This means that urea hydrolysis within
biofilms in this study are not strongly diffusion limited. In other words the bulk liquid
concentrations are expected to be approximately equal to the tratioss found within
the biofilm (i.e. no steep gradients in urea concentration). This finding is an important
validation for the approach that was taken in determining kinetic rate constants where the
reaction rate and the corresponding biofilm urea entration (Qrea,ge in €ach tube was
assumed to be constant. Visual evidence for small Thiele modulus behavior can also be
found in Figue 17where the urea concentration does not appear to change significantly

within the biofilms relative to the bulk fid.

Kinetic Parameter Fitting

Tube reactors that met the steady state criteria were modeled using individual
finite element models, and the urea hydrolysis rate, R, was varied until the differences
between the modeled and experimental urea fluxes werenimed. The representative
concentration corresponding to the calculated reaction rate was assumed to be the average

urea concentration within the biofilm volume of each tube.
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Figurel?. Local urea concentraticas predicted frorthe finite element modébr each
tube reactor used in the analysis. Concentration is not consthirt @ach tube however
when thesame color scale is useab in this figure, it is evidethat each tube represents
a narrow concentration range withivetrange of concentratisithat exist within this
study. Biofilm profiles are shown as white lines in each panel.
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The resulting data from the finite element models allowed for regression analysis
consideringViichaelis Menten(M-M), first- and zereorder rde models. A plot of urea
hydrolysis reaction rate versus representative concentration along with ragkefisozhn
be found in Figure 18V-M and firstorder models fit the data best (reneansquare
error of 1.01 and 0.97 mol/(h) respectively) whiléhe zero order was a poor fit
compared to the others (remteansquare error = 1.56 mol/(h)). M-M and firstorder
model fits are not statistically different at 95% confidence over the range of
concentrations considered in this study. Rate constantsgdtM model were
estimated to benk= 0.55 mol/L andmax= 15.9 mol/(Lh) and for the firsbrder model k
=23.2+ 6.2 h'(xis the 95% confidence interyal

The demonstration of first order behavior is important for modeling more
complex systems and a significant finding in this work. Others have used-frster
kinetics forureolysis systems involving ureolysisiven mineralizatiorfFerris et al.,
2003; Tobler et al., 201 owever the applicability of that model had remained
undemonstratetbr any biofilm systermuntil now. For reactions obeying M kinetics,
as has been showor urea hydrolysi¢Ciurli et al., 1996; Fidaleo and Lavecchia, 2003;

Moynihan et al., 1989}t is typically assumed that firstrder kinetics should only be
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Figurel8. Average urea concentration within the biofilm volume versus estimated urea
hydrolysis rate. The modeled points correspond to the rate calculated by the finite
element models versus the average urea concentration in the bidfilmeyd;rea gr

Error bars represent the range of urea concentration within the biofilm volume as
estimated by the finite element models. Points are labeled with the tube reactorsnumber
from which they were obtained

applied to systems where the reactoibstrate is at low concentration (C <r).KThe

results shown here indicate that published kinetic values from pure enzyme or planktonic
biological experiments may not be appropriate for use in systems where attached cells
and biofilms are the primary @yst. Diffusion limitation is routinely cited as the reason

for different kinetic behavior in biofilms but the results of this work suggest that kinetic
differences can occur even without evidence for significant diffusional mass transport

limitations.
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Practical Applications

The study presented has direct and indirect applications. The most direct
application of this work is the continuation of laboratory studies UsirapliMIK2. The
biofilm-specific kinetic parameters obtained in this study carsbd in conjunction with
tools such as confocal microscopy, flow cells, and finite element modeling in more
complex systems to further investigate local chemical gradients within ureolytic biofilms.
Systems that would be particularly well suited includeared catheter@Morris et al.,
1999)and ureehydrolysisdriven microbial carbonate precipitatifbe Muynck et al.,

2010; Phillips et al., 2013a)

Beyond urea hydrolysis systems specifically, this paper presents a robust method
for the systematic characterization of effective reaction rates in biofilms in flow systems.
The small scale of the tube reactor method has advantages over more commaosryaborat
benchscale biofilm reactors such as the CDC rea@&@TM E2562,2007) annular
reactorqLawrence et al., 2000pr drip flow reactorgGoeres et al., 2009The main
advantages relate to cost and the reduction of waste. The simple tube reactor requires no
specialized equipment other than a syringe pump or a simifap that provides a
constant and slow flow. The shear environment can also be easily tailored to the specific
requirements of the study by varying the flow rate or tube size. The tube reactor method
is also well suited for studies where hazardous méteaia used. Studies focusing on
guantifying the degradation of hazardous substances by biofilms may find use in small
tube reactor studies because experiments could be designed that produce a minimal

amount of hazardous waste (e.g. chlorinated aromagdspcarbons, nitroaromatics and
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pharmaceuticals). Studies where high cost substrates are used (e.g. stable isotope
compounds) may also find use in the tube reactor system. There are also disadvantages to
the tube reactor method as compared to larger v@lproaches. Some studies may
require larger sample volumes for multiple analyses, making the use of suciii@tew

rate system impractical.

Conclusions

The determination of biofilrspecific reaction rates is important for the accurate
micro-scale modehg of biofilm systems. In this work biofilmpecific urea hydrolysis
rate coefficients were determined (bichaelis Mentenand firstorder rate models) in
a tube reactor system. It was found that for the chemical and hydrodynamic conditions
present irthis study a firsorder (linear) rate model fits the reaction rate versus
concentration data as well as techaelis Mentenmodel which is more difficult to
work with computationally. This work along with the previous characterizati@n odli
MJK2 in planktonic culture makes the organism a valuable tool for the study of various
aspects of ureolysis in biofilms. Applications include medical, environmental science and
engineering research topics. Beyond the specific findings related to ureolysis, hioel met
presented in this work has wider applications to other biofilms where a beific

reaction rate needs to be determined.
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Abstract

Microbially- or biofilm-induced carbonate precipitation in the subsurface for
permeability reduction has been the subject of many studies in recent years but the
particular manner in which pore space is decreased remains largely uncharacterized. This
leaves engineers who are eager to apply this technology to the field largely guessing at
the most effective ways to carry out the process.

Work presented in this paper describes a set of experiments where a fluorescently
labeled, urease positive bacteriigrallowed to form biofilm and precipitate calcium
carbonate in a 2D etched silicon and glass porous media micromodel flow cell reactor.
The pore blocking constituents were imaged with confocal microscopy at two time points
under three different flow rageand with calcium added at varying times during the
experiments. Finite element modelling was utilized to predict reactive transport behavior
basel on the experimental image data. Differential pressure was also recorded which
allowed for the estimation gfermeability reduction due to the various treatments.

It was found that the greatest permeability and porosity reductions occurred when
calcium was added to the system directly after the system was inoculated. A moderate
amount of permeability reductiomas achieved when no calcium was added to the
system, although longer lasting mineral plugging is often seen to be more desirable over
only biofilm caused permeability reduction. The least amount of permeability reduction
was seen when calcium addition aoenced 24 hours after inoculation. Finally, pore

space was observed to be occupied by gas bubbles, presumably originating from
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microbial activity, during low flow and zero flow periods. With all evidence taken into
account, this work provides a case fa fhulsed injection of reactants to a system when

porosity and permeability reduction is the primary goal.

Introduction

Microbially-induced carbonate precipitation (MICP) has been shown to be an
effective method to reduce permeability in geologic porous n{EgidMuynck et al.,
2010; Phillips et al., 2013aJhere are multiple microbial metabolisms that are able to
precipitate carbonate minerals and blookguspacéConnolly and Gerlach, 201%®ut the
one explicitly studied in this work is urea hydrolysis. In this process @@&NH.)) is
hydrolyzed, typically by bacteria, to form ammonia @ End inorganic carbon
(Equation 67. In a porous medium it is likely ththe majority othe bacteria in the
sulsurfaceare present in thattached form known as a biofildue to the high surface to
volume ratio(Characklis and Marshall, 199®ere we consider a conceptual model
where biofilm reduces pore space itself but also catalyzes the precipitation of calcium
carbonate, both of whicfbiofilm and precipitate) occupy pore space and reduce
permeability(Phillips et al., 2013b)Urea hydrolysis sets off a series bemical
reactions (Equations 680) that have the potential to form solid carbonate minerals when
calcium, or other divalent cations are preg#fitchell and Ferris, 2006)
CONH)2+2HO Y 2+ NEIO; Urea Hydrolysiq67)

2NHs+2H0 2z 2"+ BH AmmoniaProtonatiorand pH Increas¢8)
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HoCO3+20H Z HGOHO+0OH 2z C+2H0
Shift of Carbonate Equilibriuni69)

CO+Ca&*z CaBP Calcium Carbonate Precipitati¢i0)

It has been widely shown that biofilm growth and calcium carbonate precipitation
can reduce permeability independerfiymstrong and AjeFranklin, 2011; Cunningham
et al., 1991)Unfortunately the established methods for measuring the location, volumes
and morphological characteristics of both constituents are quite different. Porosity
reduction due to carbonatespipitates is often estimated witkray computed
tomography due to the highray contrast that the dense precipitate proviéesistrong
and Ajo-Franklin, 2011; Wildenschild and Sheppard, 20B3)film provides little xray
contrast making it difficult to image. It is not imisle to image biofilm using-ray
computed tomographipavit et al., 2011; Iltis et al., 201but techniques to image both
biofilm and precipitates are not yet developed. The most common method for the
characterization of intact biofilms continues to be confocal laser scamiengscopy
(CLSM) (Beyenal et al., @04; Heydorn et al., 2000; Pitts and Stewart, 2008)

Here we chose to utilize micromodel reactors that mimic adweensional slice
of a porous medium in order to observe, at high resolution using CLSM, the porosity
change over time due to a greeroflescent protein (GFP) tagged, urepseducing
biofilm and the carbonate minerals that the biofilm precipitates. Thelimvensional
geometry of the micromodel flow cell allows us to image the entire reactor and resolve
all poreoccupying constituents ugj CLSM. Similar work has been done for biofilm

(Dupin and McCarty, 1999; Kirk et al., 2012; Knutson et al., 2005; Nambi et al., 2003;
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Zhang et al., 2010@nd mineral precipitatio(Dawe and Zhang, 1997; Ghaderi et al.,
2009; Zhang et al., 2010s¢parately but we were able to combine them & on
experiment for a moreompletelook at the behavior in MICP systems. Specifically, in
this work we investigate the degree to which biofilms and the minerals they can
precipitate block pore space. This reduction in pore space is accompanied by changes in
the reactive transport characteristics of the porous medium which are estimated using a

pore scale finite element model that uses experimentally gathered geometric data.

Materialsand Methods

MicromodelFabrication

The micromodel features were etched iatsilicon wafer using cryogenic deep
reactiveion etching (cryeDRIE) under a S§O. environment and sealed by anodically
bonding a piece of glass to the etched surface. All photolithography was conducted in the
class 1000 clean room at the Montana Miaboication Facility at Montana State
University. The micromodel and influent/effluent hole patterns (FigQyevire drawn
electronically and sent to the University of Minnesota Nanofabrication Center for the
construction of a photolithography mask consted of soda lime glass with the pattern

in chrome.
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Figurel19. Porous media micromodel geometry. The micromodels were etched in silicon
wafers to a depth of 18.1 um and sealed with a 200 um Pyrex cover slip.

The lithographyprocess started by coating dype silicon wafer with a layer of
alumi num (& 200 -LABthermalsevapogatioa phiéicaDuapor
deposition system. The wafers were polished on both sides, 100 mm in diameter and 0.5
mm thick. NR91500PY negative mitoresist (Futurrex, Inc., NJ, USA) was spiated
onto the wafer at 2000 rpm for 40 s followed by a 150°C, 60 s hotplate softbake (1805
1995 nm thickness). The wafer was then exposed for 40 s using a contact aligner (ABM
USA, Inc., CA, USA) emitting 15 &/cn? light at a wavelength of 365 nm. The wafer
was hardbaked on a 100°C hotplate for 60 s, let to cool to room temperature and then
developed for 30 s with RD6 developer (Futurrex, Inc., USA). The wafer was rinsed
thoroughly in deionized water and drietth nitrogen. The remaining photoresist then

served as the mask for patterning the aluminum layer. The exposed aluminum was
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dissolved with surfactafsgontaining aluminum etch 16-1-2 (J.T. Baker, USA) at 70°C
for approximately 2 min. The remaining phasist was dissolved with acetone and the
wafer was washed with deionized water and dried with nitrogen.

The wafer was loaded into an inductivelyupled plasma (ICP) reactive ion
etcher (Plasmalab System 100, Oxford Instruments, UK) with the wafer cholekl ¢o-
110°C. Wafers were etched with an ICP power of 1000 W and an RF power of 3 W at a
pressure of 10 mTorr under a mixed gas flow of &0 sccm and £at 3 sccm.
Etching under these conditions produced an etch rate of 4.56 um/min at the cérger of
wafer as measured by a XP2 stylus profilometer (Ambios Technology, Inc., USA). The
total etch depth was measured to be 18187 After etching the micromodel features,
the process was repeated on the reverse side to obtain influent and efflueby holes
etching through the wafer completely. Once all of the features were complete the wafer
was stripped of the remaining aluminum with aluminum etch, rinsed with deionized
water, then immersed into an 80°C piranha solution bath (three parts conceni&fded H
one part HO») for 20 min to completely strip the wafer of organics. 100 mm diameter,
200 um thick, fully polished Pyrex wafers were stripped in the same piranha bath. Both
silicon and Pyrex wafers were rinsed with deionized water and dried withemtrag0
pm Pyrex was chosen because it is the closest commesaialilable thickness to
standard No. 1.5 microscope coverslips which are 170 pm.

The cleaned wafers were anodically bonded together to form the flow channels.
Anodic bonding was completed @tah Nanofab at the University of Utah with an

EVG®501 bonder (EV Group, Inc., AT) at 350°C, 2000 N and 1000 V. Individual
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micromodels were cut apart using a dicing saw and influent and effluent connections
were made with NanoPorts (IDEX Corporation, USA)e micromodel used in this
study had a measured channel depth of 18.1 um and a porosity of 0.78. A scanning

electron micrograph of the porous media features can be found in Fiyure 2

100pm Mag= 405 X WO= 5mm EHT = 1.00 kv 5 Date :27 Jan 2014
i o ~a i
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Figure20. A representative scanning elert micrograph of the edge of the porous media
region of a micromodel without cover glass.

Strain andGrowth Conditions

Escherichia colMJK2 was the model organism used in this study. MJK2 is a

recombinant bacterium that contains a plasbhudhe urease @pon(Collins and Falkow,
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1988; Connolly et al., 2013nd a mutant chromosomal green fluorescent protein (GFP)
gene(Folkesson et al., 2008Y1JK2 was used in this study because it can be imaged
noninvasively using the GFP and is a biofilm former for which bieBjmecific ureolysis
kinetics have been characteriz€bnnolly et al., 2015)The growth medium for MJK2
was a supplementediriai Bertani (LB)medium which contains 10Igtryptone, 10 g/L
NacCl, 5 g/L yeast extract, 50 mMdrabinose (7.5 g/L, for the plasmid promoter), 10
pg/mL gentamycin (to force plasmid retention), 10 uM™Nio increase urease activity)
and 0.1 M urea (6.0 g/L). The medium was supplemented withl C#* when desired
and filter sterilized. All experiments were conducted at room temperature (20°C).

The inoculum for the micromodel experiments was prepared by inoculating 100
mL calciumfree medium with 100 pL of frozen stock. The culture was incubated on a
150 rpm shaker table at room temperature in a 250 mL Erlenmeyer flask for 12 h, which
resulted inan optical density of 0.26 for a 1 cm path length measured with 600 nm light.

The resulting culture was used directly as the inoculum for micromodel experiments.

MicromodelExperiment

1.0 mL ofE. coliMJK2 inoculum was introduced into the sterile micoatel at a
flow rate of 1.0 mL/h; medium flow was stopped for 1 h to allow cells to attach.
Immediately following the attachment period, influent lines were disinfected with a 10%
v/v bleach solution for 10 min, influent lines were flushed with sterile tiromedium,
and then flow was directed through the micromodel at the experimental flow rate.

Experiments were conducted at 0.1, 0.25 and 0.5 mL/h. With each flow rate, one
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experiment was conducted entirely with calcitree medium, one experiment where
caldum-containing medium flow was started 24 h after inoculation (after imaging), and
one in which the flow of calciumontaining medium was started immediately following
the cell attachment period. This results in a set of nine experiments with independently
varying flow rate and cailem addition timing. See Tablef8r a matrix of experimental
treatments. Tiled confocal microscopy images of the entire porous media region of each
micromodel were taken 24 and 48 hours after inoculation. Table 1 shows thenexper
that were conducted along with the naming scheme that is followed. Experiments 7 and 8
experienced permeability reductions greater than what could be measured with the
differential pressure transducer and were terminated early so the 48 hourititedqyo
these experiments 8 and 848) were excluded from the analysis. In order to observe
longer time scale behavior, experiment 9 was taken out to longer time points with zero

flow.

