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ABSTRACT

Subsurface leakage mitigation strategies using ureolytic bioditrmicrobially
induced calciuncarbonate precipitation (MICP) have been investigated for sealing high
permeabilityor fracturedregions. In the subsurfacehis technology may hel@duce
unwanted preferential flow pathways theraimproving thestoragesecurity of
geologicallystoredcarbon dioxideor seaing fracturescaused by hydraulic fracturing
MICP has been researched @itherapplicationssuch as consolidating porous materials,
improving construction materials and remediating environmental concerns.

Injection strategies tocontrolsaturation conditions amreégionspecific
precipitation were developed in safided columns. Sporosarcina pasteurbiofiims
were established and calcium and urea solutions were injected to promote mineralization.
These injection strategiesstdted in(1) promoting homogeneous distribution@dCQ
along the flow path(2) minimizing neaiinjection point pluggingand(3) promoting
efficient precipitatiorby reviving ureolytic activity Additionally, a Darcy-scalemodel
was calibrated and ude¢o predict experimental results.

The developed injection strategies were usaepeatedlyseal a hydraulically
fractured, 74 cm diamet&oylesSandstone core under ambient pressufiesstudy
mesascale samplesnder relevant subsurface pressure conditiohglapressure test
vesselrated to pressured 96 bar was developedThehydraulically fractured
sandstoneore was loaded into the vessel and treated MI@P at 44 barof confining
pressure After treatment, th@ermeability was reduced and thendstone core withstood
three times higher well bore pressures befoifeagturing comparetb beforeMICP
treatment

Additionally, MICP was promoted ithree2.5cm diameter Berea Sandstone
cores under 7Barof pressure Thec o r pernéabiliteswerereducedand their
minimum capillarydisplacemenpressure (MCDP) wereincreased Exposure of the
biomineralized core® 24 hours okupercritical CQdid notnegativelyimpact the
permeabilityor MCDPachieved after mineralization.

These studies suggedtCP may potentially seal and strengtrmrbsurfacénigh
permeability regions or fracturegth the advantage that MICP technologimss low-
viscosity fluidsto penetrate small apertupgresthatmaynotbereachable byraditional
cementbased sealing technologieghese studies algmint to the need for further
research andevelopment activitiegarticularlyundersubsurface relevant pressure
conditions



CHAPTERONE: INTRODUCTION

Background

The research presented in tHissertatiordescribes the potential of ureolytic
biofilm- or microbiallyinduced calcium carbonate precipitatiddlCP) as a technology
toward mitigating subsurface leakage potential in the-we#irbore environmenf’.
This research has been sponsored by two U.S. Department of Energy (DOE) programs:
DE-FEO004478, f Ledkage Mitigatthn uSiy Engineered
Biominer al i zati on Seal i-lhmE0 TECHhN7, ofgli evses taingla tC
Fundamental Scientific Issues Affecting the Largn Geologic Storage of Carbon
Dioxided. One challenge for geologic carbon dioxide sequestration is developing ways to
control unwargd upward migration of CQvhich may occur through the confining
layers (i.e. cap rock) or near well bores in the receiving resérvanis dissertation
investigates the use of microbialyased technologies that can create biofilm and
biomineralizatiordeposits to plug preferential flow paths in g&ection well fields.
Such injection sitesnaycontain a significant number of abandoned wells in addition to
the wells actually used to inject GO

Our research suggests that MMECP materials can allddelivered via solutions
with aqueous viscosity providing the potential to plug small aperture leaks or the rock
formation around the wellboreThese aqueous solutions used to promote MICP may
provide an alternate approachcementbased sealintechnologies The research is

being conducted at the Center for Biofilm Engineering (CBB)@itana State
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University (MSU) (Montana, USA) n col |l aboration with MSUOGOS

Institute (ERI), Southern Compafklabama, USA)the University of Alabma at
Birmingham(UAB) (Alabama, USA) The University of Stuttga(Stuttgart, Germany)
Aberystwyth UniversityAberystwyth, United Kingdom)Schlumberge€arbon Services

(linois, USA), and Shell Exploration and Production B(Rijswijk, Netherlands).

DissertatiorOverview

In thisdissertationMICP is explored under both ambient and subsurface relevant
conditions and at bench and mesale to reduce permeability and reduce flow through
fractures. Thelissertatiorbegins with a literature revieaf MICP applications in
Chapter 2. Chapter 3 describes the development of injection strategies to pvii@idte
andthe development of a mathematioabdeldesigned tgredict the results afalcium
carbonate distribution iexperimental santilled columnstudies. Chapter 4
demonstrates the usetbkinjection strategies developed in @ter 3 to reduce the
permeability of a fracture ia 74 cm diameter sandstone core under radial flow and
ambient pressure conditions. Chapter 5 discusses the develagradngh pressure
vessel to house the sandstone coreaasrekperiment to asse84ICP facilitatedfracture
sealingunder relevant subsurface conditions. Chapter 6 focuses on ongoing work
regarding promoting/ICP under high pressure conditions4rb cmdiameter 5 cm long
sandstone cores under axial flow conditions. Finally, Chapter 7 draws conclusions about
the work and discusses future work required to contaavancingvICP technologies

toward deep subsurface applications.
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Chapter 2 is compriseaf areview papeti Engi neered applicatio

bi omineralizati on: a revi ewoBiooblingh has
Chapter 2 first presents an introductiorMtCP and the fundamental mechanisms
surrounding the proces8ICP utilizes the urease enzyme (contributed by the microbes
or biofilm) to hydrolyze urea in aqueous environments to increase the saturation
conditions and promote precipitation of calcium carbonate. MIR# literature focuses

on understanding how) the ureolytic activity of microorganism®) the manipulation of
reaction and transport rates of reagesutsl! 3)the saturation conditionsnay all

influence the precipitation of calcium carbonak¢lCP has been researched extensively
for a wide variety of egineering applications including improving construction materials
such as cemefit, consolidating or cementing porous meldi&, controlling hydraulics
247,19 and remediating environmental conceftfs.

Chapter 3 describes 61 cm sditieéd column experimental work to suppaoine
development of aMICP injection strategy t¢1) promote homogeneous distribution of
calcium carbonate along the flow pa®) minimize neainjection-point plugging and
(3) promote efficient calcium precipitation by reviving ureolytic activifyhe
experimental worlperformed at MSWvas used to calibrate a Darsgale model
developedvith collaborators at the University of Stuttgart. The model was calibrated
with the twoinitial column experiments and was then used to predict the results of future

experiments. The modetasonablyredicted the results the calcium distribution

along the flow path afwo more column experiments. Chapter 3 was published as

bee
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A D a +saalg modeling of microbially induced carbonate mineral precipitation in sand
columrs & i n t Water Resources Research
Chapter 4 discussesethesults of usintheinjection strategies developed in
Chapter 3 to seal hydraulic fractures in a mesale Boylesandstoneore.
Collaborators from Southern Company procured a 74 cm diameter core from Alabama,
shipped it to Montana, where during characterization of the permeability, the core
hydraulically fractured along a bedding plane. MEP procedure was used to
hydraulcally sealthd r act ur e. This wor k wealsgepubl i she
reduction through bioflm nduced cal cium carbonate preci
Environmental Science and Technol8gy
Chapter 5 details the development of a custom high pressure test vedsel us
house mesascale samplesnderpressuresf up to96 bar (1400 psi) The vessel was
used to studyhe MICP treatment othefracturedBoyles sandstone core described in
Chapter 4inder44 bar (650 psidpf confining pressure After MICP treatment,
permeability was reduced theBoyles Sandstone caréA description of the features of
the vessel and the details of the high presBU@P experiment are currently being
prepared ithe form ofa ma n u s ¢ Mespdcaletigh préssude test vessel the
examination of biogeochemi deuinal of Petraleeirm s e s 0 t
Science and Engineering
Chapter 6 describes another high pressure test system which has been designed
and constructed for testing one inch diameter samples 6.ihtates in length under

pressures up ta3l bar (1900 psi) under axial flow conditions. Several MICP
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experiments have been performed in Berea sandstone wberg, MICP treatment has
led toa reduction in permeability and an increase in minimum capiisplacement
pressure (MCDP). Preliminary data suggest that the length of time the biofilm growth
stage is performed may impact the time required to reduce permeafdditynitiating
MICP treatment Also, since previous work suggested thatdéleium carbonate
precipitated from MICP shows resistance under short time scales to acidic supercritical
COy/brine solutions, two cores have be@xposedo supercrical CO,. Data collected
by collaborators at the University of Alabama, Birmingh@mB), suggest a 24 hour
exposure to supercritical Gdoes not negatively impact the reduction in permeability or
the increase in MCDPAdditional replicates of the Cxposure are required traw
significantconclusions about the impact of supercritical,@® biominerals formed in
Berea sandstone coreis MICP. This research is gaing and will result in a
collaborative publication with Dr. Peter Walsh at UAB.

Abstracts ofpapers published previousklyhich contributedo the advancement
of the MICP technologyincluding thestudy of thebiofilm-induced permeability
reduction in sandstone cordsand thestudy of theresistage of biofilm to supercritical
CO, ® are included as Appendi andB, respectively Next, two otherabstractsrom
publications whichighlight the research performedM8U with afocus on subsurface
leakage mitigatiomsing microbially induced calcium carbonate barriare included as
AppendixC andD ? 3. Finally, anabstracof a background paperhere the resistance of
biominerals to supercritical GQvas tested is included as Appenéiz. An analysis of

the kinetics of ureolysis under low and elevated pressure conditions areselisansl
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included in Appendi¥. A comparison of high and low pressure ureolysis and
precipitaton in Berea sandstone coisslescribed in Appendi®. Finally, details about
usingX-Ray Computd Tomography (CT) to scan Berea sandstone cores are included in
Appendix H.

The experiments discussed in the first 6 chapters ofltbsgrtatiorsuggest that
MICP technologies may be applied in the subsurface to reduce permeability of fractures
and porous media. The efforts described witbeéek tcadvance the understanding of
MICP toward field application by studying the biogeochemical prosessder relevant
subsurface pressures and closer to field relevant scale. To cadivarecinghis
technology, a few essential questions should be answered. Previous work has
demonstrated promising results of reduced permeability and fracture sbatitang
term exposure of the biominerals to supercriticah 685 not been evaluated sufficiently.
This is a crucial research effort to examine the longevity of permeability reduction and
impact to the biominerals after long term exposure to supert@@a Also,
researching alternate carbon, urea and calcium sources which promote efficient
precipitation but enhance the economic feasibility of the technology should be evaluated
430 Another important point of research is interpreting the pore and-siaie
processes associated WNHCP (microbe/mineral interactions) which may help evolve
injection strateggs to further control distribution of the calcium carbonate. Finally, larger
scale models developed part ofin orrgoing collaboration with the University of
Stuttgart willallow the evaluation and design of improved injection strategies.

Controllingand manipulating thareolytic activity, reaction and transport, or saturation



;
conditions surrounding MICP technologisgl aid in effectively desiging mesoescale

lab experiments and field scale deployment strategies.
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Abstract

Microbially-induced calcium carbonate (Cag}@recipitation (MICP) is a widely
explored and promising technology for use in various engineering applications. In this
review, CaCQ precipitation induced via urea hydrolysis (ureolysis) is examined for
improving construction materials, cementing porous media, hydraulic control and
remediating environmental concerns. The control of MICP is explored through the
manipulation of three factargl) ureolytic activity (of microorganismg2) reaction and
transpot rates of substrates af®) saturation conditions of carbonate minerals. Many
combinations of these factors have been researched to spatially and temporally control
precipitation. This review discusses how optimization of MICP is attempted for differe
engineering applications in an effort to highlight the key research and development

guestions necessary to move MICP technologies toward commercial scale applications.

Introduction

Contrary to the commonly known detrimental effects of biofilms dustrial and
medical environments, biofilms may be used for beneficial engineering applications. In
particular, ureolytic biofilms or microbes which induce calcium carbonate (gaCO
precipitation (MICP) have been widely studied for beneficial use in ragtn
materiak, porous media cementation, hydraulic controlemdronmental remediation
(Figure2.1). A primary research focus has been controlling MICP by manipulating
parameters that influence saturation state to achieve specific engineeringgoadsy

cases, engineered applications depend on controlling the rate and distribution gf CaCO
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precipitationin situ, which is governed by the spatial and temporal variation in saturation

state.

Engineered

applications

of ureolytic
biomineralization

3

Y Neail x o . .
a) Hydraulic b) Enhanced f) PCB g) Limestone h) Pond/reservoir
fracturing oil recovery remediation remediation sealing

c) oEl_ ) t 5 e) Concrete s Subsurfac.:-“ j 0 s k) Carl?on (:lio::ide'L

stabilization suppression remediation barriers remediation sequestration
Figure2.1 Proposed ureolysidriven MICPengineering applications. White crystal
hatch pattern represents Caf_(@) sealing subsurface hydraulic fractures (for instance
during well closurefp) manipulating subsurface flow paths to improve oil recovéry,
strengthening earthen dams or cordating porous material&l) minimizing dust
dispersal from surfaceg) sealing or remediating concrete fractu(@s;oating PCRoil
contaminated concrete resulting from leaking equipnf{ghtreating or coating
limestone or concrete to minimize aerbsion,(h) sealing ponds or reservoi(y,
forming subsurface barriers to control salt water or contaminated groundwater intrusion,
() remediating subsurface groundwater contaminated with radionuclides or toxic metals
(represented by radioactivity sywib), (k) treating fractures (in cap rocks, well bore
cements, or casing/cement/formation interfaces) to mitigate leakage from geologically
sequestered carbon dioxide injection sites.

Several reviews addressing MICP for use in engineering, particularly,
construction applications and porous media cementation have been prepai@asfyrev
De Muynck et al. (2010elegantly reviewed the role of MICP in enhancing and
rehabilitating construction materidls Siddique and Chahal also reviewed MICP for use
in construction materials, specifically focusing on conctet&Separately, Ivanov and
Chu (2008) and DeJong et al. (2010, P0domprehensively highlighted the role of the

biogeochemical MICP processes in soil and porous nsygtems> 3! Finally, Al-
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Thawdi reviewed MICP for strengthening of s&Ad This review focuses on how the
spatial and temporal control of MICP has been explored to treat construction materials,

porous media and remediate environmental problems.

Microbially-InducedCaCQ; Precipitation

Mi croorgani smso6 i nvol vemewadiffaremt mi ner al
mechanism&*®, First,biologically-controlledmineralization describes cellular
activities which specifically direct the formation of the mineral, for example, the cell
mediated process of exoskeleton, bone or teeth formation or the formation of intracellular
magnetite crystals by magnetotactic bactérid® Secondbiologically-influenced
mineralization is the process by which passive mineral precipitation is caused through the
presence of cell surfaces or organic matter like extracellular polymeric substances (EPS)
3.3¢ Third, biologically-inducedmineralization is the ctmeical alteration of an
environment by biological activity that generally results in supersaturation and
precipitation of mineral® *”. Often canbinations of the three different processes are
active at the same time in a system. For instance, in the cagerobially-induced
calcium carbonate precipitation or mineralization (MICP), where the cellular activity
influences chemical conditions (gedtion state) to promote mineralization, it is possible
thatbiologically-influencedmineralization is also occurring since the cells themselves or
their exudates may act as nucleation sites for GaBy@tal formatiori®.

MICP can occur as a byprodwafturea hydrolysis, photostmesis sulfate
reduction, nitrate reduction or any other metabolic activity that leads to an increase in the

saturation state of calcium carbon&té® This review focuses on urea hydrolysis
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(ureolysis) to promote CaGQ@recipitation. In ureolysiglriven MICP, the célilar
activity or urease enzyme activity influences chemical conditions (saturation state) to
promote mineralization through four factdfy dissolved inorganic carbon (DIC)
concentration(2) pH, (3) calcium concentration, arfd) potential nucleation s,
The first three factors determine the saturation state, because DIC and pH influence the
carbonate ion concentration or actii§Os%). The fourth factor impacts the critical
saturation state (5), which is the saturation state at which nucleati@n precipitation)
actually occurs under the given conditions. Additionally, the species and concentration
of microbe(s) theirureolytic activity, form of microbial growth (i.e. biofilm or
planktonic), temperature, salinity, injection strategy (l@vfrate, treatment times) and
reactant concentration (or activity) may impact the saturation conditions and the
efficiency and extent of CaGQ@recipitatiort® ***!. Carefully manipulating thelj
ureolytic activity of microorganismg2) reaction and transport rates of substrateq2nd

the saturation state may greatly influence treatrafiacy.

Ureolytic Activity of Microorganisms The urease enzyme can be found in a wide

variety of microorganism&“*“and contri butes to the cell6s
nitrogen sourc&* > While urease production is quite common across a wide range of

soil organisms and found in other natwalironments, in the laboratory, many

researchers have examined ureolytic MICP using the common soil organism

Sporosarcina pasteuridATCC 11859, formallyBacillus pasteurif®. S. pasteuriis non

pathogenic, does not readily aggregate under most growth conditions and produces large



14

quantities, of active intratiular ureasé® *”*’ S, pasteurihas been isolated from soil,
water, sewage and urinal incrustations

One disadvantage to studying laboratory strains is the microbial complexity of
real world environments. In the context of soil stabilization, it was noted that injection of
these organisms may result in Akomogeneous distribution of the microbes, or the
organisms may face challenges of competition or predation from native orgahi&ms
9 As such, to maintain ureolytic populations in subsurface applications, it may be
advantageous to stimulate native attached (biofilm) ureolytic populations rather than
augmenting the environment with laboratory strains not adapted to the treatment
environment?? 34459 Also when considering the augmentation of the subsurface with
certain organisms, particulary. pasteuriidescribed as a facultative anaeréb&’and
more recently as an obligate aerdhet is important to consider the electron adcepr 6 s
(for example, oxygen in the case&fpasteur)iimpact on microbial growth. Although
ureolytic activity itself does not depend upon oxy&emicrobial growth and urease
production could be limited by electron acceptor availability. It has been demonstrated
thatS. pasteuricannot anaerobically syntheside novaurease; therefore the active
urease may be limited to the existegzyme injected with the aerobically grown
inoculum®.. To overcome challenges associated witwgh-coupled urease production,
stimulation of native populations, injection of electiateptor rich growth media or the
injection of urease enzyme might be considered.

Additionally, mineral precipitation around cells can influence ureolytic activity by

either causing cell inactivation through membrane disruption or by limiting nutrient
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transport to the cef’"***2Zamarre@® et al. (2009) suggest

entombment might be a passive process, which the organisms cannot help but be
involved in. Alternatively, they suggeshat the precipitation actually protects cells for a
short period of time from detrimental calcium concentrattdngn an engineering
application it is important to consider trEttombment may lead to reduced ureolysis and
potentially limit overall precipitation. To overcome inactivation and promote additiona
CaCQ precipitation, resuscitation or reinjection of organisms as well as additional
treatments may be required to maintain an active ureolytic population and maximize

precipitation®’ *°

Reaction and TransporChemical Reaction®uring ureolysisdriven MICP,

urease catalyzes the hydrolysis of one mole of urea to form one mole of ammonia and
one mole of carbamic acid (Eq. 1), which spontaneously hydrolyses to carbonic acid and
another mole of ammonia (Eq. 2). Under cireneutralconditions the two moles of
ammonia become protonated by deprotonating water to form two moles of ammonium
(NH4") and two moles of hydroxide ions (Eg. 3). The generated hydroxide ions shift the
equilibrium of dissolved inorganic carbon species towardsbanate (HC@) and

carbonate (C¢}) (Egs. 4 and 5§ %" >*

Urease

CONH), + HHO ——  NH,COOH + NH; (1)
Spontaneous

NH,COOH + HO ———% Nt H,COs @)

2NH; + 2H,0 <«———— 2NH," +20H (3)

H,CO; +—> HCO; +H' (4)

HCO; + H + 20H «—> COs% + 2H,0 (5)
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In the presence of sufficient calcium ion activity, saturation conditions become
favorable for CaCgprecipitation (Eg. 6).

Cd'+CO* <«—>» CaCQ(s) (6)

Kinetics ofReactions Although urease increases ureolysis ratéé tifies over
uncatalysed rate$, ureolysis is the rattmiting step in MICP. Concentratisrof
bacteria, temperature, pH, saturation conditions and salinity have been shown to
influence ureolysis kinetics' ** *® In general, a higher concentration of cells producing
urease has been shown to positively impact the rate of urea hyslralysias elevated
(20°C vs. 10°C) temperaturés>® >°

Several models to predict rates of ureolysis can be considered. In conditions of
excess urea, a zero order model might be appropriate, where the rate of ufieglysss

eqgual to the rate constant and not influenced by the urea concentration [urea] (Eq. 7):

i — Q @)
Most commonly, first order rate models are preed (Eq. 8% *° %% > where the
ureolysis rate,fea isdependent on the urea concentration:
i T 01 Q0 (8)
Ureolysis rates have also been modeled using Michisldigen type expressions
that include a term accounting for roampetitive inhibition by ammadam (Eq. 9)*"°"
Where Vhaxis the maximum rat of ureolysis, k; is the half saturation coefficient, [P] is

the concentration of ammonium, andiK an inhibition constant for ammonium:

i 9)
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Rates of ureolysis are dependent on a wide rangetof$aand have been
extensively studied in MICP systems, particularly in laboratory batch systems. Simple
batch studies with planktonic cells produce valuable parameters, recognizing that the
same parameters may not be fully transferable when considatings\associated with
biofilm, to use in modeling MICP. Models can help develop understanding of more

complex environments not easily studied in the laboratory.

Transport In fluid systems relevant to MICP, both advective and diffusive
transport occurs and dominance of one or the other depends on the system. Advection
refers to movement of a species with fluid flow. Diffusion refers to the movement of
species independembi the bulk fluid movement and driven by concentration or
electrostatic potential gradients. Fluid flow conditions (such as whether the flow is
laminar or turbulent, axial or radial) and fluid properties (density and viscosity) influence
the advective ahdiffusive properties of the species transport. In MICP application,
transport conditions are complex, particularly in the case of radial flow where the fluid

velocity changes over the spatial distribution of the flow path.

Damkohler (DajNumber Thedimensionless DamkohleD&) number which
describes the ratio of reaction rate to transport rate, may serve as an important design tool
in MICP application. In biogeochemical processes such as MICP, the reactions
(particularly ureolysis) are coupled teettransport of the reactive species. In general
terms,Darelates the reaction rate of a species to the advective or diffusive mass transport

rate of that species (Eq. £8°.



18
0¢H — (10)

More specificallyDa depends on the kinetics of the reaction and the transport
through a spefic reactor (or natural) system. For example, in a plug flow system where
advective transport dominaté3a represents a ratio of the reaction rate to the advective
mass transport rate of the species (fluid flow). Whar< 1, it does not indicate that
reaction is not occurring; it does, however, imply that not all the supplied substrate is
reacted and may be transported from the reaction ZDa&umbers >1 indicate the
reaction is limited by the transport rate for a given length scale.

In a pulsedlbw system or within stagnant pore spaces, where diffusive transport
is likely to dominatePa is the ratio of reaction rate to the effective diffusion rate of the
reactive species. In diffusion dominated casé&¥a &1 indicates the reaction rate is
limited by reaction kinetics rather than diffusion, however given enough time, the
reaction may proceed to completion. Alternativelipaanumber >1 indicates the
reaction rate drives the establishment of concentration gradients of reactive species.

Daincomorates many of the factors related to reaction and transport into a single
unit-less number, for ease of comparison and design. The systematic andDgsiaay
reveal a functional design tool (for example, predicting flow rates or pulsed treatment

times) for MICP not previously explored.

Saturation ConditionsCaCQ precipitation is ultimately governed by the

saturation state (S oifC&fand[€O?]ceprésentthem car bo

activities of C&" and CQ? ions, which are approximately equal to concentration for low
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ionic strength conditions, andsis the temperature dependent equilibrium solubility

constant (Eg. 11):
Ye imp — (12)

At S=1, the solution is considered in equililm with the solid phase. If S'is
greater than one (S>1), the solution is considered supersaturated with respect3o CaCO
and CaCGQ@precipitation is thermodynamically favored. If S is less than one (S<1) the
solution is considered undersaturated andadigion of solid phase CaGQf present, is
thermodynamically favorable (Figure2p®'. The saturation index (Sl) is represented as
the logy of the saturation state (Eqg. 12). When Sl is positive then the solution is
supersaturated and vice versa. Further detailed calculations can be found in several
publications of potential interest to the reatfet® >

YOa ¢ QY (12)

While the S or Sl predicts whether precipitation is thermodynamically favored, it
does not necessarily predict the saturation state at which precipitation actualsy begin
(Scrit). St Or Skyit are empirical values which reflect how highly supersaturated a
solution must become before precipitation is actually observed. This critical
supersaturation is related to overcoming the nucleation activation free energy barrier
(Ferris et al., 2003) and is likely impacted by a variety of system parameters influencing
the actual activity of Gd and CQ? ions. Saturation values in the literature for batch
systems have been reported in the range of S=12 t&436 °° °3 5, may depend on
many factors including the kinetics of ureolysis, initial cell density, presence of

nucleation points and presence of organics.
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e A ZEO A Bt
Influence of Saturation on Precipitation

Figure 22. Influence of saturation on precipitation in a cross section of a groundwater
aquifer (precipitates are represented by white crystal hatch pattern). Saturation states
greater than one (S>1) and saturation indices greater than zero (SI>0) indicate
precipitaion is thermodynamically favored; saturation states less than one (S<1) and
saturation indices less than zero (SI<0) indicate dissolution is favored if the mineral form
is present. The saturation state can vary spatially and temporally due to reagttion an
transport rates which create concentration gradfénts

Nucleation As outlined above, it is quite possible that combinations of different
biomineralization processes are active at the sameiimaystem. For instance, while
ureolysis can increase the saturation state of the bulk environnm@og(cally-induced
mineralization) the precipitation process itself might be initiated by the microbes serving
as nucleation sitediplogically-influencedmineralization) (Figur@.3a,b) ®*". Once
precipitation has commenced, ureolysis may maintain a high saturation index and cells as
well asnewly precipitated minerals likely act as additional templates or nucleation sites
to facilitate crystal growtf” ®* While the influence of cell surfaces as nucleation sites
has been widely discuss&tMitchell and Ferris (2006) observed an equal critical
saturation state in solutions with and without bacterial cells separated by dialysis
membranes that allowed for transport of sedlbetween the two solutidfis In addition,
CaCQ nucleation has been notada variety of systems to be influenced by the presence

of certain proteins, microbial biomolecules, EPS, other available passive substrates,
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heterogeneous nucleation on bottle walls or be solely occurring homogeneously in

33, 56, 63

solution

Figure2.3. Images of cells associated with minerals. (a) Scanning electron microscopy
image of tubdike (with similar diameters as bacterial cells) calcioomtaining minerals
possibly entombin. pasteuricells. Other researchers have noted similar findings via
SEM analysis where rod shaped bactéka structures were observed inside and
adjacent to CaCgxrystals or as rod shaped impressions in the Gag@tal*® 23" 3%
%5.56,66. 6 () Confocal laser scanning microscopy image of microbes (red and green)
closely associated with CaGfrecipitates (grey) (Reprinted with permission, Cambridge
University Press publicatioMicroscopy Todayy.

Mineralogy Three primay polymorphs of CaCegexist: calcite, vaterite, and
aragonite. It is well known that surfaadached communities of microorganisms, or
biofilms, secrete EPS rich in polysaccharides and other organic macromolecules. EPS
and organic matter have been kkto the formation of vaterite which may be stabilized
in the presence of certain organits® Vaterite has been found as a minor, rstdle
or transitional phase in the formation of caléfte The maturation of CaGGrom
vaterite to calcite may be described by thén@asd Step Rule where metastable forms
nucleate and then are replaced with more stable forms (a sequential formation in time
also known as paragenesi$) Mechanisms of initial nucleation, which may be

influenced by the microbial growth conditions, the presence of certain organics, such as
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EPS, or the saturation conditions of the fluid, as well as subsequent maturation are not
completely understab®® ® ™ 72 Crystal size may be a factor in the efficacy of an MICP
technology. CaCegxrystals precipitated via ureolysisiven MICP have been obsed
to be generally larger and less soluble than those precipitated under the same abiotic bulk
solution conditions’ ®®

To summarize, CaC{precipitation via the ureolysidriven MICP is initiated by
creating conditions oversaturated with respec@aCQ, likely combined with the
increased abundance of cell surfaces as nucleation points at the point of critical saturation

and finally crystal growth on nuclé&i.

Engineering Applications

Construction Materials

Biodeposition. Biodeposition refers to the deposition of MICP to protect the
surface of porous materials (such as limestone, concrete or braksyvater intrusion.
MI CP treatment can decrease a material 6s
reduce further potential weathering (Figure 3. For example, in reinforced concrete,
pores might allow penetration of water and ions, particularly chladeids, leading to
deleterious corrosive effects to the embedded reinforcing®téel* In a MICP treated
surface, the CaC{xan clog pores and decrease water penetration through a protective
calcite layer. Since De Muynck et al. (2010) provided a very comprefearsiiew of

this topic, this review will discuss how the experimental conditions, particularly the

a
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promotion of ureolytic activity and application of substrates, influences treatment
efficacy.

First, ureolyticBacillus sphaericussolates from calcareowudge were found to
be effective at CaC{precipitation on limestone cub®&s The cubes were immersed in
liquid bacterial cultures to promote biofilms and then immersed in urea and calcium
chloride treatments to promote Cagf@rmation. It was concluded, that isolates with a
hi ghl y n e gpotential an irdieatioa of €lecirical surface potential of cells,
woul d mor e succes s-potehtibl imestané. dt was als ctpdeds | t | v e
that high initial urea degradation rate and high surface covering with SaC@e
attached microbes (biofilm) produces the most homogeneous and coherent CaCO
coating to provide protection of limestone from water intrusfan

De Muynck et al. (2008), performed similar biodeposition tests on concrete cubes
treated with urea and calcium chloride or calcium acetate (an alternate to corrosive
chloride) treatment solutions. Their study fouraddifference between calcium sources
when examinind. sphaericusireolysisi nduced in terms of sampl e
precipitation or chloride penetration resistance. Additionally, they concluded the biofilm
may act as a template or primer foitial deposition of CaC@°’. Second, De Muynck
et al. examined the influence of urea and calcium concentrations on MICP coating of
limestone. It was reported that increasing urea and calcium concentrations and repeated
treatment i mproved | i mest onteGaCQprecipiiaton an c e
7> still, it was concluded that the benefits of increased urea and calcium chloride

concentration should be balanced with the detrimental impacts such as unwanted
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ammonum by-product formation or stone discoloratibh Finally, De Muynck et al.
investigated the pore structure of French limestone base materials to determine the impact
on the penetration depth and proteetperformance dB. sphaericusireolysisdriven
MICP deposits. More successful bacterial penetration of larger pores resulted in more
deposition in stones with higher porosify

Chunxiang et al. (2009) us&d pastarii-facilitated MICP to coat cement with
CaCQ biodeposits to study corrosion resistance. By altering the order of addition of
calcium and urea the researchers increased
water absorption and acid corrosion of teenent. They concluded that adding calcium
before urea to a stationary phase bacterial culture produced a more compagt CaCO
deposit because calcium influenced ureolysis activity and rates which may impact the
adhesion and thickness of the Cad&yer’®. Whiffin (2004)suggested that high
calcium ntrate (Ca(NQ),) concentrations may inhibit urease activityalthough mixed
effects on activity were observed in a microbial consortium and among environmental

isolates™ *4

Therefore, depending on the organis
concentrations, a balance might need to be struck between HigboBGeentrations
which may inhibit ureolysis and low &€zconcentration which may not allow for the

formation of sufficieny protective deposits.