Table8. Naming scheme for experiments foemed in this study.

Ca Addition Flow Rate Time Point
0.1 mL/h 0.25 mL/h 0.5 mL/h

NG Ca 1-24 2-24 3-24 24 h

1-48 2-48 3-48 48 h

4-24 5-24 6-24 24 h

Caat24h 4-48 548 6-48 48 h

Ca 7-24 8-24 9-24 24 h

at Inoculation 7-48* 8-48* 9-48** 48 h

* Maximum measureable differential pressure exceeded.
** Longer time point data collected.
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Differential pressure across the micromodel was directly measured with a
26PCAFAG6D differential pressure transducer (Honeywell Internatitmal, USA) and a
DATAQ DI-718B-U data logger system equipped with a8B30-01 voltage input
module (DATAQ Instruments, Inc., USA) at a time resolution of 1 s. The pressure
transducer was calibrated between 0 and 30 gt Hotal differential pressure was
recorded immediately before each imaging session by recording 15 minutes of data,
stopping flow, and recording 15 more minutes of data. The middle 10 minutes of each
recording was averaged in order to eliminate starissopl artifacts and then subtracted in
order to get the reported differential pressure for each time point. Calibrating to the zero
flow state (known zero differential pressure) at each time point was necessary in order to
account for the observed systeroatrift in the pressure data that occurred over longer
time scales (tens of hours).

After each experiment the flow cell was flushed with 10 mL of 10% v/v bleach
solution at 1.0 mL/h and precipitates were dissolved with a 10% (v/v from concentrated
HCI) HCl solution at 1.0 mL/h until the precipitates had dissolved (approximately 24 h).
The bleach solution was effective at removing biofilm as confirmed by microscopy and
the precipitates readily dissolved in the acid solution. All parts of the experimental
system were flushed with deionized water as the final step. A diagram of the

experimentasystem can be found in Figure.21
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Figure21. A schematic of the experimental setup. After inoculation flow of sterile
medium was maintaindaly a syringe pump through a Quéh filter to prevent

contamination of the media reservoir. One thaeg valve was used to direct flow

directly to waste for flushing the influent tubing and the other two tiwaaevalves were

used to make the connectionthe differential pressure transducer. The micromodel,
valves and the pressure transducer were mounted to a polycarbonate microscope stage
adaptor (not shown) for ease of imaging.

Confocal Microscopy and Image Analysis

Biofilm and mineral deposits were iged using a Leica TCS SP5 Il DM6000 CS
upright confocal microscope (Leica Microsystems, DE). Images were collected through a
Leica HC PL FLUOTAR 10x/0.30 dry objective and 3D confocal stacks were taken at
each location. 40 stacks (8 frames by 5 framesg waken to image the entire porous
media section of the micromodel with a 10% horizontal overlap. Stacks were collected
with a vertical slice thickness of 11.0A6. The individual stacks were merged into a
single large dataset automatically by the micopscsoftware. The resulting voxel
dimensions were 3.027 um x 3.027 um x 5.533 um.

The GFP signal of cells within the biofilms was imaged using the excitation from
the 488 nm laser and photomultiplier tube (PMT) detection between 500 and 700 nm.
The natual autofluorescence of calcium carbon@teshida et al., 2010)as utilized to

image the precipitates with excitation from a 405 nm diode laser and PMT detection
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between 415 and 550 nm. Overlapping signal was addressed by image subtraction. When
gas bubbles were present (theegence was obvious by qualitative inspection),
reflection images were also collected with illumination with the 488 nm laser line and
detection between 478 and 498 nm. Images were collected with 3x frame averaging to
eliminate signal from moving (unattasdh) objects and the channels were collected
sequentially.

The 3D datasets were imported to the open source softwarngEhihdelin et al.,
2012) The data waflattened in the vertical (z) dimension by performing a maximum
intensity projection, which transformed the data into two dimensions. The 2D images
were rotated if required using bilinear interpolation and the image was cropped to only
contain the porousiedia region. The cropped and rotated images were thresholded using
the automatic triangle meth@dack et al., 1977po separate signal (GFP or precipitate)
from the background (porous media features and liquid). The precipitate also fluoresces
under the same imaging method as the GRResprecipitate channel image was
subtracted from the GFP channel image to eliminate redundant signal. This asserts the
assumption that precipitate and biofilm are discrete phases and that any location where
there is precipitate signal cannot be occupiedibfilm. Gas bubbles were extracted
from the reflected light image by thresholding and any redundant signal was eliminated
by image subtraction. Binarized images were quantified for the volume occupied by
biofilm, precipitate and gas assuming that poattaining signal occupied the entire

micromodel depth.



140

The binarized images were translated into 2D isosurfaces (surfaces composed of
adjacent triangles) using the FI1JI plugin BoneJ version 1(B@dbe et al., 2010)ith a
subsampling factor of 6 to reduce geometric complexity. The reduction of geometric
complexitywas found to be required for reactive transport model stability. The surfaces
from the BoneJ analysis were exported to AutoCAD 2103 (Autodesk, USA), where they
were aligned to the pore structure of the micromodel so that the image containing porous
media,precipitate, biofilm and gas phases could be imported to the reactive transport

model.

Reactive Transport Simulations

A steady state, 2D, poeale reactive transport model was constructed in
COMSOL Multiphysics version 4.3a (COMSOL Inc., USA). The pseof the model
was to provide insight into the chemical and physical conditions within the reactor;
specifically, the local urea concentrations and hydrodynamics. The surfaces obtained
from the image analysis were imported into the model and boundariicosdvere
imposed. Incompressible Navi8tokes equations were solved in the liquid and biofilm
domains using a shallow channel approximation. The conservation of momentum

eqguation then becomes

1 (u®)u :E)C'[> pl + S(E)u +(Bu)’ )] 12%, (71)

z

andthe conservation of mass equation remains as noyral = 0).u denotes the 2D
velocity vector p is the pressurgy is the dynamic viscosity, is the fluid densityl is the

identity tensor and; is the channel thickness, which is the etched micromodel thickness
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of 18.137 Om. Here, the ATO superscript
biofilm domains was chosen to be six orders of magnitude higher than water. This
effectively made the bfilm phase immobile and ngmorous with only diffusive solute
transport taking place. It was assumed that trapped gas was immobile as well (i.e. no two
phase flow was considered), and that there was no flow in the precipitation domains.
Urea transport wasalculated by advection due to the Nav&okes flow field and

Fickian diffusion such that

b Q‘ DureaDCurea) +UMDCyreq = Nyrea, (72

whereDureais the diffusion coefficient for urea which 1s38x10° m?/s in pure water at
25°C(Cussler, 1997)Cureais the local urea concentration angais the urea hydrolysis

rate. Urea hydrolysis follows a firstrder rate relationship where

furea = - KureaCurea. (73

The urea hydrolysis rate is linearly proportional to urea concentration for the
concentration range considered here. The rate corigtarttas been estimated to be 23.2
+ 6.2 ht for MJK2 biofilms(Connolly et al., 2015)

For flow, inlet and outlet boundary conditions are fixed flow rate and fixed
pressure, respectively. All other boundaaes neslip and no flux with respect to flow.
For solute transpor€ureawas held constant at the inlet and flux conservation is
maintained at the outlet. The entire reactor was modeled (as opposed to just the porous
media section) in order to ensure ttie proper hydrodynamics are represented but the

following results focus on only the porous media section. Significant biofilm,
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precipitation or gas accumulation was not observed in the influent or effluent regions of

the reactor during these experiments.

Results andDiscussion

Imaging and Image Processing

The images collected in this study were successfully thresholded, quantified and
transformed into a form that was suitable for importing into reactivepoansiodeling
software. Figure 28hows imagesbtained from a representative section of porous
medium along with a visual representation of the processing that was carried out. The
processing illustrated in Figure 4 was done for the entire porous media section for each

experiment. All raw and threshied images can be found in Appendix C.
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Figure22. A representative section of porous media from reactor 24 ®ear the

middle of the porous media region. The porous media elements are 100 um square and
flow is from top to bottom. (A) Reflected light image. (B) GFP biofilm fluorescence
image. (C) Precipitation autofluorescence image. (D) Composite thresholded image
showing the signal from gas, biofilm and precipitation. (E) Digitized surfaces used in the
reactive tansport modeling with porous media elements in black and the other phases in
shades of gray.

Porosity andPermeabilityReduction

The extent of permeability and porosity reduction varied strongly with calcium
injection timing rather than with flow rate. €lgreatest porosity and permeability
reduction occurred when calcium was introduced directly after inoculation and the least
occurred when calcium was added starting 2driafter inoculation. Thexperiments

where calcium was absent had a moderate anafyoitigging due to biofilm
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accumulation alone. Gas bubbles only appeared in the flow experiments, in which
calcium was added to the system at inoculattdhelowest flow rate. Figure Zhows
the volumes occupied by each component as determined feotlrédsholded confocal

microscopy images.
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Figure23. Volumes of biofilm, precipitate and gas bubbles as determined by the analysis
of confocal scanning laser microscopy images.

The reason for more pore blockage when calciuadded directly after

inoculation is lkely to be from two factors. Firdhe inoculum has a high pH and
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generally has chemical conditions that are conducive for carbonate precipitation so when
a medium containing calcium replaces the inoculum in theaeeagtid precipitation is
expectedThe second factor is that the presence of calcium is likely to make biofilm EPS
more resistant to detachment by crosslinking polysaccharides, making for a stronger
biofilm (Chen and Stewart, 2002)

There are two distinct methods available for the determmatialifferential
pressure across the porous media section of the micromodel so that permeability
reduction could be quantified; we chose to use a combination of the two. The tools
available are the reactive transport model and the direct measuremerihasing
differential pressure transducer. The reactive transport model can be utilized by
extracting an average pressure at the influent and effluent ends of the porous media
section and subtracting the two numbers yielding a differential pressure. Therdiéfer
pressure just due to the porous media can also be determined by the transducer reading
but corrections due to pressure losses in tubing and the influent and effluent regions must
be applied. Here we chose to estimate the differential pressure thergsgsous media
section of the micromodels using a combination of modeling and the experimental
observations.

First, the pressure drop was measured in the clean reactor at each of the
experimental flow rates of 0.1, 0.25 and 0.5 mL/h of sterile mediin@ pressure drop
across the porous media section of the micromodel was then calculated using the finite
element model of the clean reactor. Line averages at the influent and effluent sides the

porous media section were used to calculate the pressurandh@omodel. The
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experimental dataset had a higher pressure drop at all flow rates because of the additional
pressure loss occurring in tubing, the influent and effluent regions of the micromodel.
The difference between the two differential pressuresti@asassumed to be the
pressure loss due to ngorous media elements of the system. The pressure loss in the
nonporous mediunsections was determined to be 367, 917 and 1834 Pa for 0.1, 0.25

and 0.5 mL/h respectively.

The pressure dropwas usedtochleut e per meabi |l ity (k) acc
where
- kAP - P
Q= A(szl_ m), (74)

andQ is the volumetric flow rateA is the crossectional area of flowy is the dynamic
viscosity,Peff andPin are the effluent and influent pressures respectitelythe linear
distance over which the pressure drop occurs. Permeability reduction was observed in all
experiments and generally followed the same trend as the porosity data with greater
porosity rediction correlating to great@ermeability reduction. Figure Zhows porosity

and permeability reduction over time for all the treatments.
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Figure24. Porosity and permeability reduction over time from the micromodel
experimentsPorosity was estimated from the thresholding of confocal microscopy
images and permeability was estimated from differential pressure data.

Porositypermeability relationships have been explored for carbonate containing
materials in relation to petroleum extracti@hrenberg and Nadeau, 20@6)d carbon
sequestratiofZhang et al., 2010aRelationships have also been explored that relate pore
space occupied by biofilfCunringham et al., 19919r precipitation(Armstrong and
Ajo-Franklin, 2011}o permeability reduction independently. The aim of this analysis
was to explee the behavior of the porosipermeability curve when both biofilm and
mi neral formation is occurring, which to
investigated before explicitihBuch a relation between portysand permeability is of

great interest foboth models and applications of microbially induced calcite



148

precipitation, since it is ofteresearched as leakage mitigation technology, where the
reduction of permeability is the main goal.

A common porositypermeability relationship is th€ozenyZZaman(K-C) model
that represents permeability as a function of porosity from first prindi@lasnan, 1937;
Carrier, 2003; Kozeny, 1927Although thee are other relationships used for the same
purposeKozenyZzarmanoften serves as the basis for those relationgkigsCosta,
2006)so it will be the basis for the analysis here. In its most general KwwegenyZ
Carmancan bewritten as

n3

k:CK-le (75)

whereCk.c, is an empirical coefficient andis porosity. Inthe form presented in

Equation 75Ck-c is a multifactor variable that is a function of fluid properties (density

and viscaity predominantly) and physical properties of the porous medium including the
specific surface area, tortuosity and other factors which have been the topic of much
research over the last cent@arrier, 2003; Costa, 2006; Ehrendpand Nadeau, 2005)
More often the change in porosity needs to be related to the change in permeability.
Reaction rates (precipitation or dissolution of carbonates in this case) can be estimated
and translated into a net change in porosity. Reacawsport models must be able to
translate this porosity change to a permeability change at each time step because the two
parameters are strongly linked. An inaccurate estimation of permeability change leads to
inaccurate solute transport and hydrodynaraicudations, thus potentially leading to an

inaccurate estimation of reaction rates in subsequent time steps. Error is then
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compounded in each time step that can lead to a significant amount of error a later time
steps.

A convenient relationship can be wenif all parameters in Equation &e
assumed to be constant except for porosity:

o k-

—tg if n>nei, k=0 otherwise, (76)

whereko andno are the initial permeability and porosity;i is the critical porosity where

the medium becomes impermeable anglis a parameter which is dependent on both the
fluid and porous medium properti@sbigbo et al., 2012; Xu et al., 200d)he initial

porosity and permeability are generally known leaviggandik-c to be estimatedcit

can be difficult to estimate but in many cases, and in these experiments, it will be much
lower than the range of expected porosities and can be assumed to (fbigro et al.,
2012) The exponenik.c, is generally used as a fitting parameter. It has the effect of
making permeability more sensitive to porosity changes. Literatures/édx-c are not
widely available but for geologic materials values between 1 and 10 have generally been
estimatedXu et al., 2004with ik.c = 3 being the most common value used in Darcy
scale model¢Ebigbo et al., 2012)

Figure 25shows a plot of porosity versus permeability for all data points collected
in this study. A KC relationship as fitted to all of the data. Taking all data points into
account, the best fit was achieved witlt = 62.0 (andherit = 0) by minimizing the sum
of the squared errotssing the generalized reduced gradient (GRG) nonlinear

optimization techniquéL_asdon et al., 1978)
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Figure25. Porosity vs. permeability for the different conditions wittefi parameters.

The fittedik-c is larger than was expected and this could be due to a number of

factors. The KC model has been shown to underestimate permeability reduction in

geologic porous media with permeability being highly dependent on smalitgoros

changegPape et al., 2012This is, however, usually explained by sresale

heterogeneity where small changes in porosity causes pore isolation and changes in

tortuosity. In this study, theiie no evidence of such behavior because no channeling was

observed.
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In this study, the net volumes of each poceupying component are calculated
and used to estimate total porosity changes. The estimation of gas and precipitate volume
are relatively saightforward but biofilm volume is not. Biofilm is generally
heterogeneousstoodley et al., 1999)n this study, GFP fluorescence was used as a
marker for the presence of biofilm. This has two inherent assumptions: (1) all bacteria
cells withinthe biofilm are active and producing GFP and (2) the entire biofilm volume
contains cells. Precautions have been made to ensure that these assumptions apply by
using bacteria with a relatively high growth rate and the experiments were not conducted
over along period of time. The high growth rate and short experiment time reduces the
likelihood of extracellular polymeric substances (EPS) being transported away from the
cells that excreted them. This is because cells are expected to be dividing quigkly rath
than producing large amounts of EPS on the experimental time scale.

Another assumption that must be investigated is that the micromodels are well
approximated in two dimensions. The tdimnensional assumption is made routinely for
experiments done in miomodelgKaradimitriou and Hassanizadeh, 2012; Knutson et
al., 2005; Willingham et al., 2008; Zhang et al., 204ut) here, neglecting the third
dimension has the potential affect the results considerably. The existence of flow over
and under pore blocking constituents rather than around them is the primary factor that
would contribute to inaccuracy. To investigate the possibility,-héglolution three
dimensional confodanicroscopy image were taken to seehetherthe entire depth of
the micromodel was being filled with pore blocking constituents. These images showed

full z-dimension occupation of pore space which adds to the evidence that dimensional
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compression is not a significant source of inaccuracy. These results are consistent with
the findings ofZhang et al(2010)who conducted similar experiments with precipitation
only and found the z dimension to be fully occupied. It is possible that some areas of the
micromodel areully occupied in the dimension, as discussed above, while other areas
are not; but, qualitative observations predict that the majority of the data agrees with the
assumption that was made.