Biocement. Concrete is one of the most commonly used construction materials,
but it is prone to weathering and cracking. Cracks form in concrete due to aging and/or
freeze thaw cycles which lead to pathways for corrosive fluid intrdié#°. Healing

of fractures in concrete with MICP (Figure 1e) would be advantageous since other
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sealants may degrade over time or are environmentally toxic, where@s @a§ be a
more benign treatment. Here, biocement refers to the use of MICP to produce binder
materials to seal fractures or improve strengthdandbility of cementitious materials
(such as adding microbes to cement mixtures). Since this topic has been extensively
reviewed by other$ ™, this section will focus on investigations related to the control of
MICP treatnent for both concrete fracture sealing and cementitious material
improvement.

Bacteria in or applied to concrete may face challenges to their activity including
small pore sizes as concrete cures, which may damage or inhibit the penetration of
organismsand the high pH, which may inhibit biological activity. Cement, or rather the
water associated with cement, can have a pH «f3léven after it is completely curé
81 Alkaliphilic spores embedded in concrete were observed to retain culturability for less
than four months presumably due to cell damage as the cement cured and pore size
decrease8®. Given small pore sizes and high pH conditions, research has focused on the
use of alkaliphilic organism and/or methods to protect the organism to maintain viability
and ureolytic activity during treatment.

To protect microbial urease activity from high pH in cem&npasteuriwere
immobilized in polyurethane (PU) foam in cement fractures and treated with
urea/calcium solutions. Researchers found urease activity was maintained and
hypothesized enzyme activity might be stabilized for longer periods of time when
embedded in a niéx such as PU foarff. Instead of immobilizing cells, Bachmeier et

al. (2002) investigated the use of urease immobilized in polyurethane foam, since this
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treatment methodology does not depend upon maintaining cell viability for ureolysis.
Even thoughmmobilized enzyme treatments may have shown decreased;CaCO
precipitation rates (possibly due to diffusion limitation of either calcium or carbonate),
significantly increased stability with elevated temperature was observed compared to the
free enzymé&®. Most recently, Bang et al. (2010) immobilized varying concentratibns o
S. pasteuricells on Sirafl" glass beads to fill into concrete cracks for crack remediation.
Once again immobilization was speculated to have stabilized cell and urease activity
from the adverse effékts of the concreteos

Van Tittelboom eal. (2010) studied the efficacy of silica gel supplemented with
B. sphaericugells injected into concrete fractures and treated with calcium chloride,
calcium acetate, or calcium nitrate and urea solutions. The calcium source did not change
the reductn in water absorption (all sources worked to produce deposits in fractures)
indicating the possibility of using alternative calcium sources. The necessity for some
protection of cells from the high pH in concrete was suggested as bacteria injected
without gel failed to precipitate CaGQalthough it is also possible that cells injected in
the fracture without silica gel may have not attached well and thus resulted in reduced
treatment efficacy’.

Another approach to concrete fracture remediation ish&gfing, where healing
agents are released or activated when fractures®offn In one unique study, carrying
agents including polyurethane or siligal, B. sphaericusand urea/calcium nitrate
treatments were loaded into separate glasiarégs and embedded in mortar, which

upon cracking fractured the glass capillaries allowing the carrying agents, cells, and
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treatment solutions to mix. The bacteria retained ureolytic and ga@Cipitating
activity after immobilization in both polyutiegane and silica, but a more homogeneous
distribution of CaCQ@crystals was observed in the silica gel versus polyurethane foam
which was attributed to the ability of bacteria to distribute more homogeneously through
the less viscous silica sol (beforeag@n) than polyurethane ppwlymer®:,

Ureolytic MICP can potentially i mprove
into the cement mixture, although high concentrations of cells may reduce the
compressive strength due to interference by biomasstiétmortar integrit§”. When
certain cell concentrations Bfcillus spisolated from commercially available cement
were mixed into a water, cement, sand mixture and cured in urea/@z@inent the
microbial cement was found to resistter uptake better and show improved
compressive strength compared to the control ceflef@ompressive strength of fly ash
or silica fume amended concrete was also found improved by MICP indu@d by
megateriunf® andS. pasteurii®’.

In summary, construction materials may be improved by MICP. It has been
shown, that increasing the number of treatment applications, changing the calcium source
to avoid deleterious impacts from chloride, applying treatment to higher porosity
materials, promotig biofilm growth before calcium treatment and varying the order in
which the constituents are applied (calcium before urea) can yield protectivgg CaCO
coatings via the MICP process. Also, some promise was found in using ureolytic MICP
to improve the strggth of concrete and remediate concrete fractures, but immobilization

of cells or urease enzyme in gels or polyurethane was required to provide protection from
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high pH activity inhibition or damage to cells during cement curing. Immobilization in
turn maylead to diffusion limitations and potentially reduced precipitation. These
studies demonstrate the importance of protecting the urease activity by either promoting

cells to attach to the surface or immobilizing them.

Porous Media Cementation

Ureolysisdriven MICP to alter or improve mechanical properties of
unconsolidated porous media has been extensively investigated. This method has been
proposed to suppress dust (Figure 1d), reduce permeability in granular media, improve
soils, or stabilize slope€igure 1c), and strengthen liquefiable séfld” 88 cacq
crystals precipitated during MICP can bridge gaps betwmrous media grains to bind
them together; precipitation can also reduce the pore throat size, porosity and
permeability, and increases the stiffness and strength of the porous medidfnatrix
Much of the work to date has been performed to improve the efficiency of precipitation,
maximize the extent of the treatments and balance chemical use to reduce costs for field
application. In engineering applications such as sand consolidation or soil strengthening,
it is preferable to precipitate Ca@@omogeneously over distance and use as little
reactant volume as possible for economic rea¥ofis While preferential pluggig may
be effective in some engineering applications,-homogeneous bacterial distribution
and norhomogeneous precipitation may have the disadvantage einpection-point
plugging where substrates are abundant, limiting the spatial extent of theemed' °

1 Proposed strategies for controlling @pitation include promoting spatial distribution
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of ureolytic activity (cells), manipulating the transport and reaction rates of the reactive

species and promoting favorable saturation conditions in specific regions.

SandConsolidation Whiffin et al. (2007) described a sand stabilization treatment

method (BioGrout), which followe8. pasteuriinoculation with a calcium chloride
solution to increase bacterial adhesion to the sand before MICP treatment. This treatment
sequence achieved significant strgnignprovement and porosity reduction in sand
packed columns. Although namiform precipitation was observed along the length of
the column, Whiffin and colleagues reasoned that more homogeneous distribution could
be achieved by shifting the balance opgly and conversion (i.8a) by increasing flow
rates or lowering conversion rates to achieve higher reactant infiltfation

Following this initial Biogrout workHarkes et al(2010) altered ionic strength
and flow rates, again influencing reaction kinetics and transport rates rel&agtto
study the impact on ureolytic bacterial distribution in sand to prevenimeation-point
clogging. Bacterial attachmewas found to be positively influenced by increased
salinity or ionic strength of the transporting fluids, which could be due to a decrease in
electrostatic repulsion forces between cells and porous media suffdteslowever,
the increase in ionic strength might also promote attachment of cells near the injection
point and imit spatial extent of treatment. So, by altering the transport rate (increasing
flow) of low ionic strength solutions Harkes et al. observed a more homogeneous
distribution of bacteria, but cautioned against the loss of attachment and activity when
low ionic strength solutions are us&d Transport of bacteria through a porous media

matrix is a complex function of the size and surface propertitrgeafell, electrical
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interactions, the flow rate and chemistry of the transport fluid as well as the pore size
distribution of the porous medta . A balance between ionic strength and transport
could help promote more homogeneous cell and ultimately ureolywaadistribution.

Much of the work presented is performed on smaller scales in a laberatory
controlled environment, yet in 2010 van Paassen et al. embarked on augraled
demonstration of MICP in 100%of sand to determine ground improvement abilisird
extent of precipitation. Similar to the injection strategies developed by Whiffin et al.
(2007) and Harkes et al. (2010), the sand was inoculatecdbwiihsteuricells,
cementation solution followed to promote bacterial adhesion and then uredcana ca
solutions were injected 10 times over 16 days. As much as 40the 100 msand
reactor were cemented via MICP with a visible wedge shape between the injection and

extraction wells (Figur@.4) *“.

Figure 2.4. Image of cemented sand body from the large scale Biogrout experiment.
Reprinted from Journal of Geotechnical and Geoenvironmental EngindezmgA. van
Paassen, Ranajit Ghose, Thomas J. M. van der Linden, Wouter R. L. van der Star, and
Mar k C. M. van Loosdrecht, fAQuantifying
Ureolysis: LargeSc al e Bi ogr out -1R2&,42010), witle petmdsion ftoh 2 1
ASCE.

Liguefiable Soils Other researchers have also recently examined sapled

ureolysisdriven MICP. Burbank et al. (2011) studied fisichle ureolysislriven MICP
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to strengthen liquefiable soils. Liquefiable soils are loose granular soil deperstisally
found in saturated conditions, which may undergo a decrease in shear strength when
subject to seismic waves and contribute to imeae structure failure during earthquakes
17, Soils on the Snake Ri ver 6biomnéraizaton ( USA)
treatments, which yielded soils cemented with ~1% by weight GaCide near surface
ard 1.82.4% calcite below 90 cri{. This was less precipitation than observed in
laboratory enriched samples, which was attributed to the lower technical quality of the
field studyods calcium sour cencentralidmeof r f i ndi
CaCQ formed away from the injection point rather than closer to the injection point.
Researchers attributed this to either 1) eltion where finggrained materials or CaGO
particles may have been transported downward with the infigratater or 2) increased
ureolysis and possibly delayed subsequent precipitation occurring in the deeper soil

profile.

Subsurfacéarriers. In certain coastal areas, salt water intrusion into freshwater

aquifers during groundwater extraction h&some a major problem. The problem is

often addressed by creating underground dams or increasing artificial recharge of fresh
water to prevent migration of sd#tden water into freshwater aquifers. Subsurface MICP
barriers may be an alternative to thesethods (Figure 1ff. Due to salt water intrusion

into ground water, MICP must be able to occur in saline conditions to be applied in these
environments. In 2011, Mortensen et al. assessed the influence of various environmental
factorson ureolysisdriven MICP to determine suitabile situ environmat. First, they

observed that short term ureolytic activity did not appear to be inhibited by anaerobic



32
conditions after cells were cultured aerobically, which agrees with findings by Parks
(2009), Tobler et al. (2011), and Martin et al. (202§. Second, they found full and
half-strength seawater enhanced Ca@f@cipitation rates possibly due to increased
alkalinity and cation availabilit}’. Finally, the authors note that manipulating the
reaction rates and transport rates by inhibiting precipitation rates with increased
ammonium concentrations or by controlling flow rates is important in achieving
homogeneous distribution of MICP. These results demonstrate the potential of ureolysis

driven MICP for developing subsurface barriers to prevent salt water intrusion.

Aquaculture: Impermeabl@rusts. One promising engineering application of

ureolysisdriven MICP is the preparation of crusts to control seepage from aquaculture
ponds or reservoirs into underlying soils or sands (Figure 1h). Stabnikov et al. (2011)
used the halotolerant, alkaliphilBacillus sp. VSisolate to seal a saslthed model

pond. Successive percolation treatments with high concentrations of urea and calcium
solutions resulted in a nearly impermeable crust on the surface of the sand, which
markedly reduced the seepage rate, taking sand to the same permeability range as well

compated clay (Figure2.5) *°.

DustSuppression.Bang et al. (2011), showed the potential for using urealysis

driven MICP to suppress dust (Figure 1d). Dust poses problems to human health and is
traditionally suppressed through means of chemical application erimgitlown which
may be difficult to maintain or may use environmentally problematic chemicals.

Ureolysisdriven MICP is proposed as an alternative to consolidate dust partgles.
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pasteuriicells or urease and urea/calcium chloride treatment solwieressprayed over
sand samples, which were then subjected to wind erosion tests. Bang et al. (2011) found
MICP dust control to be very effective, but its efficiency to be subject to the soil type and
grain size distribution as well as environmental cood# such as humidity and

temperature.

Figure 2.5. Photo of ~1mm thick crust of calcite on sand surface. Reprinted from Cement

and Concrete Research, Viktor Stabnikov, Maryam Naeimi, Volodymyr Ivanov, Jian

Chu, AFor maimpemneabledrustwsaatnredd sur face us4 ng bi oc
1149., (2011), with permission from Elsevier.

In summary, ureolysidriven MICP has been explored for several engineered
applications involving porous media, including coidating sand or soils, creating
subsurface barriers, sealing aquaculture ponds and suppressing dusts. These applications
are often controlled by manipulating the transport and reaction rates to either promote
homogeneous deposition or controlled deposition in selective areas. In pwdias
MICP application, a complex set of factors, including environmental conditions may

greatly influence the treatment results.
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Hydraulic Control and Environmental Remediation

Radionuclide ani/letal RemediationRadionuclideRemediationThe US

Department of Energy (DOE) faces environmental remediation challenges such as the
long-term management of the Hanford site in Washington, USA, where groundwater is
contaminated with radionuclidé$®* % %° Traditional treatment methods like pump and
treat hae been found ineffective at the site to remediate or prevent migration of mobile
radionuclide groundwater contaminafts Therefore, years of research have evolved
methods to stimulate ureolytic subsurface organisms to prom@&Jaecipitation

which in turn promotes eprecipitation and solid phase capture of some of these
contaminants, in particular strontiv®®, a uranium fission bgroduct (Figure 1j). In
subsurface environments saturated with respect to ga@rals, the cgrecipitation
forms a longterm immobilization mechanism while tA%&r decay$* ®* %

Control of strontium cgprecipitation in the subsurface has been widely
researched by studying thetes of ureolysis and precipitation. Warren et al. (2001)
demonstrated that 95% of the total strontium added to batch uredtive@s S.
pasteurii)MICP samples could be incorporated in Ca@&cipitates. Further studies
demonstrated th&. pasteuriin artificial groundwater media exhibited higher rates of
ureolysis at slightly elevated temperatures, strontiurpregipitation increased with
increasing CaCegyprecipitation rates, and higher ureolysis rates could reduce the time to
reach critical satation (Si)) which is important since CaGQ@recipitation rates were

observed greatest neag; S *° *°
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Since augmentation of subsurface environments may not be ideal or feasible,
Fujita et al. (2008) investigated the potential td@nnative ureolytic organisms situ
in the Eastern Snake River Plain Aquifer (Idaho, USA) for the purpose of remediating
groundwater by crecipitating strontium. The authors suggest that multiple treatments
with low concentrations of a carbon sou(o®lasses) to stimulate the subsurface
community followed by the injection of urea can promote ureolytic subsurface
populations®’. Another microbial enrichment test was performed with groundwater and
sediment samples from wels$ the Hanford site in Washington, USA Urea
stimulated sediment samples showet#l @ders of magnitude higher specific ureolytic
activity compared to groundwater samples, leading researchers to hypothesize that
greater activity was associated with attached (oillptommunities compared to

planktonic cells?

Metal Renediation Toxic metal (e.g. copper, arsenic, chromium, etc.)
contamination in soil or groundwater has been attributed to mining and smelting as well
as other industrial activities. Toxic metal contamination is linked to human health
problems and current remediatiefiorts can be costly and relatively ineffective.

Traditional remediation efforts include phytoremediation, removing or covering the soils
with clean soil, orsite chemical leaching of contaminants or bioremediation with toxic
metattolerant bacterial sTies®®. However, these treatment methods may not be long
term solutions. For example, in bioremediation many bacterial species can decrease the

solubility and thus immobilize metals by changing their redateshowever future
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changes in oxidatiereduction potential could lead to remobilization; therefore, an
alternate remediation method is Cagliased ceprecipitation.

It was previously shown that chromate was found associated with 3aC®
precipitatedorm *°°and then Achal et al. in 2012 isolat8forosarcina ginsengisoli
CR5, an arsenitolerant, ureaseositive bacterium and researched the organisms MICP
potential to remediate arsenic contaminated soils. Although organism growth was slowed
in the presence of arsenic, significant arsenic was removed from aqueous solution during
ureolyticMICP ?*. Another study focused on remediation of copper via the MICP
process by the coppéulerant, ureolytic organisidocuria flavaCR1. Copper
bioremediation studies were performed wWithflavain urea anatalcium containing
batch with copper concentrations up to 1000 nfd/LThe authors reported a positive
correlation between higher urease production and higher copper removal from aqueous
solutions®,

In elevated concentrations, metals may be toxic to organisms involved in
remediation. As such, Kurmag (2009) evaluated the impact of varying concentrations of
lead, cadmium, chromium, zinc, copad nickel to ureolysidriven MICP treatment
technology in synthetic wastewater amended with urea and calcium chloride. Authors
found the impact of metal toxicity on microbial substrate degradation increased in the
following order: Cd (I1) > Cu(ll) 3Pb(ll) > Cr(VI) > Ni(ll) > Zn(Il) *°%. In the
application of MICP, metal toxicity may be a limiting factor in treatment efficacy, but
isolation of metatolerant ureolytic organisms from contaminated environments may

improve the treatment potential.
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PCB ContainmentAdditional recalcitrant contaminants threatening

environmental and human health are PCBs (polychlorinated biphenyls), which can
contaminate concrete surfaces when R©Btaining oil leaks from equipment. Methods

of removing PCBcontaminated oil include sa#nt washing, hydroblasting or

sandblasting followed by encapsulation in epoxy coating. Epoxy coating may be
ineffective due to resurfacing of the oil over tifffé An alternative to epoxy cday is

the use of ureolysidriven MICP to produce a coating to seal PCB contaminated concrete
(Figure 1f). By applying. pasteuricultures and urea/calcium treatment to the surface

of PCB-coated cement cylinders, surficial P&Bntaining oils were enpaulated. No
leaching through the MICP coating was observed and permeability wasecedy 15

orders of magnitud&?

Carbon Dioxide (C@ SequestrationWith atmospheric C@concentrations on

the rise, mitigation strategies are widely being explored. One proposed mechanism for
reducing emissions is the capture and storage efi€C@eep geologic reservoirs, such as
deep saline aquifers. The efficacy of this mitigation me:thepends on preventing
potential CQ leakage either back to the surface or into overlying aquifers. Possible
reasons for leakage inclu@® the corrosive effect of supercritical €@ well cement
(carbonation)(2) leakages through microfractures ingk well cements ¢B) areas of
increased cap rock permeability or decreased well bore inté§Hfy. Traditional well
repair methods include the use of cements (such as fimentg however, these may be

of higher viscosity than aqueous solutions used to promote MICP. Higher viscosity

fluids may not adequately penetrate small pore spaces and potentially not seal
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microfractures where low viscosity supercritical 8fuld find kakage pathways. As
such, MICP may be an effective tool to seal fractures or high permeability leakage zones
(formation trapping) in the context of G@equestration (Figure 1k), and may also be
effective in helping to reliably abandon wells after folgal extraction (Figure 1a).

Three proposed methodsiofsitu CO, leakage mitigation to which ureolysis
driven MICP can contribute are formation trapping, solubility trapping and mineral
trapping® '°. As previously mentioned, MICP may reduce permeability to mitigate
leakage poteral (formation trapping). Also, the storage of O@ight be enhanced by
ureolysisdriven MICP by increasing the dissolved £@s carbonate or bicarbonate) in
the subsurface formation water (solubility trapping). Finally, ureciysieen MICP

might enfance the precipitation of dissolved €@ carbonate minerals (mineral

trapping)”.

FormationTrapping Engineered MICP has been proposed to protect well
cements from supercritical GQplug microfractures the near well environment and
reduce permeability in cap roéiC. In these applications, the spatial extent angteai
efficiency of precipitation must be controlled. Experiments under atmospheric conditions
have led to evolved injection strategies to promote more uniform spatial distribution of
CaCQ. Pulse flow, with brief fluid injection followed by batch bioramlization
periods, rather than continuous flow injections precipitated less €a€AD the influent
in sand column reactors. Additionally, reducing the saturation index near the injection
point during periods of active biomineralization reduced -igactionpoint plugging* *

2T Recently, these injection strategies have been used to seal hydraulic fractures in 70
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cmdiameter sandstone cores under ambienid high pressure (Phillips et al. in

preparation) conditions.

Solubility andMineral Trapping Spore and biofilrforming Bacillusspecies are
resistant to high pressures and supercritical €3° Accordingly, Mitchell et al. (2010)
studied Spasteurij for ureolysisdriven CaCQ precipitationwith a range of initiat*C-

CO; head pressures and urea concentration in artificial groundwater. Precipitateg CaCO
was heavily enriched itfC-CO, and the fraction of'C-CO, increased with increasing
headspace pressure and urea concentrations, suggestinireolysis enhanced the

amount of carbonate in the Cagderived from headspace @) (mineral trapping).

Dupraz et al. (2009) also studi&d pasteuriin artificial groundwater to determine the
transformation of C@into a solid carbonate phase (mineral trapping) under different
temperature and salinity conditions (relevant to subsurface saline aquifer conditions) with
different CQ partial pressures. While no temperature dependence of £aCO

precipitation rates wasund in their studies, it was observed that increased salinities
increased alkinalization and ureolysis rates, but created a delay in time beforg CaCO
precipitation begdfl’. Finally, Mitchell et al. (2010) also demonstrated that as pH
increases the DIC increases and headspacdd)}@ecreases (solubility trapping). It was
concluded that ureolysiriven MICP in the subsurface can potentially increase security

of long-term CQ storage. O+going research suggests ureolydisven MICP also

occurs at high pressures (>73 bar) and those derived minerals are stable when subjected

to supercritical C@exposure.
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In summary, control of ureolysriven MICP for remediating subsurface
environments of strontium contaminated groundwater, toxic metal contaminated soils and
groundwater, PCB contaminated concrete or improving security of geallyg
sequestered Ghas been widely explored. Research has focused on methods to
maintain ureolytic activity and understand the transport and reaction rates of urea and
calcium, which influence CaGQaturation conditions (Table1). Ureolysisdriven
MICP may effectively treat a wide variety of engineering challenges, but care should be
taken to consider the maintenance of ureolytic activity (viability of organisms) under

adverse contaminant exposure.

Summary

Much of the literature surrounding urgsis-driven MICP focuses on controlling
the widerange of parameters that influence precipitation. The range of variables and
optimum values determined for specific MICP applications indicates there is not one
Areci ped for cont r opplicatiomsgy ThdsuCcBss of MICR ngi neer e
treatment depends on the ability to precipitate Cagt@ppropriate locations and times.
Ureolysisdriven MICP is controlled by three main parameters, 1) the ureolytic activity
(of microorganisms), 2) the reaction anahisport rates of the substrates, and 3) the

saturation conditions of carbonate minerals (T2¢.
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Table2.1. Summary of control parameters and ranges used to promote microbially

Control

Variable

induced calcium carbonate precipitation (MICP).

Relevant
References

General Assessment of Success

Ureolytic Activity of Organisms

Greater bacterial concentrations= faster rate

Inoculation 0.032.88 OQyg . 12, 41, 50, 66
Corc. 10°-10° cfu/ml ureolysis & produce larger and less solubl
crystals
S. pasteuriiB. lentus,
B. megaterium, B. | Bjofilm communities may have higher activit
inssfnha}gg'l?“;’ ﬁéva stimulation of native ureolytic organisms | % %0723
Microbe gB psgudoﬁ’rm'us 5’| desirable; strain shadihave strong urease 24,8221, 22,
onii B, production, not pathogenic or genetically | >*** 7" 8
alkalinitrilicus, Native modified if bioaugmentation is necessary
organisms or enzyme
BHI, NB, Yeast
Extract (YE), | b .
Tryptic Soy Broth Alternate carbon sources may improve .1 3040
economic feasibilityor field over lab grade | "™
Carbon (TSB), Peptone, R .| 50,7314, 21,
reagents; injection of a carbon source prior
Source Acetate, Lactose . 37
urea may stimulate subsurface attached
Mother or Corn .
: communities
Starch Liquor,
Molasses
Reaction and Transport
i.e. 0.7 Constant low flow rates may lead to Ron
pore homogeneous CaG@istribution/injection
Constant| volumes| point plugging; higher injection rates = mor{ " 11
Flow | perday;| even distribution obacteria, homogenous | “*1%®
0.35 CaCQdistribution, minimize injection point
Flow 12L/hr cementation (ie Dantfler number <<1)
Condition ie:
static | Growth treatments may be used to overcorl * %1
Pulse | intervals| mortality due to CaC@entombment &upply | " 22"
Flow | between| electron acceptors; pulsed flow may give mq “%*" "
treatme homogeneous CaG@recipitation 108, 109
nts
. Low viscosityfluids can penetrate smaller
Low (i.e. close to . .
. . : fractures/treatment areas with less pumpinl 2 a4
Viscosity water) to high _ T
pressure; bacterial distribution may be mof
(polyurethane) . . .
homogenous in less viscous solutions
Increased ureolysis rates observed at high
temperature; urease enzywan withstand 45, 50, 55,
Temperature 1060 °C even higher temperatures than mesophiliq s 63, 2, 88

ureolytically active cells, particularly if

immobilized
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Table 2.1 Continued

Increased salinity often increases alkalinity

ureolysis rates, and bacterial adsorption;

Salinity 0.36100 g/L increased salinity may increase time delay

Sqit; phosphates may decrease precipitatig
rates

12, 16, 40,
45, 56, 97,
107

Saturation Conditions

Peak enzyme activity = pH 8.0; optintl
pasteurii growth =pH 8.5; extreme (low and 37, 41, so,
high) pH environments may be detrimental | s, 76, 78,
pH ® po activity; once formed CaC@Qesilient to acid | a1, s, 107,
attack when pH> 1.5 at certain time scales; 110

increases after ureolysis are followed by p

decrease due to Cagfrecipitation

Equimolar urea/Cé ratio may be optimal

since greater reactant concentration = highl %726
Urea/Ce | Urea:6 mM15M | Kinetic rates (but only to a certain point) & t ‘5‘2 ;‘i ‘;i
Conc Calcium: 25uM balance reagents for r_eactlon but_to notaq >°" "™
1.25 M extra unwanted chemicals to environment| ® 8%
calcium nitrate or acetate alternatives to 107
calcium choride
Saturation Saturation state & critical saturation state| 4s, 5o ss,
state 12-436 influence spatial & temporal precipitation o] =6, 66
or Siir) CaCQ

First, organisms or enzyme are either injected or stimulated to provide the catalyst
for ureolysis and cells may act as nucleation sites for precipitation to occur. Several
challenges surround maintaining ureolytic activity of microorganisms, such asadve
environmental conditions (e.g. high pH concrete or toxic metals), electron acceptor (e.qg.
oxygen) limitations, entombment in calcium carbonate, and nutrient diffusion limitations
causing cell inactivation after entombment.

Second, the reaction ratasd the transport rates of reactants are manipulated, for
example, by changing the flow conditions (e.g. velocity) or reagent concentrations.
Factors such as fluid salinity and temperature can influence rates of ureolysis and mineral

precipitation. Flowate and fluid viscosities can influence the transport conditions.
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Exploring the dimensionless Daiiler numberDa), which is the ratio of reaction rate
to transport rate, as a tool in MICP design under various conditions may provide valuable
insight fa controlling ureolysis and precipitation and ultimately the success of MICP
engineered applications.

Finally, whetheiCaCQ has the thermodynamic propensity to precipitate is
governed by the saturation conditions, and the location and timing of preciptah be
influenced by the presence of nucleation sites. Saturation state (S) or saturation index
(SI) is determined by the activity of (Eaand CQ?) and $;i; or Sk, are empirical
values which reflect how highly supersaturated a solution mustiebefore
precipitation is actually observed.;&an be influenced by a variety of factors including
but not limited to ureolysis kinetics and the availability of nucleation sites.

A wide range of factors can impact the saturation state to promestpipation of
CaCQin engineered MICP technologies (Table 1). Since controlling saturation
conditions and precipitation in time and space is a Aadtored reactive transport
challenge, modeling has become an essential tool to optimize injectimyissa
Current models, carefully interpreted and calibrated, explore promotion of favorable
saturation state and predict treatment efficacy while decreasing the need for labor
intensive laboratory experimerfts®% 1113,

Improving the economic and environmental feasibility of ureolgisigen MICP
treatment must be considered in the transition from laboratory terékddant scale
ergineered MICP technologies. There is an economic limitation to the use of laboratory

grade nutrient sources in field applications and alternate nutrient sources such as
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inexpensive industrial wastewater, lactose mother liquor (LML, dairy industry) and co
steep liquor (CSL, starch industry) may offer a possibility of cheaper nutrient sddfces
30 Additionally, large volumes of reactant and the production of bacterial cultures for
injection (if necessary) may make certain engineered applications of MICP economically
challenging compared to traditional treatmeftptimizing treatment strategies may
reduce cost by minimizing unnecessary injection or excessive use of amendments.
Unwanted byproducts from ureolysis MICP, such as Nfhave to be considered and
controlled at least in certain prospective applicatiddil;” is undesirable, since
groundwater aquifer health may be harmed, stone discolored, or subsurface communities
changed by metabolic competition (e.g. outcompeting bioaugmented organisms) due to
NH," salts or conversion products®. While promising ad effective treatment
strategies have been demonstrated, additional research is necessary in order to improve
economic feasibility, define optimal treatment strategies and reduce unwanted by
products.

Outlook

With the wide variety of ureolysidriven MICP applications being researched and
developed around the world, there remain a number of technology development
challenges and thus research opportunitiesorder to improve the potential for
successful MICP application, additional strategies have tebeloped through further
research including, but not limited to:

1. Investigating the potential of biofilhased MICP approaches compared to

suspended cebased approaches, specifically differences in ureolysis and mineral
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precipitation kinetics, mineradty, and mineral reactivity and stability between
attached and planktonic cultures.
. Determining the optimal substrate balance (e.g. urea and calcium) for various
MICP applications with the goal of optimizing Cag@ecipitation efficiency,
which may increse economic feasibility and reduce production of unwanted
byproducts.
Investigating nanoto micro-scale mineral nucleation processes and determining
the effects on subsequent mineral growth, morphology and stability at larger
scales.
Improving mathemat&al models describing MICP processes in porous media by
developing quantitative descriptions of fundamental processes at the amdro
macrascale (e.g. ureolysis and growth kinetics, precipitation kinetics, crystal
growth and microbenineral interactionsas well as integrating these process
descriptions into Daregcale models for larggecale application design.
. Experimenting at larger scales, which, together with the developed models, will
allow for the evaluation of the importance of transport pr&sesscontrolling
MICP for engineered field application.
. Developingin situ monitoring technologies (such as geophysical methods) that
allow assessment of success in field application.
. Evaluating longterm stability of MICP treatments compared to coniera (e.qg.

cemertbased) technologies.
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It is evident that the implementation of MI&fased technologies on the field
scale requires the expertise of many disciplines, and-aiattiplinary research and
development teams will be necessary. This reviawnsarizes the research results across
many proposed engineered applications in an effort to inspire researchers to address the
key research and development questions necessary to move MICP technologies toward
commercial scale applications.