The effect of physical boundaries on the analysis (edge effaat)also be
considered as a source of error. In the third (z) dimension, the experimental volume is
bounded by two flat plates, causing resistance to flow. This resistance to flow is
inherently included in the differential pressure measurement. In ty&iicahalyses the
domain is assumed to be infinite in the third dimension. Here the third dimension is finite
and known. The top and bottom boundaries may not allow for the I3aaty analysis
conducted here. In order for exact parameter estimation, @nimgmntal control volume
must be bounded such that the boundaries of the volume do not affect the behavior within
the volume. Taking a column experiment as an example, the column should be of
sufficient diameter such that the impermeable outer radiusnbedfect the flow in the
porous media. A higher volume to boundary area ratio is desirable in order to achieve
accurate results as long as correct inlet and outlet conditions can be maintained.

Consider a typical triaxial chamber commonly used to tespermeability. A
typical sample diameter is 6.35 cm (2.5 inches). This results in a volume to outer
boundary area ratio of 1.59 cm. This can be compared to the volume to outer boundary

ratio for the micromodel in this work which is 9:010“ cm. It is [kely that this is the



153
reason for the higher than expected sensitivity of th& #mdodel fit (highik-c). For this
reason, the correlations made between porosity and permeability should be considered
relative rather than absolute. In order for an accurelig:fielevant relationship a similar
set of experiments would have to be conducted in larger systems. Currently high
resolution images of such larger systems are difficult to collect but as technology
progresses high resolution 3D data may become attaif@bdystems containing
biofilm. Discrepancies between permeabilities calculated from 2D and 3D data have also
been described elsewhdBeckingham et al., 2013p this is indeed an important

consideration.

Preliminary Study of LonJ erm Behavior

In order to explore the behavior of MICP overdentime periods, the last
experiment in this set of experiments was observed for 7 days after the flow was stopped.
A common question to the efficacy of MICP in the subsurface is the possibility of
dissolution. It is also of interest what happens to thengties of pore blocking
constituents over time amwdhen flow has stopped. Figure 8sows the volumes of
biofilm, precipitation and gas over time along with total porosity change in an extension

of experiment 948.
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Figure26. Biofilm, precipitate and gas volumes along with porosity versus time in an
extension of experimental run 9 where flow was shut off and the reactor was imaged at
72 and 216 hours.

After flow was stopped biofilm volume decreased, precipitation volumeased
and gas bubbles appeared, blocking a significant amount of pore space. Each of these
results fit with conceptual models proposed by ot{@tghbert et al., 2012; Ferris et al.,
1996; Tobler et al., 2011)n this longer term experiment (9 days), calciuns alvays
supplied to the system but the most precipitation onburredafter flow was stopped.

The significant precipitation during the no flow period was accompanied by a steady

decrease in the GFP signal detected from the biofilm. This decreaseahisilgkely to
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be due to inactivation of the biofilm rather than its disappearance. Biomass inactivation
has two probably mechanisms here. The first is inactivation due to cell encapsulation
where precipitates encase céluthbert et al., 2012Yhe cells cannot exchange
metabolites with their environment so they can be considered inactive and can then be
included in the precipitate volume. The second biomass inactivation mechanism is simple
starvation. In this study it is likely that oxygen is depleted soon after flow is stopped.
GFP also requires oxygen to produce a fluorescent gigaaksen et al., 2008nd it has
also been shown thatease activity also decreases when oxygen is unavajlabiéin
et al., 2007plthough urea hydrolysis can carry over faregiod after oxygen depleted
(Tobler et al., 2011)

The explanation of the appearance of lgalsbles in the pore space is less
obvious. The origin of the gasses is most likely microbial metabolism and thus is likely
consisting of CQor NHs. Here, gas bubbles were observed only in the zero flow and low
flow rate experiments. The simplest explaotis that during low mass transport
experiments, the solubility of gaseous metabolic products is exceeded and gas bubbles
form. Another possible explanation for the appearance of gas bubbles is through the
system of inorganic chemical reactions takingelal his was investigated through the
use of a PHREEQC equilibrium modé&larkhurst and Appelo, 199@hich did not
predict supesaturation of any gasses for the conditions present in this study (see
Appendix D for model output).

It is possible that neequilibrium behaviofboth organic and inorgania)ight be

responsible for gas bubble formation but this gmksi has yet to be explored in detail.
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Qualitatively we can expect gas bubble formation during stagnation due to the production
of inorganic carbon from microbial activity coupled to pH decrease from organic acid
production if the biofilm is anaerobic dmarrying out fermentation. The decrease in pH
would favor CQ outgassing. The system would be buffered by the carbonate system but
low pH CQ outgassing would be possible tinetically.

A detailed kinetic analysis of inorganic carbon speciation for Mé@Rems
would be very useful here leaving room for others to contribute to this topic. A model
similar to that oMitchell et al.(2009)would be useful where GQGs not being dissolved
but rather being generated by microorganisms and allowed to precipitate. It should be
noted here that in thditchell et al.(2009)model one of the slower kinetic steps in the
system of reactions is the hydration of dissolved @@orm carbonic acid. If CO
bubbles form, they are likely to be slow to redissolve. It is typically assumed that the
inorganicreactions happen quickly in relation to the microbially mediated reacgoms
Radu et al., @14; Zhang and Klapper, 2014yt if enough CQis generated by microbial
processes it may be possible that the relatively slow dissolution pih@Gsolution may
have to be taken into account for the accurate estimation of porosity in MICP systems.
The behavior observed in the zero flow experiment points to the promise of pulsed
injection strategies for field applicatio(ibigbo et al., 2012; Lauchnor et al., 20b8j
this study shows that the formation of gas bubbles may toelee considered if the

resting phase is long (on the order of 24 hours).
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PoreScale Reactive Transport

The porescale reactive transport model was able to predict how the flow rate and
calcium addition timing affects urea concentration, reactionaradepore velocities
within the reactor. The predicted average urea concentration varied inversely with pore
fluid velocity and both of these factaisrea concentration and pore fluid velocity)
appear to be correlated with the timing of the calcium addrather than flow .
Figure 28shows data extracted from all of the modeled experimental runs with average
urea concentration in the porous media section of each micromodel over time. The model
does not predict that urea would be depleted locally withe biofilm for the conditions
tested. The reactor in the study was small so it is reasonable to expect that the local urea
concentrations do not vary greafsee Chapter 4PDespite geometric heterogeneity
caused by biofilm and precipitates within theeromodels, urea concentrations remain

rather homogeneous (for exampl&% variation in urea concentration in Figure)27
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Figure27. Modeled urea concentration maps (in mol/L) at 48 hours for all three 0.5 mL/h
experimentg3-48, 648 and 948). The results here are representative of those found in

all experiments. We found that #Ano cal cium
showed lower urea concentrations and thus higher overall reaction rates than experiments
wherecalcium was added 24 hours after inoculation. Flow is from bottom to top and

black represents solid elements (precipitates and porous medium elements).
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Figure28. Modeled average urea concentration in the porous media seatsos tiene.
Note that the two 48our time points were excluded from analysis on the far right plot
due to plugging (48 and &48)
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Figure 29shows the average and maximum pore velocities predicted in this work.
Average pore velocities are predicted to dwlittle for the conditions tested however
maximum pore velocity is predicted to change significantly. This is likely due to
heterogeneous pore blockage where large areas remain largely unchanged but @hers hav
significant blockage. Figure Zhows evidace of such behavior with the majority of the
observed porosity reduction concentrated locally rather than dispersed throughout the
experimental domain. Note that the values reported here calculated from averages and
maxima of element by element absoluédoeity magnitudes within the porous medium

region of the micromodel.
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Conclusions

In this work we have been able to provide paa&es observations of biofilm
induced calcium carbonate precipitation and link those observations to behavioral trends
that would be useful in field applications. The porous media micromodels allowed for the
collection of high resolution images of pore Mg constituents (biofilm, mineral
precipitation and gas bubbles) and estimate the porosity reduction due to differences in
biofilm, precipitate and gas bubble accumulation in the porous media micromodels.
Additionally, direct differential pressure measnnents, along with a finite element
model, allowed us to observe permeability reduction in the same set of experiments.
Biofilm-specific urea hydrolysis kinetics were incorporated into the finite element model
in order to predict how homogeneous solutecenitrations are likely to be in MICP
systems.

The two variables that were investigated were (1) flow rate and (2) the time at
which calcium was added to the system. Results show that the timing of the calcium
addition had the greatest effect on permeatdlitd porosity reduction and as a result also
had the greatest effect on the reactive transport environment in the reactor (see Figures
5,6 and 10). Results varied with flow rate but no definitive correlation can be made (i.e.
higher flow rates did not coglate to more pore blockage and vice versa). One useful
gualitative observation was made regarding flow rate and the appearance of gas bubbles.
Gas bubbles appeared only during low flow or zero flow time points. This suggests that

the accumulation of gases metabolic byproducts may play an important role, in
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addition to the transport of reactants to the system. Permeability reduction via gas
bubbles is not long term in most cases and should therefore be avoided when permanent
permeability reductionisdesr ed. Unti |l now, to the author s
gas formation in ureolytic MICP has not been directly observed.

The results shown here have important implications for field applications of urea
hydrolysisdriven MICP for permeability reductn. If a section of the subsurface needs
to be hydraulically isolated, and it is determined that MICP will be used, there are many
design parameters that must be considered. Among these parameters are the flow rate at
which injection fluids are introducezhd the timing of these additions. The analysis
conducted here suggests that the timing of the calcium addition is likely to be the most
important parametdested in this studyHere we have shown that if calcium was added
24 hours after inoculation liglpermeability reduction would be achieved. If a pulsed
injection strategy is chosen, the timing between zero flonwi@mdiow events may also
be of high importance due to the possibility of stagnation causing the formation of gas
bubbles. Gas bubbles aradesirable if a quickhestablished and loRA@sting barrier is
the goal. Gas bubbles can block pore spaces, thus decreasing the permeability, but
potentially only transiently. The work presented here indicates that when permeability
reduction is the pmary goal, calcium injection at a moderate flow rate followed by a
resting period of less than 24 hours is advised assuming that the microbial kinetics are

similar to those in this study.
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CHAPTERG

INDIVIDUAL -BASED MODELING OF BOFILM-INDUCED CALCIUM
CARBONATE PRECIPITATON

Background, Rationale and Obijectives

Background

Microbially-induced carbonate precipitatiodCP) is a relevanprocess in many
engineered and natural systems. MICP has been researched for its use in engineered
systems including,@plogic carbon sequestration, radionuclide remediation, soll
stabilization, permeability manipulation and a number nfibeeMuynck et al., 200;
Ferris et al., 1996; Fuijita et al., 2000; Whiffin et al., 2008§tural systems, including the
earthés gl obal carbon cycle and ocean chem
precipitation of calcium carbonafRiding and Liang, 2005Microbial cabonates,
including those prodicebly biofilms, have a consistent presence throughout the geologic
record and are widely distributed, making them important for the understanding global
carbon cyclingRiding, 2000; Vasconcelos et al., 199bhe medical community is also
interested in MICP in the context of kidney stones, ureteral stents and cathleteis et
al., 1999) Even with the extensive body of literature and interest in MICP, specific
mechanisms of how microbes induce mineral formation spatially and tempoeafitiliar
unclear and are ofiterest to the field.

There are mangnicrobial metabolisms that are able to induce the precipitation of

carbonate minerals but urea hydrolysis is the specific metabolism targeted in this work.
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See Chapter 2 of this dissertation for additional background information regarding MICP
via urea hydolysis. The dominance of biofilm in these systems, as discussed throughout
this dissertation, was also a primary factor in the construction of the model presented in

this work.

Rationaleand Objectives

The main goal of the model described in this chaigt® investigate the chemical
environment that would be likely to develop over time under conditions that are similar to
those found in the experiments described in Chapter 5. There are numerous modeling
approaches that could have been utilized herbdsed on the experimental observations
that are available an individuabhsed model (IBM) was the obvious choice. IBMs
represent biofilms as masses of individual mobile elements which interact with each other
by growing and dividing much like individualionobial cells would in a biofilnfLardon
et al., 2011; Picioreanu, 1996) The modul ar natur elowsfor t he A
different rules to be enforced for multiple types of biofilm constituents. In this case two
types of Acellsodo are defined: biofilm and
predict biofilm and precipitate behavior in similar syst¢Radu et al., 2014, 2018}
reasonable computational expense so this approach was chosen. Experimental
observations in Chapter 5 allowed for the higholution maging of biofilm and
precipitate geometries so model parameters and constitutive relationships can be tuned to

fit the model to physical observations. Additionally a comprehensive reactive transport
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component can be added so that the local mineral satusatvironment of similar
MICP systems could be estimated.

Porescale modetig of MICP systems will allow for theskng of more informed
guestions about local chemical gradients that may play important roles itelomg
stability of precipitates in emgeered system&or example, one poigcale MICP model
has been developedcentlyat MSU (Zhang and Klapper, 201@)r simple geometries.
Construction of the Zhanrl§lapper model revealed a previously unknown effect in that
the model predicted thresence of a seihduced electric field caused by differential
diffusivities between positive and negative ions in the sy$#rang and Klapper, 2011)
The effect of this electric field is thought to be faster precipitatiom wauld be

estimated if electrochemistry was neglecteds aone in most biofilm models.

Theoretcal Basis

Carbonate Equilibrium

The overall effect of urea hydrolysis is pH increissen circumneutral
conditionsand a shift of the carbonic acid equilibn to carbonate (see Chaptgr [h the
presence of calcium, or other divalent cations, precipitation of solid carbonate species
takes placence a critical saturation state has been exceeded. The carbonate equilibrium
chemistry is extremely important e precipitation process. Most typically, only
carbonic acid, carbonate, bicarbonate and solid calcium carbonate are considered in
equilibrium chemistry models and lower abundance carbonate species are néglgcted

Ebigbo et al., 2012; Zhang and Klapper, 2010yas hypothesized that these other,
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lower abundance, carbonate species play an important role. To investigate this issue, a
more complex carbonate equilibrium model was developed to berudezimodel
presented in this chapter.

The high ionic strength of the growth media used in these experiments also
requires the use of an activity correction. The Davies equation was used to calculate
activity coefficientsFigure30 shows the predicted carbonate speciation using
PHREEQC equilibrium modéParkhurst and Appelo, 199@jth all standard
thermodynamic coefficients in the native datab&sgure30 shows both theifference
between concentration and activity in this particular simulation and also the importance
of CaCQ(aq). Precipitation is not allowed in thggure30 simulation so at pH above
approximately 8 the solution becomes highly oversaturated and precipitation would be
very likely, making it unlikely to see the concentration of Ca@g@) that high asitis a

precursor to crystal nucleation and gro\thisson and Sternbeck, 1999)
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Figure30. Carbonate speciation over a range of pH values as calculaRdRIYEQC
The top graph shows activity vs. pH and the lower graplvs concentration.

This steady state aqueous equilibrium analysis showed that, at a minimum,
aqueous calcium carbonate, Cag§) and calcium bicarbonate, CaHE(needed to be

included (i.e. they cannot be neglected because they are predicted to be at high enough

concentration to affect the concentrations of other carbonate species). Sodium species
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could likely be neglected because they do not make up a sighiffiiaation of the total
carbonate concentration or activity at typical experimental pH values (< 9.5). Therefore,
in total, the carbonate speciation model used in this work includes 12 species, shown in

Table9 and10.

Table9. Aqueous species included in the model sorted by chargeniGtces charge
neutrality.

-2 -1 0 +1 +2
CO# Cr CO(NHy)2 H* ca'
HCOs H.COs* CaHCQ"
OH CaCQ(aq) NH4*
NH;

Table10. Equilibrium reactions and pK values included in the model. pK values from the
PHREEQC database.

Reaction Equilibrium Equation pK

Water dissociation H:O Zz "@&H 14
Carbonic acid dissociation H.COs*  BCOs + H* 6.35
Bicarbonate dissociation HCOs z GO+ H* 10.33

Calcium bicarbonate dissociation CaHCQ*Zz HG®Ca 3.22

Aqueous calcium carbonate

o
dissociation CaCQ( aq) sz2+CaO 11.44

Ammonium dissociation NH4*Z  NsH H* 9.25

Finite ElementModel

COMSOL Multiphysics 4.3a was used in this work for modeling fluid flow,

solute transport, carbonate speciation, urea hydrolysis and the chemistry which controls
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the rate of calcium carbonate precipitation. The system contains four picasds:
biofilm, nonreactive solid and calcium carbonate. The method in which these phases were
defined is discussed later in this chapter. A gas phase was not considered in this model
but may be important under some conditions (see Chapter 5).

The incompessible 2D Navie6tokes equations were used to describe the flow
(see Chapter 5), ion transport is modeled using Nétasick equations and naharged
species follow Fickian diffusion. Flow only occurs in the liquid phase with no slip
boundary conditiog at all interfaces except for the inlet (constant velocity) and the outlet
(pressure equal to zero). Solute transport is allowed in both the biofilm and liquid phases.
It is assumed that diffusion is the dominant transport mechanism in the biofilm so
conwection only takes place in the liquid phase. The entrance boundary condition for all
solutes is a known concentration based on equilibrium for the desired pH, and solute
mass conservation is enforced as the boundary condition at the outlet. Commonly used,
semi empirical saturation (S) dependent precipita@dong and Mucci, 198%nd

dissolution(Chou et al., 1989; Compton et al., 198% models are useds follows.

a.Ca2+ aCng_

S= , (77

Ksp
Npreci ]
Morecip = Kprecip( S- 1) PP for SO , 1 (79)

raiss = (Kdiss18 + +Kdiss2 )(1- S)"dss  for S<1. (79
rorecip@nd gissare the precipitation and dissolution rates respectiveljerotes the

activity of species x, in this case calcium or bicarbonageeil Norecip, Kdiss,1, Kdiss,2and
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ngissare all kinetic constants that have been experimentally determined by Seeers.
Appendix E for values used in this work. It should be noted that these relationships were
developed to fit results from wathixed batch experiments that do not consider local
concentrations (i.e. at the crystal surface). In this work local condensare
considered such thata- and &os2- at the precipitate boundary govern the crystal growth
rate. Moving crystal boundaries were not considered however the effect of crystal growth

or dissolution on local activities was modeled by a fli)»of ions so

J .. =J

ca CQZ' = rIdiSS- r

(80)

precip?
with positive flux defined as mass entering the liquid domain.
The other ratdimited reaction in the system is urea hydrolysis (see Chapter 2). A

Michaelig Mentenrate equation was used where

— rmaxa'urea . (81)
km + a'urea

urea
lureaiS the volumetric biofilm urea hydrolysis rateaxis the maximum rate and

km is the half saturation constaMichaelis Mentenwas used here in order to make the

model most applicable at a wide range of concentrations but it has been shown in

Chapters 4 and 5 that a fastder relationship would also be acceptable for typical urea

concentrations found in MICP systems. Rate amtstdetermined in Chapter 4 are used

to calculate yrealocally in each finite element. All other reactions are assumed to occur at

a much faster rate. The numerical technique used does not allow for instantaneous

reactions to take place because it cieataumerically stiff solution space. All

equilibrium reactions were set to be fast enough to maintain equilibrium conditions, but
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not fast enough to cause numerical instability. As an example, we take the
carbonate/bicarbonate equilibrium reaction rag tdan be written as

Mheo, = kch (aco? Ay T Qe 10pK) (82)
where k is a rate constant. Typical k values in carbonate equilibrium are on the order of
10'2 s however all carbonate equilibrium rate constants were set to much lower values
to avoid problem stiffness in this model. The lowered values, typically around*100 s
were still much higher than the rate limited reactions (ureolysis, precipitation and
dilution) so solution equilibrium was still maintained. All rate constants and rate

equations used but not native to COMSOL can beddn Appendix E

IndividualBased Biofilm and
Precipitate Growth Model

A combined MATLAB R2012a, COMSGland Javaoded model was
constructed that simulates biofilm and calcium carbonate crystal gnowtkimple,
theoretical 2D porous medium domain. This discrete model simulates biofilm and
precipitation growth as collections of particles that can grow and exert force on each
other, similar to previous work by Picioreanu et(Ricioreanu tal., 1998; Radu et al.,
2010) This approach allows a discrete representation of solid phases while still using
continuum methods for solutes discussed in the previous section of this chapter.

For the IBM portion of the simulation, the computational domain was divided into
2 um square elements in which discrete properties were defined. These properties are
defined on a grid of square cells that either contain liquid, biofilm, precipitate or

nonreactive solids. The definition of boundaries is avoided by the use of matrices
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containing the representative properties of that phase. With respect to flow, the water
phase has its typical viscosity, but all other solid phases have extremely high éscositi
(six orders of magnitude higher) such that effectively no flow occurs in those domains
over the course of the simulations. Diffusive transport is similar where diffusion
coefficients are reduced by 50% in the biofilm dom#&8tewart, 2003)

Grid cell classification depends on the location of precipitate and biofilm in the
computational domain, whichr@represented by round particles. These particles grow
and then once they reach a certain size, they divide. If a grid cell contains the center of
one of these spheres it takes on the properties associated with either biofilm or
precipitate. If a grid cécontains both particle types, a random classification is made.
These particles should not be thought of as individual microbial cells or calcium

carbonate crystals but rather a form of discretization.

Computational Procedure

First, the computational donmais randomly seeded with biofilm and precipitate
particles. Biofilm particles are seeded at a radius similar to that of a single microbial cell
(0.5pum) and precipitate particles are seeded at a much smaller radius, similar to a crystal
nucleus (5 nm). f&cipitation kinetics govern crystal growth (Equation 6) and microbial
growth kinetics govern the growth of biofilm particles. Microbial growth kinetics were
qualitatively fitted to match biofilm growth at the time scale of the experiments discussed
in previous chapters of this dissertation (Chapters 3, 5 and 5 specifically). Both types of

particles grow based on local solute concentrations, as calculated by the reactive transport
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model contained in COMSOL. It was assumed that the biofilm grows according to
Monod kinetics with oxygen as the limiting substrate. The precipitate particles grow by
the rate model in equations8sand only participate in hydrodynamics (blocking flow)
once they reach a critical siZEhe model does not account for dissolution wihictits
its application to precipitating systems only (see Chapter 7 for significance).

The timedependent problem is solved assuming that the system behaves in a
guasisteady state manner (i.e. concentrations do not change significantly over the course
of a time step). In the first time step, particles are seeded and a-statelgroblem is
solved (NavieiStokes, NernsPlank). Then particles grow and divide based on local
concentrations that are assumed constant over the time step. The new georsetipygau
growing and dividing particles is then used in the next stetatg solution at the next
time stepFigure31lillustrates the solution scheme. Appendix E idelsithe main model
script. Note that the code in Appendix E is only the main part of the model. That main
script calls many other MATLAB and Java scripts which are not included. The use of the
full model code would require explicit permission from Bicioreanuwho is the rightful
owner.

This model was developed using a simplified geometry consisting of round
porous media elements in a small rectangular flow channel. This geometry is purely

theoretical and was chosen based on numerical simplicity.
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Figure31l The main steps of the numerical approach. Flow is from left to right and the
axes in the reaction/diffusion step arqum.

2D Approximation

2D models are most commonly applied to problems that can be considered to be

infinite in the third dimension (z). This allows one to neglect any forces in that third
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dimension, and in the case of fluid flow, assume that the velocity is constant with respect
to z. The micromodel reactors modeled in this work are, in contrast, ttina third
dimension so a different 2D approximation is made. An additional force term is added to
the NavierStokes equation assuming that there is a fully developed laminar flow profile
in the third dimension. Neglecting the inertial term (often calle#es flow or, creeping

flow), the laminar flow equations become

0=0¢ p+ oS @F ]+ F- 12d@3 and (83

2
z

0=rDG. (84

where u is the average velocity, p is the pressure, | is the ideraitix, u is the
dynamic viscosity, and.ds the thickness in the z direction. F represents general body
forces (gravity) and the last term in equation 5 is the resistive force due to the assumed,
fully-developed laminar flow profile between the pargilates that enclose the reactor.
This force can be thought of as a total viscous drag force on each finite element in the 2D
model. Equation 6 enforces incompressibility. Equations 5 and 6 together are simple
Stokes flow with the additional force due t@ tharrow z dimension. The major source of
inaccuracy using this approximation is anticipated to be the presence of biofilm and
mineral features that do not span the entire thickness of the reactor however experimental

observations do not predict a signéit amount of this behavior (see Chapter 5).
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Results and Discussion

Figure32 shows a time progression for the growing biofilm (dark circles) and
precipitate (small wite dots at t = 9 hours). Although it is impossible to completely
validate this model at this point in time, the results generally follow expectations with the
biofilm growing and eventually causing precipitation over the same time scale as
typically expeted in other flow cell experiments.

The interplay between physical and chemical heterogeneity is the most notable
result from the simulation. The results show that, like the experimental observations in
Chapter 5, the physical heterogeneity caused bylmigrowth and mineral precipitation
does not necessarily translate into heterogeneous urea concentrations. This indicates that
when urea is supplied in excess the effect of 3oede heterogeneity in urea
concentration may be neglected. The implicatimnsontinuum (Darcyscale) models is
that simple urea hydrolysis rate relationships that use pore water urea concentrations may
be used.

The pH and calcium carbonate saturation were found to be heterogeneous,
especially at later time pointSeeing as how precipitation kinetics are highly dependent
on saturation it would become important to incorporate pore scale saturation
heterogeneity in to continuum models. This can be accomplished by either using more
complex models or accounting for hetgeneity in precipitation rate models. Chapter 2
provides one example of how heterogeneity cause by mass transport limitations can be

accounted for with the use of a Thiele modulus. Precipitation kinetics are usually
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determined by analyzing data from well mixed batch experiments so perhaps rather than
using more complex modeling techniqueefive kinetic constants from MICP systems
should spedically be determined. It has been shown that pH can affect the urea
hydrolysisrate in pure Bzyme systems but recent reseanchcates that pH dependence
is not significant in systems where livingdieria are the catalyqisauchnor et al.,

2015)

Conclusionsand Outlook

First, by taking a closer |d&aat the carbonate chemistry, it was shdat
CaHCQ" and CaCQ@g) may be important species to consider in equilibrium
calculations atigher pH.This also prompted a closer look into the precipitation rate
models that are typically used. When Caggis included in the model, it reduces the
COs% activity. The saturi@on-based crystal growth expression is inherently linked to
COs% activity so this is an important subject of future work. For example, we will
investigate the use of crystal surface complexes for crystal growth tiadimerelying on
saturation Such melsanistic surface complexation models have crystal growth as
dependent on CaGQyq and C&* (Ruiz-Agudo et al., 2011yvhich makes conceptual
sense for discrete models where local concentrations are solved for and crystal
boundaries are calculated.

Biofilm growth fits expectations, and is consistent with previous work by the
Picioreanu group, but mathematically representing crystal nucleation and growth was

difficult. The most difficult part was deciding how to handleleation. Similar to
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precipitation and dissolution, there are multiple nucleation rate models. For the purpose
of this model we chose to simply assume that the flow cell will be rich in nucleation sites
at randomized locations throughout the domain. Theimucleation point density in the
model should be investigated further. It is known that the presence of microbial cells has
an effect on nucleation probabilifiitchell and Ferris, 2006)ut microscale special
behavior (heterogeneous nucleation) rerm@oorly studied in biofilm systems. Mitchell
and Ferrig2006)showed a decrease in nucleation probability in batch experiments with
Sporosarcina pasteurgells present as compared to sterile controls; however, other
authors have shown evidence for nucleation of carbonate miner@kssoifonatronum
lacustrecell surfacegAloisi et al., 2006; van Lith et al., 2003Jhe apparent difference
in nucleation behavior betwe&pasteuriiandD. lacustresuggests that theunleation
process cannot be assumed consistent throughout all alkalinity producing metabolisms
(e.g. ureolysis vs. sulfate reduction respectively in this example)

The modeling work presented in this chapter should be considered preliminary
but the results demonstrate the utility of IBMs tloe study of MICP at the poszale.
Using the model presented here as a starting point, others may belabld tm what
was done here and rumsilico experiments in order to better plan lab worknwestigate
certain aspects of MICP more closely. Thedular, flexible nature dhe COMSOL:
based model facilitates the exploration of new kinetic relationships and mathematical
relationships in MICP that will be useful to others within the Gerlach relsemoup and

beyond.
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CHAPTERY

CONCLUSIONS AND OUTIOOK

Conclusionsand Impacts

The work presented in in this dissertation adds to the fundamental understanding
of MICP at the pore scale through minimailhywasive imaging of biofilms precipitating
calcium carbonate in synthetic 2D porous media. Images from these observations were
analyzed in order to quantitate porosity reduction due to the various constituents (biofilm,
precipitate and gasses). This was achieved through the use of recombinant batteria th
express both green fluorescent protein for imaging and the urease enzyme which was the
catalyst for alkalinity increase and carbonate precipitation. The overall effect of biofilm
catalyzed MICP was tied to porosity reduction by direct differential press
measurements that allowed for the estimation of permeability reduction due to the
process. Finite element modeling provided an additional level of understanding to pore
scale physical and chemical behavior through the estimation of local concentaations

hydrodynamics.

Model Organism Construction

Two novel model organisms wecenstructed to conduct pore scale ureolysis
drivenMICP experiments, where biofileind mineral growtltan be visualized
continuously and nemvasively(Connolly et al., 2013)The two new bactefigtrains

haveallowedfor the research of spatiotemporal physical biedhemical phenomena at
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themicrometerscale in MICP system&inetic analysis revealed that the specific
ureolytic activity ofPseudomonas aeruginod&K1 andEscherichia coliMJK2 is not as
high as forSporosarcina pasteurithe most commonly used organism for MICP
experiments, but their Uity for use in flow cell experiments was demonstrated. The
construction of these model organisms provides a useful tool for the field of MICP
research and development. This dissertation provides one example of what can be
accomplished with the use of flkescent model organisms in MICP but one could

imagine many experimental applications.

Biofilm Kinetics Analysis

Biofilm -specific urea hydrolysis rate coefficients were determine# fopli
MJK2 (bothMichaelis Mentenand firstorder rate models) in alie reactor system.
Strain MJK2 was chosen for further analysis over the other&pRessing bacterium
described in Chapter 3 because it proved to form biofilms extremely quickly (on the time
scale of 24 hours in flow cell reactors with laminar flow). Aafially, strain MJK2 is a
biosafety level 1 (BSL 1) organism so it could be utilized by other research groups that
do not have a BSL 2 laboratory available to them.

It was found that for the chemical and hydrodynamic conditions in the study (urea
0-15 gL and Re < 1) a firsbrder (linear) rate model fits the reaction rate versus
concentration data as well as Mechaelis Mentenmodel which is more difficult to

work with computationally. The biofilrspecific reaction kinetics determined in Chapter
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4 wereused throughout the remainder of the dissertation ingoake modeling to

estimate local concentrations in porous media micromodel reactors.

MICP in Porous Media Micromodels

The construction and operation of porous media micromodel reactors was
describd in Chapter 5. The analysis conducted in Chapter 5 suggests that the timing of
the calcium addition in MICP systems may be an important parameter that could be
manipulated in order to maximize permeability reduction. It was shown that if calcium
was adde@4 hours after inoculation little permeability reduction would be achieved.
When calcium was added soon after inoculation a significantly greater amount of
permeability reduction was achieved. Gas production was observed in the micromodel
experiments undezero flow or low flow conditions, suggesting that gases produced by
microbial activity could be important in MICP systems. Gas production and the
temporary permeability reduction that it causes has not been considered in other
published studies howevedri$ work suggests that it may control short term permeability
reduction under some circumstances.

Additionally, micromodel reactors similar to those discussed in Chapter 5 (and
appendix J) have the potential for wide application for the visualizatiorooégses in
porous media. Filtration phenomena and multiphase flow among other processes have the

potential for the use of micromodel reactors for quantitative visualization purposes.
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Modeling

Finite element models have been integral to the work presentbis dissertation
and have been used in two distinct ways. First, inverse models were used in Chapter 4 to
estimate kinetic parameters for urea hydrolysis in biofilms of the model organisms
developed in Chapter 3. Experimental observations were as=titnate effective
reaction rates that existed within a system with a known and regular biofilm geometry.
Results from the inverse modeling in Chapter 4 were used to predict local concentrations
in systems with more unpredictable biofilm geometries iapg@dr 5 in the 2D
micromodel work. Finally, taking all of the inverse modeling, experimental observation
and predictive modeling into account, MICP was modeled entimedifico to make
predictions about local mineral saturation conditions and deterranaeneters and
mathematical relationships that control system behavior.

It was found that although urea concentrations were homogeneous over the
experimental length scales preserthis dissertation (um to cm) the saturation state (S)
of calcium carbonatwas spatially heterogeneous in comparison. This leads to an
interesting series of research questions and important considerations when applying
MICP in the field. If biofilms are present, diffusion limitations can develop that both limit
reactant transpbto areas deeper within biofilms and cause metabolic products to reach
higher concentrations. In this case the reactant of interest is urea, which is supplied in
excess so spatially homogeneous concentrations are predicted. The species which control
caldum carbonate saturation are calcium4{¢and carbonate (GO, see Chapter 2).

Calcium is likely to be supplied in excess, like urea, but when pH is high and urea
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hydrolysis is occurring carbonate ions can accumulate in the biofilm at high
concentration relative to the mobile pore water, causing a heterogeneous saturation
environment. The prediction of a heterogeneous mineral saturation environment is a
significant result for those who wish to represent MICP systems in continuum models
because it is ligly that the volum@averaged concentration would not be representative of
the higher saturation regions where minerals are forming the fastest. This prediction
points out the need for the development of precipitation rate models that take

heterogeneity irtt account.

Recommendations for Future Work

In order for MICP to become a widelysed permeability reduction technique
there are remaining questions that need to addressed. The work presented in this
dissertation focuses on precipitation in 2D porous maidiae pore scale. Unfortunately
one realizes quickly that most subsurface applications could not be considered 2D, many
times both precipitation and dissolution need to be considered and continuum models
must be used with large (m to dm) element sizesmdétpeneity, as seen in clean
micromodel reactors in this dissertation, is also rare in the subsurface.