In conclusion, ueolysisdriven MICP has been suggested for a wide variety of
engineered treatments including modification of construction materials, cementing
porous media, hydraulic control and remediating environmental contaminants (Figure 1).
A majority of the literatire focuses on promoting ureolytic activity, understanding the
reaction and transport rate, and ultimately manipulating the saturation conditions to
achieve the desired timing and location of Cg@f@cipitation. Many potential
applications of ureolysidriven MICP exist, including those discussed in this review and
other applications such as stabilizing building foundations or slopes; minimizing erosion,
stabilizing grounds prior to tunneling; sealing tunnel seepage; strengthening earthen dams
and dikesstrengthening dunes to protect shorelines or prevent desertification; as well as
removing calcium from waste streahsd” 4 A diverse, multdisciplinary research
effort including feld demonstrations, modeling and elucidation of the fundamental
mechanisms of ureolysiriven MICP has and will continue to aid in the effort of

transitioning MICPbased technologies from the laboratory to the field.
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CHAPTER THREE

DARCY SCALEMODELING OF MICROBIALLY INDUCED
CARBONATE MINERAL PRECIPITATION
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Abstract

This investigation focuses on the wdamicrobially induced calcium carbonate
precipitation (MICP) to set up subsurface hydraulic barriers to potentially increase
storage security near wellbores of £forage sitesA numerical model is developed,
capable of accounting for carbonate precipitation due to ureolytic bacterial activity as
well as the pow of t wo Themaodelispompaedts i n t he
experiments invol vi ngpacke ¢dolumnato endersfarmdwandt hr o u g
optimize the processes involved as well as to validate the numerical nitadehen
used to predict the effect of denslease CQand CQ-saturated water on carbonate

precipitates in a porous medium.
Introduction

Mineralpr eci pitation inpuenced by microbi al
(particularly through the ureaydrolysis pathway), commonly referred t®naicrobially
induced calcium carbonate precipitation (MICP), can be exploited for a variety of
engineered applicatioriscluding the immobilization of groundwater contaminaiits:
%5 ground reinforcement or altering properties of porous matéfidis® 4’ and the
creation of hydraulic barriers for purposes such as enhanced oil recovery or increasing
storagesecurity of CQ* % *° 1 Many organisms are capable of hydrolyzing urea,
which can alter the saturation state of the formation water, and in the presence of

calcium, may favor the precipitation of calcium carborfat& 5.
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In previous studies, greater calcium carbonate precipitatiombsesved near
injection sites which could potentially lead to restricted transport of nutrients and have
adverse effects on well injectivity>  Before a biomineralization technology can be
considered yel d r el e \bademonstrated to be cantrollable gta s i t i
relevant scale while maintaining economic feasibifftyControlling mineralization has
been investigated by balancing the reaction with transport, for example, altering injection
strategies or injection rates, manipulating the reactant concentrations, increasing the
numter of applications of treatments, or controlling the distribution of active micfobes
12,13 additionally, it has been reported that the types and sizes of crystals formed are
affected by the number and form (planktonic or attached) of egltsthat the
environmental conditions in sSU"¥PEPNFding pu
110 Multi-scale and extensive credisciplinary research on the feasibility of such a
technology is key for its successful implementatfio’

The challenges to creag) effective and extensive hydraulic barriers for
increasingC@st or age security are to make efycien
mineralization in the regions of interest without plugging other regignsilyzing all
combinations of these precigitan-i n puenci ng factors in the | a
laborious and time consumin&everal other researchers have utilized models to assist in
the understanding or optimization of MICP treatment technolgig% 13 > The
model described in this paper was also developed to quickly analyze parameters and
optimize experimental efforts with the aim of improving the understanding of the relevant

processes involvedThe benckscale column results and Darsgale modeling efforts
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reported here address the challenge of demonstrating control of mineral deposition (i.e.,
CaCQ) wuniformly along the pow path in a por
Four separate column experiments were performed in order to: develop an
injectionstraegy to produc@éomogenous CaC{listribution along the length of the
column, calibrate the model, and validate the model by comparing it to the physical data.
Finally, while not supported by experimental data, the model also examines some
of the potentiainteractions of densphase CQwith CaCQ. The model simulates two
b u dplthse (water and Gexperiments, providing a useful tool for the optimization of
injection strategies, the design of higressure C@experiments, and, ultimately,

pr os p e c-scalevapplicaton. d

Model Description

The system of interest conyg)jtwges of t wo
i mmobile phases (rock/ porous medium, <cal ci

dissolved components (see FigGte).

suspended
biomass

solute
biofilm

water

Figure 3.1Schematicpore scalerepresentatiorof system ointerest.

It shall be noted that other calcium carbomatephotypes are possible products

of the ureolysignduced calcium carbonate precipitation process described in this work.
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However, calcite is the most frequently described calcium carbonate morphotype
observed and was chosen as the representative mygpphotthis model. In addition,
bi oylm as described here refers to attache
extracellular polymeric substances (EPS}.
Here the system is addressed on theadled Darcy (macro) scale which is
obtained if he processes on the pore (micro) scale can be averaged adefiftelyn
this article, the equations and-scaleri abl es
Thus, onlyvolumeaveragednformation is available within eepresentative elementary

volume

Definition of System and Main Assumption§he components the model

accounts for include water (w), carbon dioxide f;Quspended biomass (b), attached
bi omass/ bi oy Ishelettifor) accemoudxygeni(ey takeite (c), urea (u),
ammonia/ammonium (a), calcium @ chloride (Cl), and sodium (N3.
Two puid phases may be present in the p
and CQ [n]), which are the wetting and the nonviredt phases, respectivelygefore the
injection of CQ, only water is presenfThus, the set of primary variables can change
depending on the number of phases pre¥ént
The water phase consists of the components water, dissolved@pended
biomass, substrate, oxygemea, ammonia/ammonium, calcium, chloride, and sodium.
The CQ phase consists of GQOwater, and oxygenAll other components are assumed

not to dissolve/partition into thisphas€.al ci t e and bioyl m are i mm
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Even though brines consist of severdissat is assumed here that their combined
effect on density, viscosity, and G6&olubility can be represented by an equivalent
sodium chloride concentratidf?,
There is no differentiation between molecularly dissolved &t cabonic acid.
The sum of both is referred to agG®0; *** 1%
In the explanations and djeams that follow, it is assumed that the host rock (or
ot her porous medium) does not contain sign
However, if this is not the case, the amount of calcite initially present in the model can be

set to a nonzero value.

Chemical Reactionsln the presence of the enzyme urease, urea is hydrolyzed to

give ammonia and carbonic acid. The bacterial s®giorosarcina pasteuris capable of
producing large amounts of uredé® The subsequent protonation of ammonia to
ammonium causes an increase in pH, shifting the equilibrium of the calcite
precipitation/dissolution reaction toward precipitation by increasing the availability of the

carbonate ion (C&).

Urease

CO(NH,), + HLO —— 3 NFCOOH + NH ureolysis

2NH; +2H,0 ———»2NH," + 20H protonation of ammonia
H,CO;+ OH- <«—» HCO; +H,0 dissociation of carbonic acid
HCO; +20H <+— CO* + H,0 dissociation of bicarbonate ion
cad'+CO> <«— CaCQ(s) calcite precipitation/dissolution

The dissociation reactions are fast compared to ureolysis, precipitation, and
dissolution. Hence, these are assumed to occur instantaneously and are accounted for

wi th equi |l i brSlowenreactions &rg descrbadtbyg using rate expressions.
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Rate of UreolysisAs described by Fidaleo and Lavecchia [2003], the rate of urea

hydrolysis isgiven by,

i A 1)

where m is the molality of urea, Kis the Monod halsaturation constant, and
Knna' is an inhibition parameter due to high NidoncentrationsThe maximum rate of

ureolysis Wwaxis calculated as follows:

0 — @)

h

Dissociation constants fthe enzymeurea complex ardenoted by Ky 1, and k
is a rate constantNote that theseate expressions from Fidaleo and Lavec{hi®3]
were determined for jack bean urealids assumed here that the same expressions can
be used for microbially produced ureaSdie concentration of intrand extracellular
urease in the porous mediumyZ s di f y c ul't’. Urease id eleased mhiem e
bacteri al cells rupture and may sorb to

126,128,129 Eor the purposes of this model, it is assumed that most of the urease is

po

associated with the bioylm (eitheHence,ntr ace

the amount of urease is assumed to be retaiatinearly to the amount of attached
bi omass (i.e., bioyl m),
Q Q' %o 3)

Suspended biomass is not included since its contributiconsidered small

compared to t#& Heef;i sheheibiybml m density

(
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volume),isi s t he volume fraction of thegpgiggaor ous

proportionality coefficienandn,, accounts for the nonlinear dependence @A} ¢ (i .

Rate of Calcite Precipitation/DissolutioThe net rate of precipitation or
dissolution of calcite is governed by the calcite saturation statieich provides a

measure of the distance of the system from equilibriumm.2l,

m 4
The activityc o eienfsoCa ando C£ are calculatedising Pitzer equations as
described by Wolf et al. [1989], Mi¥l ero e
% To this end, the inpuence of thlededimt er act
the calculationsHowever, the concentrations of some of the ions are determined using
apparent dissociati on c el Figuredhshosvsshmws descr
the activities of calcium anchrbonate ions vary with chloride concatitvn in NaCl and

CaCh solutions. Ksp is the solubility product of calcite.

aclivily cocflicicnls

[¢]

Cr (‘nn(‘ﬁmf?'.qﬂnn Imol/k
Figure3.2. C&* and CQ? activities as calculated from Wolf et al. [1989], Millero et al.

[ 1984], and Cl egg and ejvdtions gsea furtttioh EO95] wusin
concentration in NaCl andaCk solutions.
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The rate at which equilibration occurs is assumed to depend on the distance from
equilibrium. Whenm> 1, net precipitation occurs, andt dissolution occurs when< 1.
There are several empirical approaches for determining these The® are also some
approaches which obtain the rates from thaeading of porescale processés” *2°

Here common empirical rate functions for precipitation dissolution are chosel”,

~

i Q 0 m p for mpx1 (5)
The empirical parameterg.kand ry are available in the literature [e.@hong
and Mucci, 1989}*. The s pe ci ysorfade hetween Botidgiie.aboth porous
matrix and calcite) and water phaseg & estimated from the porositywith an

empirical relation [e.g., Clement et al., 1996] as follows:

0 o0 p p — (6)
The subscript vlieee.66 denotes initial
Similarly, the dissolution rate is calculated as giveri?by
i Q ra Q 0 p m @

Again, kiiss1, Kaiss2, and  are empirical parameteré\.,i S t he speci yc i
surface between calcite and water phases. Assuming the porous rock matrix originally in
place does not dissolvecpmay di f f er s iggasshygwn arigurey3ahd om A
4. For small values afc (which is the volume fraion of porous medium occupied by
calcite), A is proportional tdi, i.e.,

0 W (8)
where grepresents the specific surface area of the cajat@s (surface area per

volume of calcite).However, whersignificant amounts of calcite apeesent in the
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porous mediumi,e., for largel, this relationship is not validinstead Ac and Ay
become equivalentThus, A is chosen in such a way that the limiting of the two
options, i.e., the smaller of the two is chosen (see also Figlraad3.4):

6  ad - ©)

mineral

calcite

Figure3.3. Solid-water interfacial areas: At low values@f the interfacial surface
between calcite and water phasks,, and that between solid (i.e., both porous matrix
and calcitepnd water phaseBsy, differ significantly, Aw < Asw.

mineral

Figure3.4. Solidwater interfacial areas: At high valuesiif the interfacial surface
between calcite and water phasks,, and that between solid (i.e., both porous matrix
andcalcite) and water phasesg,Aare equivalent, & a Asw.

Dissociation Coefficient§he dissociation of Nkand HCO; in water are

accounted for with apparent (i.e., stoichiometric) dissociato@fficients. Calculating

activity coefficients as idone for the computation af would unnecessarily increatiee
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complexity and computational cost of the mod&s such, correlations from literature
are chosen, with whicbne can determine the apparent dissociation coefficients as

functions of ionic strength I,

0°'0 ——— dissociation of ammonia  (10)
0° "0 ——— dissociation of carbonic aci¢11)
0° 0 ——— dissociation of bicarbonate ion (12)
0°"0 & « dissociation of water (13)

For H,CO;3, dissociatiorcoefficients are calculated usingrrelations given by
Millero et al. [2007], and those [Bell et al. [2008] are used for the dissociation ofsNH
137.138 Thedissociatim coefficient of water is also required aaproximated as a

function of ionic strengtf®®.

Mass Balance Equation#tutual dissolution of the water and g@hases are

accounted for with the mass fractiahs andd® whichrepresent the amount of GO
the wate phase and okater in the C@phase, respectivelyEquations which balance

the mass of each component in the phasesn bewritten as in equation (14),

5 _ _ _ _
Z{%(og‘,)((i&,) +V X (0,Xv,) =V x (gf,D!,vxg.)} =g
(

i€{w,CO2}, a € {w,n}. (14)

Herey} is density, S is the flughhase saturation within tlieck pores, v is the
Darcy flux (fluid-phase velocity)D is the hydrodynamic dispersion tensand q

represents sources/sinks.
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The components which are assumed to exist exclusagetiyssolved/suspended
components of the watphase can be expressedhng¢oncentration€ and the following

mass balance equations hold,

" | | | |
%((')S\\ C)+V x (C,vy) — V x (DyVE,) = ¢;
(

jedb;s;ua,€a%", 017, Nat) (15)

Oxygen can be present in both water ang.d@us, thanass balance equation

for oxygen is,

Z{%(m&,(ﬁ) + Vx (Civy) =V x (Df,VCf,)}— g

4

a € {w,n}. (16)

Additionally, the equations for the immobile phases, attabi@dass, and cate

are,

Dy :
g,\(a;:f‘:q"‘: ke {f,c}.
(17)

Sources and Sink$he sources and sinks given in equationsi(l4)) accounting
for reactions (urea hydrolysis, precipitation, dissolution) and bacterial activity are
described in detail in the following [cf. Ebigbo et al., 2010]:

Suspended and attached biomass: i i 1 1 (18)

andfp 1 1 1 1 (19
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wherei andi and are growth rates for suspended and attached biomass,
respectively; and andi the corresponding decay rataesdr, and g and are the rates
of attachment to and detachment from the biofilm, respectitfely

b L Q b
g = Sy Cy,,

(20)
£
,g - H‘@f@f‘ (21)
The growth coefficient is calculated with doutdionod kinetcs™,

GG
K.+ C K.+ Ceo

=k,
(22)

Herek; is the maximum substrate utilization rate, &dand K. are half
saturation coefficients. Decay rates are calculated afulstrelationships with respect

to live-cell concentrations,

I'x: = hlv{-“)S\\'CH' ’ (23)

1 = broyog, (24)

whereby, andb; are decay coefficientsThey comprise constant endogenous
decayh, and processlependent decady (8 b[F). For the suspended biomabbijs
assumed to berimarily dependent on pHSinceSporosarcina pasteuris an alkaliphile,
only low pH conditions due to high G@oncentrations in water are taken to be harmful
to the bacterial cellsln addition, it is assumed that the biofilm bacteria are protected
from the adverse effects of @OThis assumption is supported by the findings of

Mitchell et al. [2008] in which they propose mechanisms which contribute to the

protective nature of the biofilm including mass transfer resistance offered by the biofilm
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structure and immobilization of COnolecules due to their interaction with the

extracellular polymers of the biofilmThus, the following decay relationship is

chosen** P (] ' %> ' (25)

whereKpy is an empirical constant.