The question of how microbial precipitates dissolve over both short and geologic
time scales must be better addressed by the MICP research field ifooitles be
considered a viable technology. Current research suggests that carbonate minerals can be
stabilized by biological substancesMICP systemgMitchell et al., 2013; Riding, 2000;

RodriguezNavarro et al., 200A)ut the long term behavior remains poorly understood.
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Experiments to investigate gegic time scale behavior are difficult so modeling
becomes important yet again. Collaborative research into bacterial carbonates that remain
in the geologic record could be an additional source of data. The micromodels used in
this work are biologically iert and if run correctly could be used in long term
experiments. Micromodels that are run for yesrd everpotentially at high pressure
(Zuo et al., 2013)vould not be out of the question.

Pore structure was held constant in this work but micromodels are able to be
fabricated with nearly any 2D pore structure imaginable. Using just one porous media
type limitedthe applicability of the results in this dissertation (Chapter 5 specifically).
Additional studies with micromodels that have a range of initial permeabilities and
porosities would broaden the applicability of the work presented here. Furthermore, it has
been shown that the pore structure, holding other factors constant, affects the behavior of
permeability redation in porous medi@Villingham et al., 2008; Zhang et al., 2010b)

This invites further investigations into how pore shape and other réateds impact
permeability reduction could yield results that affect how MICP is applied in the field.
Micromodels that contain solusensingluorophore filmscan also be manufactured
(Grate et al., 2012h order to image the chemical environment rather than exclusively
relying on models for such peseale chemical data.

The two dimensional analysis presented in thoskws useful in certain aspects of
the development of MICP technology but for true quantitative information that is useful
in continuum modeling, the threkmensional nature of transport in porous media must

be considered. The oil and gas industry ug2g-Bay tomography data routinely to
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construct pore network moddlsat have been shown to represent permeability
appropriately for reservescak permeability model@Vildenschild and Sheppard, 2013;
Wildenschild et al., 2005)ndustrial and governmental entities expect the same
reliability and grounding in 3 dinmsional reality that 3D-xay tomography and pore
network modelgFatt, 1956)provide, so these tools must be incorporated into further

investigations of MICP permeability manipulation technologies.

Concluding Remarks

Fundamentatesearch must continué/e must not wait for the pressures of war
or famine tatake a harder look at the world aroundlugs impossible to know if the
answer to a question will be interesting b

however smallbecause otherwise we will never know.
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Nucleotide Seqguences

The sequence of primers used for PCR amplification of the urease opeEoncati
DH5U(pURE14.8) were as foll ows:

Forward: NsCTGCAGTCATTCACATCCTACCCTAC
Bold underline idstl site.

Reverse:Ns ACTAGTTGAGCAAAAACAAGTCAAATTAG
Bold underline isSpelsite.

Table AL. The sequence of the urease operon in pJN105 vector and primers used for
sequential sequencing.

Legend: pJN105 promoter

Restriction sites Pstl and Spel respectively (Bold
Underline)

Match to the known urease sequence of DH5U(j
ureDABC and ureFG respectively

Previously unknown sequence

Primers used for the stepwise sequencing of the insert
(Underline)

Insertions from the previously sequenced sections of

1 tccatacccg tttttttggg ctagcgaatt ¢ ctgcag ttc attcacatcc taccctactt

61  gcattagctt ttacatcaca aacacccaat tttggctggg gtatagctaa acatgttcge

121 gtatttttag ttgactgagt tgcaggagaa agtatgtctg atttttcagg atcaggctgg

181 ttagctgaaa tcttcttacg atatgaacta aaacgtgg cg tcacccgctt aacggataaa
241 caacatatcg gccctttaat ggttcagegg ccattctace ccgagcaagg aattgcacac

301 acctatttac ttcatccacc cggtggcegtt gtcggggggg ataaactcct tattaatatt

361 gatgttcaac cacacgccca tgcgttattg accacgcccg gtgcgacaaa attttatcge

421 agtgcgggeg gt gttgcgeg acaagtacaa acattaactg ttgcgcccaa tgggttctta

481 gaatggctac ctcaagaaaa tatttttttc cctgaggctc aagttcgett agaaacccac

541 gttcgaatcg ctagttcatc aaaatttatc agctgggaaa tccaatgttt agggcgecca

601 gtattaaacg agcaattcga caacggtgat attcggggcec gettgcagtt t tatattgat
661 gacaaactca ccttagcgga atccatattt atcgaaggtt cgcaaaaaca atcagccgtc
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721 atgcgtgaat ttcctatggt cggctecttg tatatctacc ccgccagcga tgagttaaaa

781 gctgaacttc acgagagttt ggccgtgttt ttctctacgg aagtgagacc gcettgaatat

841 gggctaactg atgtagacgg catttt agta ttacggttat taggttctca aaccgagccg

901 atgatggctt getttgcc ca tatttggcag gcaacaa gac aatattggtt aggttattgc
961 ccagaaccac cgcgtatttg ggcaacttaa acgtttttta ggagcaaaaa atggaattaa

1021 ccccaagaga aaaagataaa ttattgcttt ttacagcagg cctcgttgct gaaaggcegtt

1081 tagcccgtgg gctaaagcte aattaccctg aagecgtcge getgatcagt tgtgcgatta

1141 tggaaggcgc acgtgatggt aaaactgtcg cccaattaat gagcgaaggc cgaaccctat

1201 taaccgcaga gcaggtaatg gaaggcgtgc cagaaatgat caaagacatc caagtggaat

1261 gtacatttcc tgatggcaca aaactggttt ctattcacga cccgattgta taggtaacaa
1321 aatgatcccc ggtgaaatta aagtcaacca cgctttgggt gatatcgaac taaatgcagg

1381 ccgagaaacc caaacgatac aagttgccaa ccatggtgac cgcccgattc aaattggctc

1441 tcactatcat ttttatgaag tcaacgacgc cctaaaattt gaacgcgaaa atacactcgg

1501 ttttcgtttg aata tccetg cgggceatgge ggtacgtttt gaaccaggac aaagccgcac

1561 agttgaactt gtggctttta gcggcaagcg agaaatatat ggtttccatg gcaaagtcat

1621 gggtaaatta gagagtgaga attaataatg aaaacaatct ctcgtcaagc gtatgcagat

1681 atgtttgg tc caacaacagg tgaccgttt a cgcttagctg atacagaatt att tctag ag
1741 atcgaaaaag atttcaccac gtatggtgaa gaggtcaaat ttggtggcgg taaagttatt

1801 cgtgacggca tgggccaaag ccaagtcacc agtgacctat gtgtcgatgt gctaatcacc

1861 aacgccatta ttttagacca ttggggcatt gttaaagcgg atatcgggat caaaaatggc

1921 cgtattgcgg ggattggtaa agcaggtaac cctgatgttc aacccaatgt cgatatcgtt

1981 atcggcccecg gtaccgaagt ggttgcaggce gaaggtaaaa ttatcaccgce gggtggegtt

2041 gatacccaca tccattttat ttgcccacag caagcagaag aaggtcttgt ttccggtgtt

2101 accaccttta taggcggtgg aactggccct gtggctggce a ctaatgccac taccgtcacc
2161 cccggtattt ggaatatgta ccgcatgtta gaagctgttg atgaactgcc tatcaacgtc

2221 gggctatttg gtaaaggctg cgtcagtagg cccgaagcga ttcgcgaaca aattgaagcg

2281 ggtgccattg gcttaaaaat tcacgaggac tggggcgcta ccccaatggc tattcacaac

2341 tgtttgaatg tgg ctgatga aatggatgtg caagtggcta tccattcaga tacgttaaat

2401 gaaggcggtt tttatgaaga aaccgtgaag gccattgcag gacgagtgat ccacgtattc

2461 catacagaag gtgctggcgg tggccatgcec cctgacgtca tcaaatccgt cggagaaccg

2521 aatattctgc ctgcatcgac caacccaacg atgcca taca ccatcaatac cg ttg atgag
2581 cacttggata tgttaatggt ttgccaccat ctcgacccat caattccaga agatgtggct

2641 tttgcggaat ctcgtattcg ccgtgaaacc attgctgcgg agatattttg cggaatctcg

2701 tattcgccgt gaaaccattg ctgcggaaga tattttgcac gatatgggceg caatttctgt

2761 gatgtctica gactcacaag ccatggggcg cgttggtgaa gttatcactc gcacttggca

2821 gtgcgceccat aaaatgaaat tacagcgcgg aactttagaa ggtgacacac cagaaagcga

2881 taataaccgt atcaaacgtt atgtggcgaa atacaccatt aaccccgcta tcgctcacgg

2941 tatcgcccat gaagtcggtt cgatagaaat aggcaagtta gctgatatcg tattatggga

3001 ccctgcattt tttggcatca aacccgcecct aattatgaaa gggggaatgg tcgcctatge

3061 gccaatgggt gatattaacg ccgcaatccc aacaccacag cctgtacatt accgcccgat

3121 gtttggagca ttaggtaaag caaaatacca tacctcaatg atttttatgt caaaagcagg

3181 tattgaagca ggtgttcctg aaaaattagg cttg cagagc caaataggcc gagttgaagg
3241 ctgccgaagc attagcaaag cctctatggt gcacaacagt tatgtgccac atatcgaact

3301 tgacccgcaa acttatatcg tcaaagccga tggtatccca ctggtatgcg aacctgcgac

3361 tgagttaccg atggcacaac gttacttttt attctgaccc ctaatta aaa gagccagaga
3421 atgaaa aaat ttattaaagt ggttgcccaa caaccccatt caccaagcac attaaccctg

3481 tgcttaacca tggatgagcg caccaaaagc cgtttaaaag ttaccttaag tgatgggcaa

3541 gaagcggggc tatttttgcc gcgcggaacc atcctgaagg aaggcgacgt tttatccact

3601 gaagacggtg agttagtcac aatcgaagcc gcgaaagagc aagtttctac cgtttacagc
3661 gatgacgctc tgttgctcge ccgcegtttge tatcacttag gcaaccgceca tgttcctttg

3721 caaattgaag cgggttggtg ccgttatttt catgaccatg tgttagatga tatggcgcgt

3781 gggttaggtg ccacggttag tgtcggtttg gaaaaatacc aaccggaacc gggggcttat

3841 ggcggctcat ccggt ggtca tcaccaccat cacggccacg atgatcacca tcactaatca
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3901 ggttcaggga gtgtgcttat gttagcagat ctgcgcttat accagttagt tagtccttct

3961 ttacctgttg gctegtttac ctattcacaa ggcttagaat gggcgattga aaaaggttgg

4021 gtaacaacac cagataccct tgcaggctgg ctaaccgcac aaatgacgca tgcc attgca
4081 acattagagc ttccegtttt acggcaaatt cagacttccc tttcccttgg tgatattgaa

4141 gcggtgaaat attggtgtga atttatgatt gccagccgtg aaaccaaaga actacgccaa

4201 gaagagcggc aacgaggaat tgcttttgca cgattgctac ct caactagg cattgaactg
4261 gat gctaacc tgcaaacctg cgtgaaacaa acccagctaa tggccttcgc cctcgeecgeg

4321 gtaaattggc aaattgacgt tgaaaaattg tgcaccgcgt atgcatgggg ttggctagaa

4381 aacacggtga tgtccggtgtt aagcttatc cctttagggc aaagcgcggg gcaaaatatt

4441 ttatttaccc ttgctgagcg catacccgaa gtggttgcgce aatcggcaat ctggccatta

4501 gacgatattg gtagttttac acctgcacaa attattgcca gtagtcggca tgaaacccaa

4561 tacacacgac tttttcgttc atgagaaaat gctatgcaag aatataatca acccttaaga

4621 attggtgtcg gtgggccggt cggctcagga aaaaccgcat tattagaagt gttatgtaaa

4681 gccatgcgceg acacttacca aattgccgtt gtca ccaatg atatttacac ccaagaagat
4741 gccaaaattt taacccgtgc cgaagcacta gatgcagacc gcattattgg tgttgaaact

4801 ggcggctgcc ctcataccgc tattcgtgaa gatgcatcaa tgaacttagc ggccgttgaa

4861 gagttagcta tccgccataa aaaccttgat atcgtgtttg tggaaagcgg cggcgataac

4921 ctcagtgcg  a cgtttagccc agagctggca gacttaacca tttatgtgat tgatgttgct

4981 gaaggcgaaa aaattccacg taaaggtggg ccagggatca cccattccga tttactggtg

5041 attaacaaaa ttgaccttgc tccgtatgtc ggcgcttcat tagaagtgat ggaagccgat

5101 accgcaagaa tgcgaccagt aaagccctat gttttactaa cttaaaga aa aaagtcggct
5161 tagagaccat tatcgagttt atcatcgata aaggcatgtt aagacgttaa taaatttg @a
5221 cgccctatag gtt Jtattta tagggcgttt tcaattaaca aatacggggt aaaggctcge

5281 tgtgaggcaa atctaataac cttgatgtgc cgaagatccc aactaatttg acttgttttt
5341 gctcag actagt tctagagc ggccgecacc geggtggagce tccaattcge ccta
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APPENDIX B

SUPPLBVMENTAL INFORMATION FOR CHAPTER 4
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Strain and Growth @nhditions

Escherichia colMJK2 (Connolly et al., 2013)vas used as the model biofim
producing ureolytically active organism in this study. MJK2 possesgséN H05plasmid
that has been modified to contain the urease operongramliDH5 U( p URE1 4. 8)
(Collins and Falkow, 1988)The ureasearrying plasmid, pMKOOIgontains an L
arabinosanducible promoter and encodes for gentamycin resistaldi?2 also
possesses a mutant chromosogiplgreen fluorescent protein gene) variant that can be
used forimaging. The parent strain of MJK2Es coli AF504 which is a nalidixic acid
resistant derivative dt.coli K12 strainMG1655(Folkesson et al., 2008)he growth
medium fo MJK2 was Luri&Bertani (LB) medium containing 10 gttyptone,5 g/L
yeast extract, 10 g/L NaCl, supplemented with 50 mM (7.5 g/ajdbinose, 1M
NiCl2, 10pg/mL gentamycin and varying amounts of urea. The medium was adjusted to
a pH of 6 with HCI.

100 mL liquid cultures were inoculated from frozen stock cultures at a
concentration of 1.QL per mL in 250 mLErlenmeyeiflasks at 37C on horizontal
shakers running at approximately 150 rpm. The urea concentration of the starter culture
matched the expenental concentration in the tube reactors. f{D®f culture was
transferred into 100 mL of the same media after approximately 24 hours. Cells from the
transfer culture were harvested after approximately 12 hours by centrifugation ag4200
for 10 minute at 3C in 50 mL conical centrifuge tubes containing 40 mL of culture.

Cells were suspended in sterile phosphate buffered saline (PBS) by vigorous vortexing.
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Cells were washed one more time by centrifugation and resuspension. PBS had final
concentrationsf 8 g/L NaCl,0.61 g/L KH:PQy, 0.96 g/L KkHPQy and was adjusted to a
pH of 7 with HCI. The cell suspension was adjusted to an optical density of 0.6 by
diluting with additional PBS after the final cell wash. Optical density was measured on
triplicate 100uL samples in polycarbonate 9¢ell plates (light path length of 0.26 cm)
with aBioTek Instuments (Winooski, VT, USA) Synergy HT Mtiiode Microplate
Readerand the data we analyzed using Gen5 software. The cell suspensions were used

as the inoculumdr the biofilm growth experiments.

References Blating to he Strain and Growthdditions

Collins CM, Falkow S. 1988. Genetic Analysis ofEescherichia colUrease Locus:
Evidence of DNA Rearrangemedburnal of Bacteriology.70:10411045.

Connolly J, Kaufman M, Rothman A, Gupta R, Redden G, Schuster M, Colwell F,
Gerlach R. 2013. Construction of two ureolytic model organisms for the study of
microbially induced calcium carbonate precipitatidournal of Microbiological
Methods94:290 299.

Folkesson A, Haagensen JAJ, Zampaloni C, Sternberg C, Molin S. 2008. Biofilm
Induced Tolerance towards Antimicrobial Peptidéles One3:e1891.
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Biofilm Thin Section Calculations

The following calculations were applied to the thresholded thin sectiagds
(e.g. Figure 2C) in order to estimate a representative biofilm thickness at discrete points
within the tube.

Table BL. Constants used in thickness calculations

Pixel Size (p) 0.449965um/px
Image Size (X by Y) 1940by 1460px
Total Image Area (A) 573471.78um?
Visible Biofilm Arc Length (S) 922.95um

Tube Inside Radius (r 800um

The visible biofilm arc length was calculated by first calculating the known chord length
(C) of the visible biofilm arc,

C=Xp=872.6E n. (B1)
Images were taken such that they were centered in the long dimension (X) of the image.
The central angle of the biofilm ard)(can then be calculated with a simple trigonometric

relationship where

d= 25in‘15‘§ic8: 1.154rad, (B2)

Q r -
and finally thebiofilm arc length can be calculated by

S=rd=922.9% n. (B3)
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Images were thresholded as stated in the main article and the image area occupied
by biofilm (Ar) was determined in ImageJ. The calculated average biofilm thickngss (L

for each imageas reported in Tables &9, was then be calculated by

L =AML (B4)

It should be noted that this calculation is only valid for thin biofilms. Thin in this context
means that the biofilm thickness is much smaller than the tube radis (L If the thin
condition is not met, the visible area of the biofilm will be dependent daoé_to the

vertically (rather than radially) cut off biofilms at the edges of the image.
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Urea Measurements

Table B2 Urea measureants obtained in the study including those that were eliminated
from the analysis.