Precipitation of calcite occurs mainly in and on the biofill#® This can lead
to inactivation of bacteriatells embedded in the biofilm, either by disruption when a
calcite nucleus develops within a cell or due to a coating of the cells by the calcite (which
effectively leads to inactivatiorf)™® °°® Thus,b' is a function of the calcite

precipitation rate:

b[ _ h() + rprCCM(‘u(‘(); .

0c(dy — &) (26)

Equation (26) assumes that the rate of inactivatientd precipitation is inversely
proportional to the free space available for precipitatiign..

As in the work of Ebigbo et al. [2010], attachment and detachment rates are

calculated as follows:
Vg = kangWC‘l:, , (27)

rg = kqoror . (28)
The attachment [cf. Tayl@and Jaffé, 1990] and detachment [cf. Rittmann, 1982;

Speitel and DiGiano, 1987 *>coefficients are given by,

ka = Ca.l Of + Ca2, (29)

kd = Cd.1 (OS\\ IVP\\' - \(_)\\‘g’)()'Sx + Ca 21t -
(30)
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The parameters, 1, G.2and @, are all constants™ **° p is fluidphase pressure,
andg is the gravityector. Speitel and DiGiano [1987] fit the value @f,=0.665
whereas Ebigbo et al. [2010] obtained a better fit in their modelogith 6; (" **° In
this model, better results were obtained with an expressiotastmithe latter approach.
However, since it is required thabkeq » XKL and that the influence of reduced pspace

due to precipitation needs to be included,

C.bf
Cd2 = ‘

G0 — bc was used to calculatg.. (31)
S __ (b £
Substrate: ¢ ~ (rg +7e)/¥ where Y is the yield coefficient. (32)
g =—-Fx+r)y.
Electron acceptor (oxygen, e g (33)

The coefficient F quantifies the amount of oxygen consumed per unit mass of

substraté“*®
Urea: q" = ~rueaMurea- (34)
Ammonia: 4" = 2rureaMnu; - (35)
Calcite: q" = ("prec — Tidiss)Mcaco - (36)
Calcium: 4 = (s = e M- (37)
COy: q“% = (Faiss — Fprec + Furea) MO, - (38)

w _ Na® __ _CI” __
Water, sodium, and chlorid ¢ =4 =4 =0 (39)
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Charge BalanceWith the charge balance equation, it is possible to calculate pH,

E zim; = 0,
i

where zis the charge of the ion i. (40)

Numerical Model Some supplementary equations are required to complete the

description of the modelThe mass balance equations form a system of 10 partial
(equations (14)16)) and two ordinary (equation (17)) differential equations. These are
implemented, as outlined IBbigbo et al. [2010], in MUFTRJG using a vertexentered
finite-volume scheme and a fgimplicit time discretization.

Depending on the conditions at hand, the sources and sinks, which arise from the
chemical and biological reactions, can impose a sgpng coupling on the set of
equations.In addition, constitutive relationships such as the permeabititgsity
function augment this coupling and increase the nonlinear character of the system.
Hence, an efficient numerical solution is challenging.

Time-step sizes are automatically adapted to the rate of convergence that depends
on the rate at which the processes ocdure process which has the highest influence on
time-step size in this model is the rate of calcite precipitatidigh-saturation states can
lead to very fast precipitation events which, of course, reduce the time stepgize.
simulations conducted in this study, the time step sizes ranged from several seconds to
several hours.

More information on MUFTEUG is aailable in the work of Assteerawattadt

[2005] and Helmig et al. [1998]" 148
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ExperimentsSaturated Flow
Through SandPacked Columns

Laboratory experiments i nyackedcolmgnss at ur a
were carried out to optimize theguipitation process and validate part of the numerical
model.As previouslydescribed, vertically positionedtolumns (61 cm in length, 2.54
cm in diameter) were packed withdale sh (0. 5 mm ef fective yl tr
(Unimin Corporation, Emmet, ID) under water to minimize air inclusiddslumns were
disinfected and rinsed by injecting two pore volurmd®wed by 30min stagnation
periods of each of the four following solutions:
1 1% bleach (Clorox, Oakland, Calif.) v/iv and 3.5% Tween 80 (Acros, N. J.) w/v
solution ;
1 10% w/v NaCl (Fisher, Fair Lawn, N. J.) solution ;
1 1.26% w/v sodium thiosulfate (Fishé-air Lawn, N. J.) solution ; and
1 10% w/v ammonium chloride (Fisher, Fair Lawn, N. J.) solution.
Cultures ofSporosarcina pasteuriere grown overnight from a frozen stock
culture and washed via centrifugation and resusgpenfresh sterile medium prior to
injection into the columninup ow conydurcaltilomattachment per.i
~6 h was followed by 18 h of pumping growth
establishment and an overnight delay, two poremekiof calciunrich (1.25 M
calcium) growth medium were injected to initiate biomineralizatibhe columns were
then allowed to remain static for 24 h (biomineralization stagej.columns P4,
calcumr i ch medi um from t he displacedimnGdiatelp of t he

after injection with calciuriree medium to minimize injectivity reduction near the

injection point. Between biomineralizing s



66
volumes of calcium and urdeee medium to restore a low sedtion state.Periodically,
throughout the experiments, the bioylm was
volumes of fresh growth medium without calciuflow rates were controlled by a
Masterpex (model 755370) pVernopHilésnlld. Tckeont r ol |
ylling and pushing strategy f dheegérimenfsour c
were terminated when the systemsO pressur e

terminated when as much calcium had been injectéar @aslumns 2 and 3.

Table3.1. Columninjectionsummary

Blomas_s C_az Mass of Total o Avg. Flow Rinse
concentration of Rich + Resuscitation
Column . cd Rate Influent
Inoculum Medium Injected(q) Events (mL s‘l) Redion
(cfu/ml) Pulses ) 9 9
1 4.0x10 35 303.4 15 10.7 No
2 1.1x10 20 130.3 10 8.0 Yes
3 6.2x10 11 83.3 4 8.9 Yes
4 1.3x10 22 135.2 9 9.1 Yes

Growth medium was prepared by mixing 3 g of Difco Nutrient Broth (BD,
Sparks, Md.), 20 g of urea (Fisher, Fair Lawn, N. J.), 10 g of ammonium chloride (Fisher,
Fair Lawn, N. J.), and 185 g of calcium chloride dihydrate (not included in cafocagm
growthmedium) (Acros, N. J.) and stirring continuously until dissolved in 1 L of
nanopure waterAs necessary, the pH of the medium was adjusted to between 6.0 and

6.3 (the ynaithmedibmwds5ib®)l ci um

Monitoring and Sampling Method€olumnepuent was col |l ected

for ammonium and residual calcium concentration after each biomineralization Atage.

portion of the efpuen2ems &RCAe Coasni Nlgt sye dn



67
(Corning Incorporated, N. Y.) and analyzed withathi yed Nessl er assay
production. The unyltered remainder of the

During the experiments, the activity in the column was monitored as follows:

1. Ammonium concentration was determined with a modified Neaskay;
effluent samples were diluted in deionized water and compared to standards
made from(NH,4),SOy. Each sample and standard (250mL) was added in
triplicate to a 96well microplate (Fisher, Fair Lawn N. J.) to which 3 mL of
mineral stabilizer angolyvinyl alcohol, and 10 mL of Nessler reagent
(potassiuntetraiodomercurate(ll)) (Hach, Loveland, Colo.) were added.
Ammonium concentration was quantified in the resulting solution after 13
min reaction time via spectrophotometry at 425 nm Bk, Synegy HT).

2. The pH of effluent samples was assessed with a Fisher Scientific pH meter
(model 50) equipped with a Corning glass electrode, which was calibrated
daily with pH 7 and 10 buffers.

At the termination of the experiment, each column was destructaetpled by
cutting it into eight 7.6 c¢cm sections and
sand contents with 10% traceetal grade nitric acid (Fisher, Fair Lawn, N. alcium
analysis was performed on an Agilent 7500 ICPMS after a 1:500A.@;000 dilution in
5% tracemet al grade nitric acid (Fisher, Fair
standards (Agilent Technologies, Environmental Calibration Standard £383) to

estimate the total CaG@nineral per mass of sand.
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Additionally, images and elemental maps were acquired using the Zeiss Supra
55VP scanning electron microscope located in the Imaging and Chemical Analysis
Laboratory at Montana State University. Ca@@ecipitates on sand samples were air
dried and sputter coated wittdium. High resolution images were taken at 1.0 kV at a
working distance of 4.0 mmElemental analysis with energy dispersk«ay

spectroscopy (EDS) was per formed at 20 kV and a working distance of 15 mm.

Results and DiscussiorResidualEffluent Aalysis CaCQ precipitation may

inactivate microorganisms or create nutrient diffusion limitatféré " 1%’ leading to
reduced ureolysis and subsequently less biomineralizatidvas also been hypothesd
that lager carbonate crystals, less likely tedissolve, are produced when greater
bacterial concentrations are present during ureof§siss such, the bioyl m
periodically resuscitated by injecting at least two pore volumes of fresh growth medium
without calcium to stimulate the recovery of bacterial populations after precipitation
events®. Bothresiduale f puent p o p wlcententmtiors (aa indicatibhtof
ureolysis) are greater directly after the
parameters were observed to decrease during active biomineralizatoas §Eigure
35).

Directly after resuscitation events, ef
NH." concentrations rose to above 1274 While during active biomineralizing periods,

the pH averaged 6.9 adH," concentrations dropped as low as 5117y
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Distribution of CaCQ Deposition Unlike columns 24, column 1 did not employ
a calciummedium displacement strategy for the injection region. As described
previously and observed by other researchérs®® 2 higher CaC@concentrations per
massof sandwee observed in column 1 in the yrst
Concerns regarding locally reduced injectivity near the injection point of the cdldtnn
Zl'ed to a modiyed i oojumns®4)whichisvolvediringng@ (used
rich medium from the inpuent aresa before s
precipitation could occurFavorable results of homogeneous Cg@iStribution were
achieved for columnsi2 as shown in Figures6i 3.8. The average CaCGontents

from each column study are summarized in T8fe

16 —r—T—T—T—T—TT—T—TT]—TT

| pH .
14 |- A ammonium conc. ]

A A A

H \ " " 1
time [days] = = 35

0 5 10 15

Figure3.5. Ef @entNH," concentratiorand pH datafrom column 4. Gray areas
indicateresuscitation periods. &klough not presentdtkre, similaresultswereobserved
for the other columns. Nothat the injectednediumcontained3.4 g L* of NH,".

Table3.2 Average concentration per column seci{i@nper experimengmg CaCQ/per
gram of sand)

Exp#| 81 §2 §3 84 85 86 §7 §8

1 479 +£29| 256 + 61| 274 £+ 30| 227+ 29 | 250+ 74| 254+ 71| 211+ 22| 202+ 73

222 +30/193+13|196+10| 188+8 | 174+6 | 178+ 10| 169+15| 173+24

2
3 150+10]| 1366 | 130+4 | 154 +29|132+12| 133 +11|134+6 | 201 +34
4 112 +18| 165+40| 141 +40| 118+ 21| 117+24| 121 +12| 117+8 | 109+ 8
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To obtain, the ICPMS results were converted assunpigg2710 g [ and(io =

0.4, in order to make direct comparisons to the model output results.

Model Validation

The numerical model was calibrated using the experimental daiadof tsh e vy
two experiments (i.e., columns 1 and 2) in TabldBe columns are idealized as 80 cm
one dimensional reactors, purposefully longer than the length of the experimental column
(61 cm) to reduce the effect ohesimueaionsbounda
The initial conditions were:
1. pp=101325 bar at the top of the col umn

proyle in colbmn, rest of the

2. & =58x10"gqg (i.e., 58 x 10" g L™;

3. 6 =3gL*%
4. & =0.008g L%
5. NH4CI concentration (from which and® can be calculated): 10 g'L

6. 0 is adjusted such that the pH of the solutioatches the experimental

value, i.e., 6.2 All other componentare not present initially.

Flux boundary conditions weresed at the inlet faall componentsThe water
inflow velocity was chosen tmatch those of the experiments (see T&lg The fluxes
of the dissolved/suspended components depended oortiposition of the injected
solution. Calciumfree solutions were identical to the solution initially present in the
column.Addi ti onal | y pdurindntee infectian ofttife calianich solution

was chosen such that it corresponded to a Naicentration of 139.7 g(which
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corresponds to 185 gtof CaC}-2H,0), and that of N&such that the pH equals 5.4 (no
signiycant dissolution of calcite is expec

Column inoculation was simulated by set
inlet corresponding to the bacterial concentrations listed in Tabldt is assumed here
that the dry cell weight is.2 x 10" g/cfu **°.

After the bi oylarddwhestramgy waslgdnéralyhteimject( t
two pore volumes each of the calciirae and calciunmich solutions, a small amount
(equivalent to the pore volume of the yrst
calciumfree solution (not for column 1) minimize precipitation at the inlet, and then
shutting off t he-24hnThieaydeiwasnepdatedfor thedurpatiorf od r
each experimentln addition, periodic resuscitation (injection of at least two pore
volumes of calciurrfree growth nedium) was simulated as appropriaféde various
injections and rest periods carried out in the different experiments are reproduced by the
model. It should be noted that, in the experiments, the columns are not geomechanically
c 0 n y Weuhe changes, ich may be caused by calcite precipitation, are not
accounted for by the modeRt t he ef puent, all boundary coc
to zero, except the pressure which is atmospheric.

The parameters used for the simulations are stawe/shownn Table 33. Six
parameters wer}g kY g, ke, andmc This was doge manually
by varying these parameters within plausible ranges of validity (see footnotes in Table

3.3) to match the calcite distribution along tt®dumns in the experiments.
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Figure3.6 shows the results of the simulation for the columns used for model
calibration. The calibrated model predictedor columns 3 and {Figure 3.8)with
little error: therootmeansquare errors were 0.0046 and 0.0032, respectivébyvever,
in column 3 (Figure.7), the results diffeslightly from the experimental data toward the
effluent. These differencegarticularly toward the effluent, coulee the result of an
artifact in the experiments of calciurarbonate precipitating in the nonporauedium
containingeffluent section and settling onto and possibly intoetifleent section.
Additionally, increase bacterial (and thusreolytic) activity could be due to diffusion of
oxygenthrough the silicon tubing in the effluent leadingrtoreased microbial

concentrations, and thus precipitation.

Column 1 (simulation)

* Column 1 (experiment)
----- Column 2 (simulation)
Column 2 (experiment)

0.25

-~
~—_——

calcite volume / bulk volume [s]

T T

Y
=Y
|
1

/

jl

/

Ll —
—_— e
—— n
—
——
—

L L L MR M TR M TR MR
10 20 30 40 50 60
distance along column [cm]

Figure3.6. Calcitevolumeperbulk volumeUc. Columnsl (att=58 d) and2 (at

t=35 d) wereused for the calibratioaf the model ashownin Table3.3. Six
model paameters wergttedhere.The symbds showexperimentatiatawith
standard deviationgnd linesaresimulaion reaults. In the simulations calcite
precipitationis lower directly atthe inletasaresult ofthe hgh ionic strength
causedy the injecton of Ca?* which reduceghe activityof COs* asshownin
Figure3.2.
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0.05 |

calcite volume / bulk volume [-]
T
=
=
—=— 7
= .
™)
e ]
L R RS NI T T

distance along column [em]
Figure3.7.Calcitevolume perbulk volumed for column 3 att=17 d. Resultsof
predictivemodeling ofthe column3 experimat usingthe calibraed setof
parangtersfrom columnsl and2. Symbolsshow experimentalata,and lines
aresimulationresults. Model predictions aren goodagreement with
experimentalesultsexcepttowardthe outlet of the column. It is worth noting
thatin they r evdluationof this experimentthe amountof calcite estimatedn
the last column sectionwassigni y ¢ ahigher (gray symbol). This was
attributedto an inclusiorof calciteprecipitatedromthee f p u éimgin the u
calculationof .. Theamountof calcitein this section was subsequently
reevaluatedsepaately,andtheresulting valuas shownin black.

0.05 |

TR SN N WA [N TR TN TN SN AN TN SRR SO SO [N TR TN Y SN [N TR TR SO S S SO SR N N |
0 10 20 30 40 50 60
distance along column [em]

Figure3.8. Calcitevolume perbulk volumeU, for column 4 att=34 d. Resultsof
predictivemodeling ofcolumn 4 experimenusingthe calibraed setof
parameterérom columnsl and2. Symbolsshowexperimentatata,andlines
aresimulationreaults. Modelpredictionsarein goodagreementvith the
experiment.
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In addition to the calcite distribution along the colurti;e modeling
results are compared to the pH of th#luent samples taken during the
experiments. The samplesvere taken after mineralizatiorh@gses, 7 min after
flow was restarted.While the pH data was not used in the mockibration,
good correlation between the model amgperimentalresults were achieved
(Figure 3.9). However, the experiments generally show a strongeation of
pH than the model. This may indicate an overestimatiaf the buffering
capacity of the carbonate minefay the model, i.e., an overestimation of the
rates ofprecipitation and dissolutionData for precipitation and dissolutioates
were taken from studies without the interferenamfemicroorganisms capable of
forming biofilms. It is possible that the presence of the biofilm reduces these
rates. This may also be a source of error for the model predictidghe amount

of C&* precipitatesparticularly toward theffluent of the columns.

Column 1 Column 2

pH [-]
pH [--]

Adh 4 Mk A AL o

) I I I I I I I
0 &5 10 15 20 25 30 35 40

time [days] time [days]
Figure 3.9Comparisorof e f p Yl ovéertime resultingfrom the experimatal
procedurefor two experiments.Continuouslinesaremodel pedictionswhile the
symbolsarethe meaurements.
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Theeffect of the injection strategy used for colun2Zind on the saturation state

of calcite and hence on calcjtescipitation within the column is illustrated in Figure

3.10.

LN I B B N NN B B B N R B N R NN B RN B N N B B B B I BN B R | 20

————— biofilm volume fraction
calcite saturation state

0.04 5

0.03

0.02

biofilm volume / bulk volume [1]
Lo oo 1y a

=

—
-~
—

L L L L L L L L L L L L L L L L L L L L L L L L ]
0 10 20 30 40 50 G0
distance along column [cm]

Figure3.10.Resultsof simulaion for column 4 showingthe calcite saturation
stateq andb i oy | m v aohalomghe ¢oluranength (att = 33d) during
t h e bjomiaelaliztion phase.

It can be seen that the injection of a small amount of caléieenmedium into
the columnjust before the biomineralizatigghase leads to a reductionnohext to the
injection point. The figure also shows that the biomass dagdistribute uniformly
within the column, but accumulate®stly at the inlet due to the availability of oxygen a

the inlet.

Sensitivity Study

In order to gain some insight into the importancéhefuncertain parameters

fitted in section 4, a sensitivigtudy was conductedAll six parametersj( , ke, Cq1, Ca2,
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kun, and Rp) were varied within a given range determingheir effects on the error as
compared to the experimentabasurementslt must be noted, however, that the
parameters are varied individuallj detailed investigationf parameter correlations is
beyond the scope of this studythough t might give further valuable insight.
Nonethelesshe main sources of uncertainty for the model wéspecto
parameterizatiosan be shown with this study.

For each parameter, a lower and an upper limit wefimed. For the substrate
utilization rate k and the biofilmdensityj , these can be determined from literature (see
thefootnotes in Tabl8.3). However, for the other parametettse lower and upper
limits are more difficult to determineAs such, they were approximated by the variation
of the fittedvalues given in Tabl8.3 by approximately an order ofagnitude in both
directions (see Tabl@4). Intermediateparameter values, defined as either half or double
the fittedvalue, are referred to as low and high values, respectiVahle3.4).
Intermediatevalue simulations were carried auily for the parameters to which the

system is most sensitivas shown in Table 4.

Table 3.4 Variation of Parameters for Sensitivity Study

odg L' Kk [1d7"] car[1d"] canlld™l kwy  nw

Upper limit 50 4 40,000 800 l 2.5
Lower limit 5 l 400 8 001 0.5
High value 7662 158.76 022 2
Low value 0.055 1
Original value 10 2.5 3831 79.38 0.11 1.5

The results of the sensitivity study as showfigure3.11 clearly demonstrate

that for this setuphe models most sensitive to the proportionality fact@g. kA
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guantificationof this parameter experimentally would significaréguce the model

uncertainty.

T
high value ——
upper limit Ex=x=
lower limit sz
6 low value m— B

relative error
w
T
1

negative values mean: not investigated
-1 | | | | | |
Py Ky Ca1 Ca2 Kup Nup
parameter

Figure3.11. The effect of six parameters on the error made by the numerical model as
conmpared to thexperimental data on calcite distributiofihe histogram shows error

(i.e., total sum of the squared erréws both columns) relative to the error with the
calibrated parameters.

Simulationswith Two Fluid Phases

The effect of densphase C@on the mineral barrigs the focus of current
research by the author§he numericaimodel is a useful tool with which several
processesan be investigated and new experiments can be desiéiseth example, in
this sectbn, possible effects of frephaseCO, on carbonate precipitates are investigated
with the help of the numerical model.

A simple simulation is shown here in which €®injected into a column in

which a given amount of calci{é. = 0.1) and biofilm (i; =0.05) are initially present and
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uniformly distributed. The other initial and boundary conditioaue identical to those of
the experiments with saturatédw except pressure which is assumed to be 80 bar.

Two injection scenarios were testdd. both caesthe total injection rate and
other parameters were the samsdn the column 4 experiment (i.e., 0.155 rit), and a
constant mass fraction of water in £6 1.5 x 10* g g* is assumed (corresponding to
the saturation pressure whter in the C@Qphase at 28C and 80 bar): injection gfure
CO, and injection of 90% (by volume) G@.e.,0.1395 mL &) and 10% water (i.e.,
0.0155 mL 8).

These result in two fluid phases within the columnsimulation time of 3 d is
chosen.Two-phaseflow parameersused here include residual water and,CO
saturationsS,, =0.1 and &, =0.05, pore sizalistribution indexe- 2, entry pressuregp
=0.1 bar.The molecular diffusion coefficient for the GPhasds approximated with
Dcoz=10°dn? s™.

As can be seen in FiguBel2, the simulationshow that:

1. The injection of pure, dengghase CQleads tdimited calcite dissolution
within the column because tdéssolution of CaC@buffers the pH of the
medium, minimizingurther dissolution.

2. The injection of both CQand water leads to relativelgst dissolution.The
injected water flushes out residevdter reducing the buffering capacity of
the calcite.

As such, limited success of this technology may be s&brnCO; injection

strategies involvingarge volumes o$imultaneously injected water.
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0,15

----- A: injection of pure CO,
B: injection of two fluids (30% CO, and 10% water)
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o

|

02

PO TR TR W [N T SO WO T NN T TR T 1
0 10 20 30 a0 50 60
distance along column [cm]

Q

Figure3.12. Results of simulations (at8 d) showing the effect of pure G@nd a CG
water mixtureon calcite within the sand columfhe black lines show the calcite
distribution, while the grayinesshow the saturation of GO

Conclusions

1. Relatively uniform microbially mediated precipitatioauld be achieved in
three of the four experimenitsvolving watersaturated flow through 61 cm,
sandpackedcolumns when neanjection-point calciummedum
displacemenstrategies were used.

2. Calcium deposition efficiency may be optimizegbalancing
biomineralizing periods with bacterial resuscitateuents. Long
biomineralization periods could le#ml inactivation of bacterial cells (due to
cell encapslation),reduced ureolysis, and, ultimately, reduced calcium
depositiorefficiency.

3. A numerical model has been developed, capabiescribing microbially
induced carbonate precipitatiand dissolution in porous media in the

presence of wateand CQ flow.
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4. Part of the numerical model, i.e., for wasaturatedlow through sterilized
sand, was validated witkperimental data for ordimensional column
experiments.
It should be noted that a transfer of the model to field scenaigig not be

straightforward while focusing on modsdaleup is currently ongoin

Outlook

1. The model can and will be used to optimize injecttrategies to achieve a
large radius of influence ilargerscale, thre@limensional experiments.

2. High-pressure, dengeghaseCO, experimentwill be designed using the
model as a predictive tool.

3. Inthe future, the twphaseflow model will bevalidated with the results of
high-pressure laboratomxperiments.

4. The model would also be suitable, with slight modificatidospther
applicationgnvolving microbially inducedCaCQ precipitation including (but

not limited to) strontiunto-precipitation as well as soil and dike stabilization.

Chapter SpecifiSupporting Information

Notation Subscripty

g, + U Longitudinal and transvershspersivities [dm]
a Porosity

o Initial porosity

Ue Volume fraction of calcite {icite=lpui]

Uierit Critical porosity at which K =0

Us Volume fraction of biofilm [hiosim=lbui]

2 Activity coefficient

) Biomass growth coeiffient [1 $'] or [1 d']
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Q
x

Forar =09

TQ O 0

k e
Ka
Ka
kdiss; 1
kdiss;2

k

prec
kr
kub

sw,0

mMOooO »
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Dynamic fluidphase viscosity [Pa-s] or [g/(dm-s)]
Pore sizdistribution index

Maximum specific rate of urea hydrolysis [MeFgureaseS]
Calcite saturation state

Density [kg n¥’] or [g L]

Tortuosity

Specific surface area of calcite grains jdrit]
Decay coefficient [L 3] or [L d}]

Endogenous decay coefficient [L]or [L d]
Parameters for the calculation qQf k
Parameters for the calculation gf k

Gravitation vector [m3]

Specific rate of urea hydrolysis [MRIEYureaseS]
Maximum substrate utilization rate [[*Jsor [L d™]
Attachment coefficient [L'§ or [L d]
Detachment coefficient [L'§ or [L d™']

Paraneter for calculation ofyts [Kgizo = dnf - 8]
Parameter for calculation afg[mol= dn? - s]
Parameter for calculation of .. mol =dnt g
Relativepermeabilty

Parametefor the calculatn of Zyp

Molality [moI:kgHzo]

Parametefor calculaton of r ;.

Parametefor calculaton of ry e

Parametefor the calculatn of Z
PhaseressurgPa] or [bar]

Capillarypressue [Pa] or [bar]

Entry pressurgPa] or [bar]

Source/sinfg=L-s]
Biomassattachmentate[g/(L - 9)]
Biomassdecayrate [g/(L:S)]
Biomassdetachmentate[g/(L-S)]

Netrate of caldie dissolutiorfmol/(L-s)]
Biomassgrowthrate[g/(L S)]

Net rate of cdcite precipitation[mol/(L-s)]

Rate ofurea hydrolyss [molyreg/(L- S)]
Darcypu x/ vddmet i ty

lonic charge

S p e csurfaaeareabetweerwaterand calcitgdm? L™
Speci yc arsalbetfeanwater and sadls (i.e., bath porous matrix and
calcite) [dm? L]

Initial value ofA, [dm*L™]

Concentratiorg L™]
Hydrodynamicdispersiorfdm? s™]
Moleculardiffusionc o e f y[dm? &]n t
Oxygen consution per unitmass of substrate
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K Permeabilityjdm?]

K’ Apparentdissaiationc o e f yof H,E@;t

K*z Apparent dissociagtion coefycient of HCO
K. Apparent dissociation coefficient of NH

Keui Dissociation condants for enzymeureacomplex[mol=kgy,o]
KNha+ Parameter for inhibition due to NHmol=Kg»d]

Kpn Constant for calculation of pHependent decgynol=kgy.d]

Ke Ke Monod haltsaturation constant [g1]

Ky Ureolysis halfsaturation constaifiimol=kgyz0]

Ksp Calcite solubility produckmol=kg,0]

Kw Apparent dissociation coefficient of waf@enol=kg.,o]

M Molecular mass [g md]

S Saturation

S Residual saturation

T Temperature [C]

X Mass fraction

Y Yield coefficient

Zy Concentration of urease in porous medium g L
Subscripts
c Calcite
Attached biomass/biofilm
n Nonwetting phase
w Wetting phase

Superscripts

a Ammonia/anmonium
b Suspendebiomass
c Calcite

ca’ Calcium

cr Chloride

CO, Carbon doxide

e Electronaccepor/oxygen
f Bi oyl m

Na’ Sodium

S Growthsubstrate

u Urea

w Water

Image and EDX Analysis of Minerals

Figure3.13depicts the surface of sand from a treated column where calcium

carbonate crystals were observed in the si
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the crystals confirmed the presence of elemental calcium (data not shown). In addition,
EDX elemental mpping revealed calcium in regions where obvious crystals had formed
and silica in the region of the base materials (see F&jB This result leads to

additional support that the formed minerals were calcium carbonate.

Figure 3.13Scanning electron micrograph of Cag&€@ystal structure on sand patrticle
along with EDX el emental maps for calcium
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CHAPTER FOUR

POTENTIAL CO, LEAKAGE REDUCTION THROUGH BIOFILMINDUCED
CALCIUM CARBONATE PRECIPITATION

Contribution of Authors and GAuthors
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Abstract

Mitigation strategies for sealing high permeability regions in cap rocks, such as
fractures or improperly abandoned wells, are important considerations in the long term
security of geologically stored carbon dioxide (EC5ealing technologies ing low-
viscosity puids are advantageous in this ¢
necessary injection pressures and increase
Using aqueous solutions and suspensions thataeatieely promote micrahlly
induced mineral precipitation is one such technolddgre we describe a strategy to
homogenous| y dndgeadrdlcium ¢cadonate (Cag)@racipitates in a 61
cmlongsang/ | | ed col umn and to seal aerBoyldsr aul i c &
Sandstone coreSporosarcinapasteurb i oyl ms wer e established a
strategy developed to optimize Cagfecipitation induced via microbial urea
hydrolysis. Over the duration of the experiments, permeability decreased betwedn 2 an
4 orders of magnitude in sand column and fractured core experiments, respectively.
Additionally, after fracture sealing, the sandstone core withstood three times higher well
bore pressurthan during the initial fracturing event, which occurred pridnto o ¥ | m
induced CaC@mineralizaton.nThese st udi esndusedGagL®st bi oyl m
precipitation technologies may potentially seal and strengthen fractures to mitigate CO

leakage potential.
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Introduction

Subsurface fractures may provide leakage path¥aaygeologically sequestered
CO,. Whether fractures are initiated intentionally by hydraulic fracturing to alter
subsurface flow conditions (i.e., improving fossil fuel extraction), unintentionally during
drilling or pumping fluids into reservoirs, or eklsecause of natural formation
conditions, fractures can play a significant role in the determination of geologic reservoir
permeability and fluid flow pathways® **° As such, high permeability fraces in cap
rock or even microfractures associated with well cements may contribute significantly to
reservoir leakage potentidr" 1%

Ideally, potential C@storage sites are not connected to drinking or agricultural
water aquifers and generally, functiongliders are also separated from target storage
reservoirs by low permeability cap rockdevertheless, concerns exist regarding the
impact of potential C@migration into overlying aquifers and the atmospHéhe®2
Leakage could result in carbon credit forfeiture under a carbon trading system, wasted
resources or energy associated with the injection of @&ea hazard to overlying
functional water aquifers or endanger public he&ftht®" 1°2 Thus, primary leakage
prevention or mitigation is essential to managing risks associated with subsurtace CO
storage.