Effluent Variation

Tube # Sample Concer}tliatlon Mean from Notes
(mol/L) (mol/L) Mean

1 1 Out A 0.00368 0.00422 12.80%
1 Out B 0.00438 -3.76%
1 OutC 0.00461 -9.04%
1 In 0.01168

2 2 Out A 0.10189 0.10872  6.29%
2 OutB 0.10972 -0.92%
2 OutC 0.11456 -5.37%
2 In 0.12835

3 3 Out A 0.13588 0.13367 -1.65%
3 Out B 0.13435 -0.50%
3 OutC 0.13079 2.15%
3 In 0.14519

4 4 Out A 0.20390 0.20637  1.20%
4 OutB 0.20741 -0.50%
4 OutC 0.20781 -0.70%
4 In 0.21952

5 5 Out A 0.00328 0.00460 28.70%  Excluded due to high effluent variation (> 25%)
5 Out B 0.00311 32.43%
5 OutC 0.00741 -61.13%
5 In 0.01220

6 6 Out A 0.04851 0.04632 -4.72%
6 Out B 0.04734 -2.19%
6 OutC 0.04312 6.91%
6 In 0.07271

7 7 Out A 0.11966 0.11868 -0.83%
7 OutB 0.12087 -1.84%
7 OutC 0.11550 2.68%
7 In 0.14066

8 8 Out A 0.19859 0.20216  1.77%
8 Out B 0.20585 -1.82%
8 OutC 0.20205 0.06%
8 In 0.22077

9 9 Out A 0.00653 0.00722  9.54%
9 Out B 0.00686 5.05%
9 OutC 0.00828 -14.59%
9 In 0.01053

10 10 OutA 0.03980 0.04933 19.31%  Excluded due to high effluent variation (> 25%)
10 OutB 0.03969 19.53%
10 OutC 0.06848 -38.84%
10 In 0.08295

11 11  OutA 0.08498 0.09962 14.70%  Excluded due to high effluent variation (> 25%)
11 OutB 0.13257 -33.08%
11  OutC 0.08131 18.38%

11 In 0.15836
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Note: Samples AOut CO0 and Al ndo were taken
tube.



218

Biofilm Thin Section Data

Table B3. Tube 1 thin section data.

Averages from Replicates

Tube x Distance from Calculated x Distance Calculated
# Inlet Thickness (k) from Inlet Thickness(k)

[cm] [um] [cm] [um]

1 50.07 1 45.74
44.72 155.32
40.14 143.15
45.63 14.90
48.12 16.18
173.34
159.22
144.21
144,51
62.61
136.96
132.68
161.45
222.03
17.00
11.74
13.45
17.40
12.94
14.66
20.94

© N o1 w
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Table Bi. Tube 2 thin section data.

Averages from Replicates
Tube x Distance from Calculated x Distance Calculated Thickness
# Inlet Thickness (k) from Inlet (L)
[cm] [um] [cm] [Um]
1 9.22 1 9.08
10.17 11.53
8.66 9.09
8.33 7.98
9.03 5.34
9.15
11.42
11.26
14.30
9.87
10.47
8.99
7.97
8.14
7.56
7.93
8.46
7.80
8.14
3.94
5.75
4,92
6.51
5.56

© N o1 w
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Table Bs. Tube 3 thin section data.

Averages from Replicates

Tube x Distance from Calculated x Distance  Calculated Thickness
# Inlet Thickness (k) from Inlet (L)

[em] [pm] [em] [pm]
1 8.79 1 8.47

8.08 10.91

9.16 9.21

7.66 9.00

8.66 9.00

7.21

10.18

11.25

11.48

14.46

9.68

9.44

7.93

8.87

10.15

9.08

8.94

8.96

9.13

8.90

8.02

9.69

9.98

8.31
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Table B5. Tube 4 thin section data.

Averages from Replicates
Tube x Distance from Calculated x Distance Calculated Thickness
# Inlet Thickness (k) from Inlet (L)
[cm] [um] [cm] [Um]
1 5.22 1 6.25
6.29 8.43
6.52 4.43
6.01 6.93
7.19 6.65
7.45
11.04
7.34
7.91
8.43
4.95
3.78
5.20
4.14
4.08
7.06
6.79
5.65
5.18
9.24
6.51

© N o1 w
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Table Br. Tube 6 thin section data.

Averages from Replicates
Tube x Distance from Calculated x Distance Calculated Thickness
# Inlet Thickness (k) from Inlet (L)
[cm] [um] [cm] [Um]
1 160.56 1 101.85
78.07 47.97
121.03 40.93
75.33 7.42
74.29 17.09
54.88
41.51
47.37
43.13
52.98
30.17
36.47
49.37
43.09
4554
7.90
7.06
6.56
7.40
8.20
18.24
19.96
15.88
17.07
14.28
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Table B3. Tube 7 thin section data.

Averages from Replicates
Tube x Distance from Calculated x Distance Calculated Thickness
# Inlet Thickness (k) from Inlet (L)
[cm] [um] [cm] [Um]
1 63.97 1 48.73
45.92 8.13
45.70 51.94
42.85 3.63
45.18 1.26
7.56
7.44
7.49
10.02
52.18
43.98
49.63
61.33
52.60
3.19
3.86
2.86
2.29
5.93
1.06
1.35
1.26
1.38
1.04
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Table BD. Tube 8 thin section data.

Averages from Replicates
Tube x Distance from Calculated x Distance Calculated Thickness
# Inlet Thickness (k) from Inlet (L)
[cm] [um] [cm] [um]
1 12.01 1 13.34
14.55 8.73
13.86 6.23
13.92 11.04
12.36 3.85
8.08
9.26
7.74
8.59
9.99
5.84
5.72
7.12
11.77
10.75
10.17
9.67
12.83
3.50
450
3.29
3.09
4.86
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Table BLO. Tube 9 thin section data.

Averages from Replicates
Tube x Distance from Calculated x Distance Calculated Thickness
# Inlet Thickness (k) from Inlet (L)
[cm] [um] [cm] [Um]
1 0.62 1 0.76
0.65 2.00
0.92 2.84
0.80 2.21
0.80 2.15
2.06
2.00
2.85
1.47
1.64
2.75
2.99
3.40
1.98
3.11
1.35
1.90
2.44
2.10
3.27
2.14
2.53
2.08
1.87
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APPENDIX C

RAW AND THRESHOLDEDIMAGES RELATING TO GHAPTER 5



227
These data aravailableonline through Montana State Universdttythe following
URL.

http://scholarworks.montana.edu/xmlui/handle/1/8980

To request DVD copies, contact your local public or university librapfdoe an

interlibrary loan request to Montana State University. Questions ca®446161.


http://scholarworks.montana.edu/xmlui/handle/1/8980
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APPENDIX D

STEADY STATE PHREEQMUTPUT RELATING TO GHAPTER 5
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Input file: C: \ Users \ User \ Google Drive \ MSU PhD Work\ 2 - Data Calcs and Modeling \ 20141120
- CO2 Eq PHREEQG CompleteUreaolysisEquilibrium_AllUreolysis_WithCa.pqi
Output file: C: \ Users \ User \ Google Drive \ MSU PhD Work\ 2 - Data Calcs and
Modeling \ 20141120 - CO2 Eq PHREEQQ CompleteUreaolysisEquilibrium_AllUreolysis_ WlthCa pqo
Database file: C: \ Program Files (x86) \ USGS Phreeqc Interactive 3.1.1
8288\ database \ phreeqc.dat

SOLUTION_MASTER_SPECIES
SOLUTION SPECIES

PHASES
EXCHANGE_MASTER_SPECIES
EXCHANGE_SPECIES
SURFACE_MASTER_SPECIES
SURFACE_SPECIES

RATES

END

Reading input data for simulation 1.

DATABASE C:\ Program Files (x86 )\ USGS Phreeqc Interactive 3.1.1 -
8288\ database \ phreeqc.dat
EQUILIBRIUM_PHASES 2
Calcite 00
SOLUTION 4
temp 25
pH 6 charge
pe 4
redox pe
units  mol/kgw
density 1
Cc 0.1000978
Cl 0.370940171
N(-3) 0.2
Na 0.1709
O(0) 0.002457
Ca 0.1
water 1#kg
END

Beginning of initial solution calculations.

Initial solution 4.

Solution composition

Elements Molality Moles

C 1.001e -001 1.00le -001
Ca 1.000e -001 1.000e -001
Cl 3.709e - 001 3.709e -001
N(- 3) 2.000e -001 2.000e -001
Na 1.709e -001 1.709e -001
0(0) 2.457e -003 2.457e -003

Description of solution

pH = 9.069 Charge balance
pe = 4.000
Specific Conductance (uS/cm, 25 oC) = 41193
Density (g/cm3) = 1.01696
Volume (L) = 1.01838
Activity of water = 0.985

lonic strength = 4.962e - 001
Mass of water (kg) = 1.000e+000
Total alkalinity (eg/kg) = 2.000e -001
Total CO2 (mol/kg) = 1.001e - 001
Temperature (deg C) = 25.00
Electrical balance (eq) = -4.853e -014

Percent error, 100*(Cat - |An|)/(Cat+]|An]) = -0.00
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Iter ations = 10
Total H =1.118126e+002
Total O =5.580894e+001

Redox couples
Redox couple pe Eh (volts)
O(- 2)/0(0) 11.7391  0.6944

Distribution of species

Log Log Log moleV

Species Molality ~ Activity Molality Activity Gamma cm3/mol
OH 1.845e - 005 1.168e - 005 -4.734 -4.932 -0.199 -2.93
H+ 1.116e -009 8.531e -010 - 8.952 -9.069 -0.117 0.00
H20 5.551e+001 9.848e -001 1744 -0.007 0.000 18.07

C(-4)  0.000e+000
CH4 0.000e+000 0.000e+000 -84.438 -84.388 0.050 32.22

C(4) 1.001e - 001
HCO3 4.273e -002 2.958e -002 -1.369 -1529 -0.160 26.46
CaCO3 3.578e -002 4.011e -002 -1.446 -1.397 0.050 - 14.60
CaHCO3+ 7.835e -003 5.541e -003 -2.106 -2.256 -0.150 9.94
CO3 2 7.080e -003 1.626e -003 -2.150 -2.789 -0.639 -2.50
NaCO3 4.870e - 003 3.570e -003 -2.312 -2.447 -0.135 1.93
NaHCO3 1.749% -003 1.961e -003 - 2.757 -2.707 0.050 1.80
Co2 5.140e -005 5.762e - 005 - 4.289 -4.239 0.050 29.09

Ca 1.000e - 001
Ca+2 5.638e -002 1.468e -002 -1.249 -1.833 -0.584 - 16.85
CaCO3 3.578e -002 4.011e -002 -1.446 -1.397 0.050 -14.60
CaHCO3+ 7.835e -003 5.541e -003 -2.106 -2.256 -0.150 9.94
CaOH+ 3.837e -006 2.813e - 006 -5.416 -5.551 -0.135 (0)

Cl 3.709e - 001
Cl- 3.709e -001 2.413e -001 -0431 -0.618 -0.187 18.69

H(0) 9.192e - 030
H2 4.596e -030 5.152e -030 -29.338 -29.288 0.050 28.61

N(- 3) 2.000e - 001
NH4+ 1.478e -001 8.754e -002 -0.830 -1.058 -0.228 18.38
NH3 5.216e -002 5.847e -002 -1.283 -1.233 0.050 24.42

Na 1.709 - 001
Na+ 1.643e -001 1.179e -001 -0.784 -0.929 -0.144 -0.63
NaCO3 4.870e -003 3.570e -003 -2.312 -2.447 -0.135 1.93
NaHCO3 1.749% -003 1.961le -003 - 2.757 -2.707 0.050 1.80
NaOH 1.229e - 016 1.377e -016 -15.911 -15.861 0.050 (0)

0O(0) 2.457e - 003
02 1.228e -003 1.377e -003 -2911 -2.861 0.050 30.40

Saturation indices

Phase SI** log IAP log K(298 K, 1 atm)

Aragonite 3.71 -4.62 -8.34 CaCO3

Calcite 3.86 -4.62 -8.48 CaCO3

CH4(g) -81.54 -84.39 -2.84 CH4

CO2(9) -2.78 -4.24 -1.46 CO2

H2(g) -26.19 -29.29 -3.10 H2

H20(g) -1.51 -0.01 1.50 H20

Halite -3.12 -155 1.57 NaCl

NH3(g) -3.03 -1.23 1.80 NH3

02(g) 0.03 -2.86 -2.89 02
**For a gas, Sl = log10(fugacity). Fugacity = pressure * phi/ 1 atm.

For ideal gases, phi = 1.

Beginning of batch - reaction calculations.

Reaction step 1.

Using solution 4.
Using pure phase assemblage 2.

Phase assemblage
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Moles in assemblage
Phase Sl log IAP log K(T, P) Initial Final Delta

Calcite 0.00 -8.48 -8.48 0.000e+000 8.500e -002 8.500e -002

Solution composition

Elements Molality Moles

c 1.509e -002 1.510e -002
Ca 1.500e - 002 1.500e -002
Cl 3.707e -001 3.709e -001
N 1.999e -001 2.000e -001
Na 1.708e -001 1.709e -001

Description of solution

pH = 6.719  Charge balance
pe = -3.770  Adjusted to redox equilibrium
Specific Conductance (uS/cm, 25 oC) = 39709
Density (g/cm3) = 1.00807
Volume (L) = 1.01479
Activity of water = 0.987

lonic strength = 3.903e - 001
Mass of water (kg) = 1.001e+000
Total alkalinity (eq/kg) = 5.517e - 003
Total CO2 (mol/kg) = 6.545e - 003
Temperature (deg C) = 25.00
Electrical balance (eq) = 1.645e -013
Percent error, 100*(Cat - |An|)/(Cat+|An]) = 0.00

Iterations = 32
Total H =1.118126e+002
Total O =5.555395e+001

Distribution of species

Log Log Log moleV

Species Molality ~ Activity Molality Activity Gamma cm3/mol
H+ 2.470e -007 1.909e -007 - 6.607 -6.719 -0.112  0.00
OH 8.022 e- 008 5.234e -008 - 7.096 -7.281 -0.185 -3.12
H20 5.551e+001 9.871e -001 1744 -0.006 0.000 18.07
C(-4) 8.550e - 003
CH4 8.550e - 003 9.353e -003 -2.068 -2.029 0.039 3222
C(4) 6.545e - 003
HCO3 4.750e - 003 3.354e -003 -2.323 -2.474 -0.151 26.14
CO2 1.333e -003 1.458e -003 -2.875 -2.836 0.039 29.09
CaHCO3+ 2.390e -004 1.720e -004 - 3.622 -3.764 -0.143 9.92
NaHCO3 2.124e -004 2.323e -004 -3.673 -3.634 0.039 1.80
CaCO3 5.087e -006 5.565e -006 -5.294 -5.255 0.039 - 14.60
C03 2 3.315e - 006 8.240e -007 - 5.480 -6.084 - 0.605 -2.85
NaCO3 2.588e - 006 1.890e -006 - 5.587 -5.724 -0.136 1.36
Ca 1.500e - 002
Ca+2 1.475e -002 4.020e -003 -1.831 -2.396 - 0.565 - 16.95
CaHCO3+ 2.390e -004 1.720e -004 - 3.622 -3.764 -0.143 9.92
CaCO3 5.087e - 006 5.565e -006 -5.294 -5.255 0.039 - 14.60
CaOH+ 4.723e -009 3.450e -009 - 8.326 - 8.462 -0.136 (0)
Cl 3.707e - 001
Cl- 3.707e - 001 2.472e -001 -0431 - 0.607 -0.176 18.62
H(0) 1.635e - 009
H2 8.173e - 010 8.941e -010 -9.088 -9.049 0.039 2861
N(-3)  1.755e - 001
NH4+ 1.752e -001 1.079e -001 -0.757 -0.967 -0.211 18.34
NH3 2.944e -004 3.220e -004 -3.531 -3.492 0.039 2442
N(0) 2.444e - 002
N2 1.222e -002 1.337e -002 -1.913 -1.874 0.039 29.29
N(3) 0.000e+000
NO2 0.000e+000 0.000e+000 -60.154 -60.351 -0.197 2553
N(5) 0.000e+000
NO3 0.000e+000 0.000e+000 -82.831 - 83.028 -0.197 30.08
Na 1.708e - 001
Na+ 1.706e -001 1.232e -001 -0.768 -0.909 -0.141 -0.72
NaHCO3 2.124e -004 2.323e -004 -3.6 73 -3.634 0.039 1.80

NaCO3 2.588e - 006 1.890e -006 - 5.587 -5.724 -0.136  1.36
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NaOH 5.894e -019 6.448e -019 -18.230 -18.191 0.039
0O(0) 0.000e+000
02 0.000e+000 0.000e+000 -74.333 -74.294 0.039
Saturation indices
Phase SI** log IAP log K(298 K, 1 atm)
Aragonite -0.14 -84 8 -8.34 CaCO3
Calcite 0.00 -8.48 - 8.48 CaCO3
CH4(g) 0.81 -2.03 -2.84 CH4
CO2(9) -1.37 -2.84 -1.46 CO2
H2(g) -5.95 -9.05  -3.10 H2
H20(g) -151 -0.01 1.50 H2 O
Halite -3.09 -152 1.57 NaCl
N2(g) 1.30 -1.87  -3.18 N2
NH3(g) -5.29 -3.49 1.80 NH3
02(9) -71.40 -74.29 -2.89 02
**For a gas, S| = log10(fugacity). Fugacity = pressure * phi /

For ideal gases, phi = 1.

Reading input data for simulation 2.

End of Run after 0.328 Seconds.

1 atm.

©
30.40



233

APPENDIX E

MODEL PARAMETERS ANDCODE
ARCHITECTURERELATING TO CHAPTERG
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COMSOL Model Parameters and Rate Expressions

Model Parameters

Q 0.25e3[L/h] Flow Rate

Vmax_urea | 5[mol/(L*h)] Approx fromtube reactor experiment

km_urea 0.1[mol/L] Approx from tube reactor experiment

;/rr]nax_oxyg 10[mol/(L*h)] Estimated 02 rate parameter

km_oxygen | 0.5[mmol/L] Estimated 02 rate parameter

D_bio 0.8 Biofilm diffusion reduction

Durea 1.38e5[cm”2/s] CRC 25C

Dco2 1.91e5[cm”2/s] CRC 25C

Dnh3 1.5e5[cm”"2/s] CRC 20C

Dca 0.79e5[cm”2/s] CRC 25C

Dcl 2.032e5[cm”2/s] CRC 25C

Dhco3 1.185e5[cm”2/s] CRC 25C

Dco3 0.92e5[cm”2/s] Zhang Klapper (2011)

Dcahco3 le5[cm”2/s] Estimation

Dcaco3 le5[cm”2/s] Estimation

Dnh4 1.957e5[cm”2/s] CRC 25C

Dh 9.311e5[cm”2/s] CRC 25C

Doh 5.273e5[cm”2/s] CRC 25C

Doxygen 2.42e5[cm”2/s] CRC 25C

Ka_hco3 (107(-10.33))[mol/L] PHREEQC Database

Ka_co2 (107(-6.35))[mol/L] PHREEQC Database

Ka_nh4 (107(-9.25))[mol/L] PHREEQC Database

Ka_h2o le-14[mol"2/L 2] PHREEQC Database

Ka_cahco3 | (10"(-11.435))[mol"2/L"2] PHREEQC Database

Ka_caco3 | (107(-3.224))[mol/L] PHREEQC Database

Ci_urea 0.16667[mol/L] 10 g/L

Cit_ca 0.16667[mol/L] Equamolar with urea

Cit_co2 0.003[mol/L] Assume saturation wrt CO2

Cit_n 0.001[mol/L] Start with background
ammonium/ammonia

Ci_h ai_h/g_h Calculated from activity

Ci_cl [From Equilibrium] Calculated (for charge balance)

Ci_hco3 [From Equilibrium] Calculated
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Ci_co2 [From Equilibrium] Calculated
Ci_co3 [From Equilibrium] Calculated
Ci_cahco3 | [From Equilibrium] Calculated
Ci_ca [From Equilibrium] Calculated
Ci_caco3 [From Equilibrium] Calculated
Ci_nh4 [From Equilibrium] Calculated
Ci_nh3 [From Equilibrium] Calculated
Ci_oh [From Equilibrium] Calculated
Ci_oxygen | 0.3125[mmol/L] 1 mg/L o2 Estimated
khco3 le2[1/s] Equilibrium Rate Stiffness
kco2 le2[1/s] Equilibrium Rate Stiffness
knh4 le2[1/s] Equilibrium Rate Stiffness
kcahco3 le2[1/s] Equilibrium Rate Stiffness
kcaco3 le2[1/s] Equilibrium Rate Stiffness
kh20 le2[mol/s/m”3] Equilibrium Rate Stiffness
Kso 3.8e9[(Mol"2)/(L2)] Eggg‘;fggﬂ')ty product Zhang
ISi Assumed constant ionic strength (IS
| 0.5 ; .
rom influent value.
107 (-
g_h 0.5*(sqrt(1Si)/(1+sqrt(ISipn Activity correction (gamma)
0.3*ISi))
107 (-
g_oh 0.5*(sqrt(1Si)/(1+sqrt(ISip Activity correction (gamma)
0.3*ISi))
107 (-
g_cl 0.5*(sqrt(1Si)/(1+sqrt(ISipn Activity correction (gamma)
0.3*ISi))
107(-
g_hco3 0.5*(sqrt(1Si)/(1+sqrt(ISip Activity correction (gamma)
0.3*ISi))
107 (-
g_cahco3 | 0.5*(sqrt(1Si)/(1+sqrt(ISip Activity correction (gamma)
0.3*ISi))
107 (-
g_nh4 0.5*(sqgrt(I1Si)/(1+sqrt(1Siy Activity correction (gamma)
0.3*ISi))
107 (-
g_ca 0.5*4*(sqrt(1Si)/(1+sqrt(ISi)) | Activity correction (gamma)

0.3*ISi))
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107 (-
g_co3 O.5*(4*(sqrt(ISi)/(1+sqrt(ISi)) Activity correction (gamma)
0.3*ISi))
g_nh3 1070.05 Activity correction (gamma)
g_caco3 1070.05 Activity correction (gamma)
g_co2 10M0.®® Activity correction (gamma)
ai_h 107(-6)[mol/L] Set influent pH = 6
ai_oh Ci_oh*g_oh Calculated influent activity
ai_cl Ci_cl*g_cl Calculated influent activity
ai_hco3 Ci_hco3*g_hco3 Calculated influent activity
ai_cahco3 | Ci_cahco3*g_cahco3 Calculated influent activity
ai_nh4 Ci_nh4*g_nh4 Calculated influent activity
ai_ca Ci_ca*g_ca Calculated influent activity
ai_co3 Ci_co3*g_co3 Calculated influent activity
ai_nh3 Ci_nh3*g_nh3 Calculated influent activity
ai_caco3 Ci_caco3*g_caco3 Calculated influent activity
IAPI Ci_ca*Ci_co3*g_ca*g_co3 | lonic activity product
Sli IAPi/Kso Influent Saturation index
k_precip 1.5e12[mol/dm”2/s] Zhong and Mucci (1989)
n_precip 3.27 Zhong and Mucci (1989)
k diss_1 8.9e3[L/dm"2/s] Chou et al(1989)
k diss_2 6.5e9[mol/dm”2/s] Chou et al. (1989)
n_diss 1 Flukiger and Bernard (2009)

Note: Precipitation and dissolution kinetics are handled the same as Ebigbo et al. (2012)
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Aqueous Rate Expressions

Rhyd ((Vmax_urea*Curea)/(km_urea+Curea))*bac

Roxyge | ((Vmax_oxygen*Coxygen)/(km_oxygen+Coxygen))*bac
n

Rhco3 | khco3*(Chco3*g_hcodCco3*g_co3*Ch*g_h/Ka_hco3)
Rco2 kco2*(Cco2*g_co2Chco3*g_hco3*Ch*g_h/Ka_co2)
Rcahco | kcahco3*(Ccahco3*g_cahcea3ca*g_ca*Cco3*g_co3*Ch*g_h/Ka_cahco?
3

Rcaco3 | kcaco3*(Ccaco3*g_caceBco3*g_co3*Cca*g_ca/Ka_caco3)
Rnh4 knh4*(Cnh4*g_nh4Cnh3*g_nh3*Ch*g_h/Ka nh4)
Rh20 kh20*(1-Ch*g_h*Coh*g_oh/Ka_h20)

rurea Rhyd

rco2 RhydRco2

rhco3 | -Rhco3+RCO2

rnh4 0

rnh3 2*Rhyd+Rnh4

rh Rhco3+Rco2+Rnh4+Rh20+Rcahco3

roh Rh20

rco3 Rhco3+Rcahco3+Rcaco3

rca Rcahco3+Rcaco3

rcahco3| -Rcahco3

rcaco3 | -Rcaco3

rcl 0

roxygen | -Roxygen
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Precipitation Rate Expressions

R_precip_1 If(S1_calcite>=1, k_precip*(SI_calcit&)*n_precip, 0)

R _diss_1 if(S1_calcite<1,(k_diss_1*Ch+k_diss_2)*(BI_calcite)*n_diss, 0)
density_calcite| 36.93[cm”3/mol]

V_calcite density_calcite*(R_precip -R_diss_1)

r_precip_ca R _diss_1R precip_1

r_precip_co3 | R_diss_1R precip_1

Sl_calcite IAP_calcite/Kso

IS 1e-3*0.5*(Chco3+Cco03*4+Cnh4+Ccl+Cca*4+Coh+Ch+Ccahco:
IAP_calcite Cca*Cco3*g_ca*g_co3

Notes: bac = 1 in biofilm domain, O elsewhere
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Main MATLAB Script for Time Resolved Model

Note: Other MATLAB and Java scripts are called within this code. This was included as
an appendix in order to convey the architecture of the solution routine.

clc % clear command window
clear all % clear all MATLAB variables
close all % close figures

format compact

% Create paths

nameOutput = ‘output_new' ; % defines name of output directory
Pathlnput = cd; % Input is always current directory

PathOutput =[cd filesep nameOutput];

PathOutputFct = [ " filesep nameOutput];

if ~isdir(PathOutput)
mkdir(PathOutput);
end;

biomass_obj = shoving.biomass();

% define link comsol - matlab
import com.comsol.model.*
import com.comsol.model.util.*

model = ModelUtil.create( 'Model" );
ModelUtil.showProgress(true); % display the progr ess bar

niter=0;

if niter==
writelog(PathOutput,
else
writelog(PathOutput,
numa2str(niter)]);
end

a' [ 'Startrun’ D;

a' ,[ 'Re - Start run from iteration '

% initialize the random number generation
randtype = 'mt19937ar
randseed = 5;

% Geometric parameters

Nx = 201; % number of discrete elements for x - direction
Ny = 51; % number of discrete elements for y - direction
Lx =400e - 6; % m, domain size

Ly =100e - 6; % m, domain height iny

dx=2e -6; % m, grid size

dy =2e -6; % m, grid size

dz=2e -6; % m, grid size
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Ny2 = Ny + 2; % buffer lines required in some matrices
X = 0:dx:Lx; % grid to be used for interpolation functions
y = 0:dy:Ly; % grid to be used for interpolation functions

% steps and time stepping for growth calculations
max_iter = 100; % maximum number of iterations
dt = 3600; % s, time step for biomass growth

% particulate parameters

bac name =/{ ‘bio* , 'ery' } % names of solids (particulate
matter) in the model

bac_num =0, 0]; % initial number of particles

of each type

bac n =0; % total number of particles,

will be set in the initial attachment

bac ns  =length(bac_ num); % number of particulate species
bac_rmax =[0.5*min([dx dy]), 0.5*min([dx dy])]; % m cell,
maximum radius of a particle for division

bac_rho =[1.0e6, 2.7€6]; % g/m3 particle, density, old x
bac_rho 1e5

bac mw = [22.6, 100]; % molar weight in g mol® -1
bac_mmax =bac_rho.*pi.*bac_rmax.”2.*dz./bac_mw; % bac_m will
now be in moles!

nuc_rmax = 0.3*min([dx dy]); % Max particle radius where
crystals will in hydrodynamic calcs

nuc_r = bac_rmax*0.1; % radius of the nucleation

particle

nuc_n = 100; % number of nucleation sites to

see the domain with

% shoving parameters

allowed_overlap = 0.05; % describes how much the radii may overlap, a

negativ. e number gives space between spheres

maxshoviter = 0.5e4; % maximum number of shoving iterations

stream = RandStream(randtype, 'Seed' , randseed);

writelog(PathOutput, '‘a’" ,[ 'Randomseed setto numa2str(randseed) " of
type ' randtype]); %randomseed is  now written in the log

if niter==

% initialize particle characteristics vector
bac m=[]; % mass of each particle

bac r=1]; % radius

bac_x =1]; % x - coordinate of the particle center
bac y=1]; % y - coordinate of the particle center
bac_ s =1]; % species

else
% load cell data from previous iteration
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cells = load([PathOutput filesep ‘cells.' num2str(niter, '%03d" )
"ixt' D;

% retrive particle characteristics

bac_x = cells(;,2)"; bac_y = cells(:,3)";

bac m=cell s(,5); bac_r=cells(;,6); bac_s = cells(;,4)";

bac_n = length(bac_x);
end

% define solids matrix from file
load ‘solids_matrix.mat' ;

% create model node
model.modelNode.create( ‘modl' );

%Generate matrices to be used in comsol for visco, eps and cbio, based
on distribution of particulate matter (biomass/crystals)
solids=solids_only;

if niter==

%%%%% Model Definition and Solving (Seperate Scripts) %%%%%
Create_interpolation_functions

model_parameters

model_geometry

model_rates

define_physics

build_mesh

create_study_solver

create_plots

model.save([PathOutput filesep ‘biomin’ numa2str(niter, '%03d" )
mph" ]);

% Seed domain with a relatively large number of nucleation sites
update_matrices
nucleation

% Attach some cells just on the first it teration
update_matrices

attachment_cells_only

niter=niter+1,

else

model= mphload([PathOutput filesep ‘biomin’ num2str(niter, '%03d" )
“mph" ]);
end

while  (niter < max_iter)

% Save particles for (all cell data: position,species mass,radius)
file = fopen([PathOutput filesep ‘cells.' num2str(niter, '%03d" )
"ixt' 1, 'w');
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fprintf(file, '%15%145%155%155%155%155%158 n' |, '%' , 'index’ , 'X[m]" , 'y[m]'
'species’ , 'mass[mol]'’ , 'radius[m]' );
for i=l:bac_n
fprintf(file, '%15d%15. 5e%15.5e%15d%15.5e%15.5e \ n' , i, bac_x(i),
bac_y(i), bac_s(i), bac_m(i), bac_r(i));
end
fclose(file);

update_matrices

% update model definition with new interp functions
Update_interpolation_functions

% calculate flow and mass transfer => all concentration fields and
flow field
model.sol(  'soll" ).runAll; % Solve equations using comsol study as

defined outside the while loop
export_parameters

model.save([PathOutput filesep ‘biomin' numa2str(niter, '%03d' )
"“mph' ]); % save model file in order to have access later to all the
solution (concentration fields, flow field)

% Close previous plot
close all ;

% Plot results and save an image into the current directory
Plot_concentration S;

% growth and division of cells function of local substrate
concentration

solids=solids_only;

growth;

% Attach cells randomly in the free domain at each timestep and
nucleate where possible
% attachment_cells_only

% Cells that have grown or new cells that have been attached shove
each other out of the way. Direction of shoving is randomized.
Shoving_2d

niter=niter+1;
end
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APPENDIX F

SURFACE CHARACTERIZA'ION AND DEPTH PROHLING OF BACTERIAL
UREOLYSIS-DRIVEN CaCOs; PRECIPITATES USING RS
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Introduction

Crystalline precipitates grow through the addition of molecules to their surfaces
therefore surfacassociated substances have the potential to greatly alter precipitate
characteristics. Microbially indied carbonate precipitation (MICP) systems have the
potential to contain surfaezssociated biomass however it is not clear how the
precipitation characteristics (e.g. kinetics and crystal morphology) differ from abiotic
systems. It is theorized here tiaMICP systems, biofilms and thin layers of biological
substances would be present. Precipitate samples were analyzeeayithhotoelectron
spectroscopy (XPS) in order to test for the presence of these thin biological layers.

XPS is a surfaceensitivetechnique that measures the quantity and kinetic energy
of photoelectrons emitted from a material when it is exposeday xadiation. The
measured electron kinetic energy is used to calculate the electron binding energy by a
mass conservation equatithrat includes an instrumespecific work function, making
spectra collected from different instruments are comparable. XPS spectra can be used to
analyze the surface chemistry of a materi a
high electron atteuation in solid materials so photoelectrons are only emitted from the
outermost layer, at the scale of tens of nanoméiéesner, 2001)Taking a single XPS
spectrum yields information about the surface of the sample but when ion sputter etching
is used spectra can be analyzed to determine chemical differences between the surface

and interior of samples.
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In these systems, polymorphic cpasition is most commonly determined by
powder xray diffraction (XRD). XRD is a bulk measurement on a powdered sample. If
there is a thin film forming on the outer reactive area of the growing crystal it would
likely be undetected by XRD. Additionally, mgagroups determine polymorphic
composition with electron microscopy and comparison to known crystal morphology.
Crystal morphology is not conclusive evidence for carbonate minerals. For example,
aragonite alone can exhibit many different morphologiesra#ipg on the conditions
that it is formed in, some of which resemble calcite morphold@es et al., 2011)

This study takes advantage ofay photoelectron spectroscopy (XPS) as a tool to
determine if differences exibetween in reactive surface of carbonate precipitates. XPS
is extremely surfacsensitive. Photoelectrons are emitted from only the first <50nm of
the sample. Argon ion sputter etching can then be used to ablate layers of the sample
away with subsequentP§S spectra collection for comparison to the surface spectra. The
ability of XPS to determine surface elemental composition is well accepted but more
novel observations can be made based on core level spectra shifts. One abiotic study has
been published thattempted to differentiate between calcium carbonate polymorphs
using XPS(Ni and Ratner, 2008Redox tate distribution and elemental bonding
environment can also be determined by studying XPSlewet spectral shifts.

There are two primary experimental objectives for this study. The first objective
is to determine if there is a thin surface layer tbhahs on calcium carbonate precipitates
formed by bacterial ureolysis performed by a model organism. Elemental composition

and core level spectra shifts are the primary means of determining the presence of a thin
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film. The second objective is to asses dekel spectra shifts as documented in the
literature(Ni and Ratner, 2008h biological samples. Thesere level shifts are
expected to be complicated by biological activity but it is unknown how. This study is
also a test of the usefulness of XPS data with respect to biological carbonate samples.
There is no known literature that discusses XPS analygiseoipitates of this nature.
Some work has been done in ureteral stents and catheters but that work is not directly

comparabléReid et al., 1995)

Materials and Methods

Sporosarcina pasteurATCC 11859, a grampositive, spordorming soil
bacterium is used for sample synthesis under constant flow condgigasteuriiis
extremely ureolytically active and is well known to produce calcium carbonate
precipitategMitchell and Ferris, 2006)The process was carried out in a{wo
dimensional porous media reactrior! Reference source not found) that is designed

for direct observation of observation of microbial processes in porous media.
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Figure A. (A) Top view of the twedimensional porous media reactor where the samples
were grown. The artificial porous medium consists of regularly spaced 1.0mm cubic
structures. The reactor was run from left to right with two inlets and one outlet. (B)

Exploded vew of the reactor courtesy of Joe Eldring. (C) Dried precipitates on a square
of microscope cover glass that was placed inside of the reactor.

Small squares of microscopy cover glass were placed in the reactor while the
precipitation process was taking géa Calcium carbonate precipitates then formed on
these pieces of cover glass for easy removal of the sample. The precipitates were rinsed
gently by submerging in DI water and stirring gently for approximately 10 seconds. The
samples were then covered lelysand allowed to air dry. XPS analysis took place 10 to
30 days after the sampling. Confocal laser scanning microscopy (CLSM) was performed
immediately after sampling (see supplemental online material).

XPS analysis was performed using a Physical East6600 Xray Photoelectron
Spectromet er .-rays Warensed witma woklk fumction of 3.9 eV. Binding
energies (BE) were calibrated using the O1s peak at 533 eV. The carbonate samples are
subject to charging so sample electrons ejected by-tagsxwere replaced with a
neutralizer gun at 20.6 mA; energy at 12+3%. All spectra were collected at a pass
energy of 46.95 eV with an analysis size of approximately 80 um in diameter. Survey
spectra were collected between 0 and 1000 eV at a resoltiioh @V with 20 ms of
electron collection per data point. High resolution spectra of individual peaks of interest
were collected identically but with a resolution of 0.2 eV.

Analysis locations on the biological precipitate samples were chosen based on
precipitate coverage. Areas were chosen for the most complete precipitate coverage. Due

to limitations of the instrument, it is impossible to tell exactly what area was analyzed. In
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addition to the biological precipitates, a known calcite sample was anagzedontrol.
The calcite is of geologic origin and has impurities that give it a light green color.

Survey spectra were collected from the surfaces of both the biological sample and
the calcite control (see supplemental online material). The survelysspere used to
choose peaks of interest for high resolution scans. High resolution scans were then
collected for C1s, Ca2p, N1s, Ols and P2p-t®rel spectra. High resolution spectra
were also collected after argon ion sputter etching for a surfasesvieulk comparison.
Sputtering was done for 30 min &ba.13.0 mA

The supplemental online material describes the curve deconvolution performed on

the Cls, Ca2p and Ols cdewel spectra.

Results

Atomic Ratio Analyss

The results from the high resolution multiplex scans were analyzed to determine
the atomic percentages of carbon, oxygen, calcium, nitrogen and phosphorus on the
sample surface, sputtered sample and the calcite control sample. The results of this
analysisaresummarized iMable Flandcan be found in the supplemental online
material. This analysis showed that there was more C, and N on the sample surface and

more Ca, O and P deeper in the sample.
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Table A. Measured and theoreél atomic percentages from XPS multiplex scans.

. . . CaCOs

Biological Samples Calcite Control Theoretical
Surface Sputtered  Measured Corrected*

Ca 12.0 15.3 11.6 23.6 20

C 28.7 214 43.9 20.0 20

O 49.7 53.4 43.9 55.9 60

N 4.2 2.9 0.6 0.6 0

P 5.4 7.0 0.0 0.0 0

*The hydrocarbon/carbonate C1s peak ratio was applied to the carbon percent
and the residual percentage was added to the Ca arfdsCassumes that all
hydrocarbon signal is from adventitious carbon adsorbed to the surface.

High ResolutiorScans

The high resolution C1s, Ca2p and O1s dewel spectra from the sputtered,
unsputtered and calcite control samples were analyzed for comparison to the Ni and
Ratner 2008 paper. The results of this comparison can be ifo&ingure F2 and Table

F2.
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Figure R2. Deconvoluted core level spectra compared to spectra obtained from the abiotic
Ni and (Ratner 2008) experiment.
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Table 2 Peak locations and peak area ratios from this study compared to literature
values.

Ni and Ratner, 2008 This Study

Calcite

Control

Cazp Cazp. 347.9 346.5 347.4 348.2 346.5 346.8
Ca2pr, 3515 350.1 350.9 352.0 350.1 350.3
Peak
Area 2.2 2.1 2.1 3.4 2.5 2.1
Ratio

Cls GCuHy 285.0 285.0 285.0 286.5 284.2 284.3
COs 289.3 289.3 289.3 290.3 288.6 289.2

Aragonite Calcite Vaterite  Surface Sputtered

Peak
Area 3.5 2.6 2.8 2.9 1.9 2.2
Ratio

Ols O 534.9 533.9 5344 530.9 529.2 530.4
O 536.7 535.6 536.2 532.6 530.8 530.8
Peak
Area 7.0 5.2 6.3 0.4 0.2 1.2
Ratio

The Ca2p peak is well understood and two peaks are always expected at
approximately a 2:1 ratio in mineral samples. 2p d¢evel peaks for all elements have
3/2 and 1/2 components. Shifts in 2p peak location and ratio are typically attributed to
differences in electron density, or bonding environment, surrounding the atoms. Here, we
see that on average, calcium atoms at the sample surface are likely to be in a different
bonding environment than calcium atoms within the precipitates based on the peak area
ratio.

Similar observations can be made using the results of C1s and O1s spectra, but
there is one key difference. Fundamental XPS theory would only predict one 1s peak for

an element. In these, and many other, samples we see multiple 1s peaks for lighter
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elements that are visually similar to 3/2 and 1/2 peaks seen in 2p spectra. In the biological
samples, it is difficult to say if the hydrocarbon peak is coming from organic material
from biological activity or from adventitious carbon adsorbed to the sasypface. It
appears that some difference in the carbon bonding environment is present between the
surface and deeper layers of the sample.

The O1s peak is subject to the same type of peak speciation due to bonding
environment as the C1s. However, thbedra were calibrated based on the same Ols
peak so BE shift correlations based on published values for known substances are
impossible here. All that can be said is that the average oxygen bonding environment at
the sample surface is different than irepger layers. Also, both surface and sputtered
spectra are different than published values for all calcium carbonate polymorphs.

Electron microscopy was performed on the same biological sample presented in
this section after XPS analysis (see supplememtiaie material). The same spot that
was sputtered was imaged, although it is unknown if this was the same area of analysis.
Two distinct calcium carbonate crystal morphologies were visible. Evidence of the
sputter etching was also visible with shadowing tb surface roughness and the angle of
the sputter gun. The two crystal structures are indicative calcite and vaterite but there is
no clear evidence from XPS or any other technique to definitively determine polymorphic
composition. Qualitative estimatiaf sputter depth form electron micrographs show that
on the order of 1 um of material was removed in sputtered locations. Sputter rates for
calcium carbonate do not appear to be present in the literature and a calibration could not

be performed as parf this work.
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Discussion and Conclusions

The results of this XPS analysis show that it is very likely that the biological
samples have a thin film of unknown composition covering the precipitates. Based on the
Ca2p cordevel peak area ratios, the calcium present at the sample surface isyn a ver
different bonding environment than calcium deeper in the sample. One possible
explanation for this is that the calcium at the surface is associated with biomass and
bound in dehydrated biofilm residue. It has been shown that divalent cations, and calcium
specifically, can be an important constituent in the extracellular polymeric substances of
biofilm (Applegate and Bryers, 19918. pasteuriis not a strong biofilm former but it is
difficult to observe biofilms thinner than 100 nm with traditional methods sulighas
microscopy, more so with mineral formation. This thin layer of biofilm could play an
important role in precipitation and dissolution kinetics. The thin biofilm hypothesis is
supported by the higherBy fraction in the C1s spectrum taken from themgke surface.
Future studies of the O1s spectrum could illuminate what organic compounds are present
in the sample. It does appear that the oxygen bonding environment for samples in this
study are very different than those found in the Ni and Ratner 2488 prhis difference
could be due to many things including hydration of the precipitates and organic
inclusions.

When the atomic percentadatais investigated, the thin biofilm hypothesis is
supported further with more carbon and nitrogen being present at the sample surface, but

phosphorus actually increases at inner depths of the sample. This could be due to two
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things. First, a mixed calcium i@onate/phosphate mineral could be forming with
phosphate making substitutions for carbonate in the crystal lattice. Second, another
organic constituent that is high in phosphorus could be incorporated into the crystal.

The sputter gun is oriented at #elient angle than the detector so the inherent
surface roughness of this sample means that a true surface versus bulk comparison cannot
be made due to shadowirigather, it must be understood that spectra collected after
sputtering are a combination ofiginal surface areas and areas etched away with
sputtering Future studies that utilize instruments with stage rotation during sputter
etching could minimize the shadowing effect.

Calcium carbonate polymorph composition could not be determined definitively
with data collected for this study. Any shift in core level spectra simply due to crystal
structure would be very difficult to isolate from shifts due to organic substances in a
biological mineral precipitation experiment. Micro XRD appears to be thechete for

a polymorphic study of this nature.
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APPENDIX G

SUPPLEMENTAL DATA AND IMAGES FORSURFACE CHARACTERIZA'ION
AND DEPTH PROFILINGOF BACTERIAL UREOLYS3S-DRIVEN CaCO3
PRECIPITATES USING RS
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Survey ScarXPS Spectra
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Calcite from a Geologic Source

Sample: Geologic calcite from an unknown source. The sample had a light green color
and was translucent. This sample was scanned as a check for correct instrument
operation and for comparison of high resolution scans to both literature and scans
performed in this study.

AugerScan 2 Z:\JamesConnolly\20112229 - XPS Scans on Pure CaCO3 Samples and Bio Samples\Green Calcite Survey Before Sputter ASN
5600ci - Montana State University Acquired: Tuesday, November 29, 2011 14:13:18
XPS Survey

EV/Step: 0.4 eV, Time/Step: 20 mSec, Sweeps: 26
Source: Al, Pass Energy: 46.95 eV, Work Function: 3.9 eV
lon Gun

Beam V.: 1000V Beam Cur.: TuA Cond.: 80% Obj.: 80%
Size: 10um Ratio: 1xy

Min: 33 Max: 44002
********* E e e e e e A Sttt

Atomic Concentration
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Multiplex XPS Spectra

Sample Surface (biological, this study)

AugerScan 2 Z:\JamesConnoliy\20112229 - XPS Scans on Pure CaCO3 Samples and Bio Samples\Sample 2B Multiplex Before Sputter ASN
5600ci - Montana State University Acquired: Tuesday, November 29, 2011 11:07:51
XP$S Multiplex

Source: Al, Pass Energy: 46.95 eV, Work Function: 3.9 eV

lon Gun

Beam V.: 1000V Beam Cur.: 1TuA Cond.: 80% Obj.: 80%
Size: 10um Ratio: 1x:y

Min: 0 __Max: 100

Mux Summary - baseline subtracted:

Region A.C. Height Area FWHM

Ci1s 28.7 2878 15789 6.008
rCa2p - 120~ 8850~ 40830~ 3344

N1s 42 1070 3731 3.223

O1s 49.7 17737 65631 3.312

P 2p 54 1465 4908 3.101

%
*************************************************************** 497U "~ ooooooooo-
5 e
12.0%
5.4%
42%
Cis Ca2p N1s 01s P2p

Region
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Sputtered Sample (biological, this study)

AugerScan 2 Z\JamesConnolty\20112228 - XPS Scans on Pure CaCO3 Samples and Bio Samples\Sample 2B Multiplex After Sputter ASN
5600ci - Montana State University Acquired: Tuesday, November 29, 2011 13:22:11

XP$S Multiplex

Source: Al, Pass Energy: 46.95 eV, Work Function: 3.9 eV
lon Gun

Beam V.: 1000V Beam Cur.: TuA Cond.: 80% Obj.: 80%
Size: 10um Ratio: 1xy

Min: 0 __Max: 100

Mux Summary - baseline subtracted:
Region A.C. Height Area FWHM
C1s 21.4 2593 12750 3.061
r-Ca2p - 183~ 14307 ----- 56298 - -~ 2640
N1s 29 861 2796 3.119
O1s 53.4 25568 76376 2709
P2p 70 2351 6793 2.696
%
53.4 %
214 %
153 %
70%
29%
C1s Ca2p N1s 01s P2p

Region
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Calcite from a Geologic Source

Sample: Geologic calcite from an unknown source. The sample had a light green color
and was translucent. This sample was scanned as a check for correct instrument operation
and for comparison of high resolution scans to both literature and scans pdriioitime

study.

AugerScan 2 Z:\JamesConnolly\20112229 - XPS Scans on Pure CaCO3 Samples and Bio Samples\Green Calcite Multiplex Before Sputter ASN
5600ci - Montana State University Acquired: Tuesday, November 29, 2011 14:32:48
XPS Multiplex

Source: Al, Pass Energy: 46.95 eV, Work Function: 3.9 eV

lon Gun

Beam V.: 1000V Beam Cur.: 1TuA Cond.: 80% Obj.: 80%
Size: 10um Ratio: 1xy

Min: 0 Max: 100

Mux Summary - baseline subtracted:

Region A.C. Height Area FWHM

C1s 43.9 12814 42881 2.056

r-Ca2p -+ 116 20687 -~ 70189 -~ 220 1

N1s 0.6 237 947 0.861

O1s 43.9 41993 102966 2.221

P 2p 0.0 87 65 0.307

%
43.9% 43.9 %
116%
| 106 % 5.0
Cis Ca2p N1s O1s P2p

Region
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Deconvoluted HiglResolutionXPS Spectra

The following curve deconvolutions were performed in Matlab using the-apamce
deconvolution function, Interactive Peak Fitter (Version 7, October 2011). A linear
background subtractiomas performed on the curves presented here.

Key
Upper Plot: Blue Dot = Raw XPS Data
Green Line = Fitted Gaussian Curves
Red Line = Sum of Fitted Gaussian Curves
X Axes = Binding Energy (eV)
Y Axes = Electron Count N(e)

Lower Plot: Blue Dot =Residual from curve fit at each data point (Daftted =
Residual)

X Axes = Binding Energy (eV)
Y Axes = Residuals

Note: Typically, XPS spectra are plotted in decreasing binding energy (high to low).
The data presented here is plotted in inangglsinding energy (low to high) due to
limitations of the deconvolution software. Curves preseimté&igure 2 of the repodre
presented in Ahigh to | owodo format.
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Cls Sample Surface (Biological, this study)
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Cls Sputtered Sample (Biological, thiadsy)
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Cls Geologic Calcite Control

Cazp

T T T T T T
15000+ Peak# i Height Width | Area
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Peaks =2 Shape = Gaussian Error = 1.77%

Sample Surface (Biological, this study)

Residuals
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Ca2p Sputtered Sample (Biological, this study)

x 10
T T T T T T
Peak # Position~"" . Height Width | Area
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O1s Sample Surface (Biological, this study)

x 10
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O1s Sputtered Sample (BiologicHilis study)
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O1s Geologic Calcite Control
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x 10
Peak # Position | Height Area
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Microscopy Images

Electron Microscopy

The following images were obtained using the Zeiss SUPRA 55VP Field Emission
Scanning Electron Microscope (FEM) housed in the Montana State University Image and
ChemicalAnalysis Laboratory (ICAL)

Figure G.. Widefield of view of a typical biological calcium carbonate precipitate.