Reducing the permeability of leakage pathways with biofilm has been previously
investigated with promising resuff$ The advantage to the use of microorganisms is

their penetrability into small apertuf€% which may not be possible with higher

viscosity sealing cements, making small fractures a target for biofilm sealiey.
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disadvantage to biofilm sealing technologies is the maintendrestablished barriers;
microbial biofilms will degrade over time without nutrient supply. However, a novel
strategy using ureolysuriven biofilmrinduced CaC®precipitation to mitigate fluid or
gas leakage from subsurface reservoirs has been invesfigatéth biofilm-induced
CaCQ precipitation, a stable mineral can remain even after biofilm has dispersed or
nutrient addition has ceased.

Many microorganisms are capable of hydrolyzing urea enzymatiedligh can
influence the saturation state (S) of surrounding fluids in the presence of calcium to favor
precipitation (when S > 1) of CaGQegs 1 and 2§ ***3

CO(NHp); +2H,0 ——> 2NH,;* +CO;* (1)

C&'+CO" <«——> CaCQ(s) ()

Microbial or biofilm-induced CaC@precipitation (MICP) via the urea hydrolysis
pathway has been well explored for use in many technologies including: sealing cement
fractures, forming protective surface layers, or strengthening céneemttrolling flow
in permeable zones or channE!$® and consolidating porous media, among other
applications’?. These MICP technologies are widely researched across multiple
disciplines, multiple scales (fromicro to macro), and the understanding of treatment
control and extent is rapidly advancitfg For example, it wasrpviously observed that
MICP can produce nonhomogeneous distribution of Ca@ltich may lead to injection
point plugging, limiting the spatial extent of the treatmént’ Researchers speculated
more homogeneous distribution could be achieved by balancing the transport of reactants

with the reaction rates or improving disuition of cells™. These hypotheses were
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acknowledged and utilized to investigate an injection strategy leading to more
homogeneous CaGdistribution in the research reported here.

The overall objective of this work was to investigate whether bieifiduced
CaCQ mineralization could be scaled from a 61 cm laboratory-§diad column to
sealing a fractured 74 cm diameter sandstone pecific objectives were to (a)
develop a new injection strategy in a sdifidd column to minimize injection point
precipitation and promote homogeneous spatial distribution of g@a@il® reducing
permeability and (b) demonstrate that MICP technoleguited to sealing fractures,
which could contribute to the leakage of geologically storegd. O this end, the
injection strategy developed in the column study was used to twice seal and significantly
strengthen a hydraulic fracture under radial flmvd ambient pressure conditions in a
Boyles Sandstone cor@he primary novel aspect of this work is that Ca@(Stribution
is controlled by manipulating the Cag&aturation conditions in time and spadéis
time and space dependent control of the Gagaturation index can be applied to real
world systems to promote homogeneous distribution of GaRidg the direction of

flow and minimize neamjection-point plugging.

Experimental Methods

Bacterial Cultivation

Cultures ofSporosarcina pasteuriaureolytically active organism, were grown
overnight from frozen stock cultures to stationary phase, washed via centrifugation, and
resuspended in fresh sterile medium to aryd&f 0.4 prior to column or fracture

inoculation.
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Column Experiment

Results fron column experimentsi 4 were previously reported in Cunningham et
al. (2011) and Ebigbo et al. (201Zimilar to those experiments, column 5 was prepared
by packing a 61 cm long, 2.54 cm diameter column with sand, followed by disinfection
and rinsing (8pporting Information).Growth (ionic strength 0.2M) and calciugnowth
(ionic strength 1.2M) media were prepared as previously described (Supporting
Information) and a calciurand uredree (displacement) medium (ionic strength 0.2M)
was prepared with §/L Difco Nutrient Broth, 10 g/L ammonium chloride (Fisher, NJ,
USA), and 100 mL/L glycerol (EMD Chemicals, NJ, USA) to minimize media density
differences.Media densities were confirmed by comparing the masses of known
volumes and media viscosities weneasured using a TA Instruments AR rotational
rheometer.Column 5 was inoculated and a post inoculationai#ichment period (no
flow) of approximately 6 h was followed by 18 h of biofilm promotion by continuously
injecting growth medium as previdysiescribed” ?’. Then, the column was flushed
with calcium and uredree medium between biomineralizing stages to establisiv a
saturation state and minimize instantaneous precipitation when cajcawth medium
was injected.Finally, two pore volumes of calcitigrowth medium (0.33 M equimolar
calcium/urea) were injected to initiaté8th static biomineralization stages (Ta¥.1).

The first 7.6 cm (3 in.) of the column were replaced with displacement medium
immediately after injection of the calciugrowth medium to minimize injection point

CaCQ precipitation. During the column 5 experiment, biofilm was resuscitated by
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injecting fresh growth medium without Eavery afternoon for overnight growth as

opposed to the periodic, unscheduled resuscitation events reported in coldris.1

Table 4.1Calcium deposition efficiency and permeability reduction in five column
experiment$?’

Column Displace Calcium Calcium Reduction in | Column

No. calciumin concentration| Deposition permeability | plugged?
influent in Medium Efficiency
region? (M)

1 No 1.25 13% 66% Yes

2 Yes 1.25 24% 99% Yes

3 Yes 1.25 29% 89% Yes

4 Yes 1.25 15% 72% No

5 Yes 0.33 71% 61% No

Injection flow rates were controlled by a Masterf(@odel 7553 70) pump and

controller (Cole Parmer, IL, U.S.A.) and differential pressures were monitored with

waterfilled piezometers to assess changes to column permeabitityre termination of

the experiment, the column was destructively samplelétiermine mass of calcium

s £Ad

associ

Column and Core Fracture
Residual Effluent Analysis

ated

per

gram of

al

ong

Column and fracture biomineralization stage effluevese collected and

monitored for ammonium (NH), an indication of ureolysis, and residuafCa

concentration.A filtered portion of the effluent sample was analyzed with a modified

t

he

Nessler assay for Nfiproduction® 2’ and ion chromatography (Metrohm, USA) to

monitor dissolved C& concentration (Supporting Informationyhe unfiltered

col

remainder of the effluent sample was used to monitor pH and the number of culturable

cells usinga drop plate enumeration methtsd

u
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Core Drilling and Characterization

A 74.3 cm diameter, 37.5 cm tall Boyles Sandstone (member of the Lower
Pottsville Formation, a potential sequestration formatientified by Southern
Company, AL, USA) core was obtained from Etowah County, Alabama (Russo Corp,
AL, USA) (Figure4.1). While some unidentified artifacts associated with surface
weathering may be present with the core drilled at ground surface, the Boyles Sandstone
was chosen due to its presence at relevant sequestration depths in the Pottsville
formation. After drilling, a slab saw was used to cut the core to height and a 5.1 cm (2

in.) hole was drilled through the coreds c

1

Figure4.1. (a d) Photos showing the progression of drilling axtraction of the Boyles
Sandstone core. (a) Tkere was drilled using 76.2 cm diameter core drill under water
cooling to the depth d0100cm; (b) a secondary 10.2 cm core was drilled adjacent to the
large boreo break the core from the underlying formation with a pneurpatiep; (c) a
metal plate \&s attached to holes drilled into the tophe core; and (d) the core was

lifted free of the formation.

Samples of the cored sandstone material were sent to the University of Alabama

at Birmingham, Department of Mechanical Engineering, for permeability and minimum
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capillary displacement pressure measurements (Supporting Informaiiquoytion of
the core mterial was also analyzed for porosity and pore structure characterization via
mercury porosimetry (Micromeritics AutoPore IV 9500 Series, GA, USA) at University
of Mont ana, Mont ana Tec h angd MefalungtcalProcessimg A dv a
in Butte,Montana, USA Chapter SpecifiSupporting Information).Thin section
analysis for mineralogy and porosity was performed at the Geological Survey of

Alabama, USA (Figure &1, Supporting Information).

Core Injection System Design

A Teledyne Isco pump and controller (Teledyne, NE, USA) were used to inject
fluids either under constant flow or pressure control (Figuta) through flexible
stainless steel tubing and stainless fittings 0.635 cm ID (1/4 in.) (Swagelok, B8A).
expan@ble double packer assembly was constructed from a threaded rod, spacers,
washers, nuts, and rubber elements (Supporting Informafidm.core was placed in a
lined shipping crate on blocks to allow for effluent fluid collection and the packer
assembly \&s installed to isolate a zone between 7.6 and 15.2 cm from the bottom of the

core.

Core Initial Hydraulic Fracturing Event

The corebds hydraulic behavior was initd.@i
radial flow conditions and recording flow andepsure via the Teledyne Isco pump
Labview interface (National Instruments, TX, USA)ater was injected at constant

pressure (8 bar) for approximately 1.75 h before the rock hydraulically fractured along a
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horizontal bedding plane perpendicular to thel wete (Figured.2b). The fracture
occurred approximately 15.9 cm from the bottom of the core, measured approximately 1
mm in thickness, and extended approximately 33 cm in length on the outside

circumference of the core.

Figure4.2. Imagesf injection system and flow path from the fracture. (a) Fluids were
injected in radial flow configuration to the Boyles Sandstone core via double packer
system with a Teledyne Isco pump. (b) Original chatikelflow path was observed
from the hydraulidracture.

Core Fracture Sealing Experiments

For each sealing experiment, the pump, influent tubing and packer were
disinfected; growth medium was injected to condition the core; and 35 mg.of a
pasteuriicell suspension (cell concentrations: 2.3 *dQ/mL experiment #1, 3.8 x 10
cfu/mL experiment 2) was filled into the packer for fracture inoculat®rowth medium
was pumped at 20 mL/min to push the cells into the fracture, and fracture effluents were
collected to confirm microbial penetrationf{gént concentration measured: 2.6 ¥ 10
cfu/mL sealing experiment 1, 3.2 x%dfu/mL sealing experiment 2)Cell-attachment
periods (no flow) of #5 h were followed by 18 h of continuous growth medium flow to
promote biofilm developmentAt least twofracture pore volumes of ureand calcium

free medium were then injected to restore low Ca€Auration states to minimize
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immediate precipitationNext, greater than two pore volumes of 0.33 M (equimolaf Ca
and urea) calciurgrowth medium (ionic stregth 1.2M) amended with 0.04 g/L
fluorescein (Acros, NJ, USA) were injected to initiate biomineralizatlastly, fluids in
the fracturedos first 5.4 cm were replaced
point mineralization.

At the beginning of sealing experiment 1, after injection of the calgrowth
medium, 24 h static biomineralization stages were perforriedvever, this strategy led
to evaporative drying of the core overnight which was hypothesized to contribute to
reduced ureolytic activity because of desiccation of the biofitence, on day 14,
growth medium was injected at 0.69 mL/min overnight to reduce drying and resuscitate
ureolytic biofilm activity. During sealing experiment 2, similar injection strategiesewe
utilized except growth medium was injected overnight immediately to minimize
evaporative dryingDuring sealing experiment 2, two calcitgnowth media pulses were
performed daily (with 4 h biomineralization stages) in an effort to speed up sealing.

In the core sealing experiments, the pump was initially operated in constant flow
mode at 20 mL/minHowever, as the fracture sealed, i
shut off pressure s@oint of 7 bar in sealing experiment 1 and 8 bar in sealing
experiment 2 These sepoints were designed to minimize the risk of refracturing during
sealing experimentsThus, f or the experimentsd remaind
constant pressure mode in which the pump internally adjusts flow to maintain pressure
ratherthan constant flow moddnfluent pressure (p) and flow rate (Q) were recorded

using the I sco pump6és Labview interface.
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Prior to injection of calciungrowth medium in sealing experiment 1, the fracture
zone region on the outside circumference of the waescraped with a disinfected
stainless steel rod and particles collected as a control for XRD analydise
termination of the experiment, the inside of the well bore and the outside of the core in
the fracture zone were also scraped and particles avealyzed by XRD to determine
mineral phases present (Supporting Information Figét&S

The packer was twice removed to observe well bore and packer conditions and
confirm the packer was not clogged with CaC®@/ell bore images were collected with a
digital endoscope equipped with a reflector tube (Oasis Scientific, SC, USA) (Supporting
Information Figure 8.3). The packer was cleaned, disinfected and reinserted to the

original location isolating the fracture zone.

Sealed Fracture Strength Testing

Core sealing experiment #1 was terminated by testing the strength of the sealed
fracture by injecting water amended with fluorescein using stepwise increasing pressures
(8 bar up to 30 bar)Two parameters were measured: injection pressure (p) and flow (Q)
using the 1 sco puimageswele aoliectedainderblack ghttoa c e .

visualize breakthrough of the injected fluid (Supporting Information Figdre).S
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Results

Injection Strategy to Produce
Homogenous CaC{Distribution

Column CaC@Distribution. Aside from the neainjection-point region of the

previously reported sarfilled columns, a relatively homogeneous distribution of CaCO
was achieved along the axis of flow (Figdr&) > 2. The first iteration of column
experiments (column 1) did not employ négectionpoint calcium displacement and

the CaCQ concentration per gram of sand was significantly higher near the injection
point than in subeyuent column experimeftd’. Beyond the first 7 cm, relatively
homogeneous distribution along the flow path was achieved, particularly in column 5
(Figure4.3). Column 5's injegon strategy included the use of equimolar ratios of urea
and C4" in the media, neanjection-point rinsing during biomineralization stages, and
regularly scheduled resuscitation evenikbis evolved strategy served to produce a low
influent region CaC@concentration to minimize neajection point plugging and
homogeneous distribution of Cag@ver the rest of the columnVhile the contribution

of bacteria to the reduction in pore space was not quantified, at the end of the Column 5
experiment calcé was calculated to occupy an average of 15.4% of the 47% porosity of

the sand pack.
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Figure4.3. CaCQ concentration (mg) per gram of sand with error bars representing the
standard deviation of measured calcium by-M® in vertically positioned column
exper i mMer tusmnCealuhn #5) Reduced CaGd the neatinjection-point

(93 + 3 mg/g sand) was measured in column #5 {imgactionpoint displacement

strategy employed) as compared to column #1 (478 = 29 mg £@€&ahd). Adapted

from Ebigbo(2012) and Cunningham (2011).

Core Fracture CaC{istribution. Radial distribution of precipitates in the core

fracture experiments could not be quantitatively determined without destructive core
sampling (undesirable since further experiments are pthnbespite this limitation,

visual observation of the well bore revealed apparent Ga@ipitation, as compared

to regions without treatment (Supporting Information Figure S3a anddwitionally,

calcite was detected via XRD from the scrapingoét f ract ur e regi on
exterior (Supporting Information Figur&t2b) and from scrapings of the well bore post
experiment (data not shownVhile it could not be quantitatively demonstrated that
CaCQ formed homogeneously along the length offtaeture, qualitative evidence

(visual observation and the positive calcite detection with XRD) suggests thagCaCO
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precipitated at least inside the well bore and outside the fracture (i.e. at the beginning and

end of the flow path).

ResidualEffluent Analysis

Column Ureolysis.As previously reported, column experimenitg Hid not

employ regular biofilm resuscitation events but rather resuscitation was initiated when
effluent NH;" concentrations were observed to decrease to as low as 5.4".g/in the
column 5experimentresuscitation events were performed nightly which contributed to
maintaining an active ureolytic population and high effluentNténcentrations.

Effluent NH;" concentrations averad 13.3 + 3.3 g/L.

Core Fracture UreolysisOn the basis of low average effluent NH

e

concentrations (4.6 2.4 g/L) in core sea
was hypothesized that evaporative drying between biomineralizing injeatams

negatively impacting th8. pasteuribiofilm, reducing the ureolytic activity, and thereby

reducing C&' precipitating activity’”>. As such, on the 14th day of sealing experiment

#1, the injection strategy was modified to include an overnight growth pulse to minimize
desiccation and revive biofilm ureolytic activitpfter day 14, it was consistently

observed that the average Nidoncentration (12.8 + 1.2 g/L) and effluent culturable cell

numbers were greater after initiating overnight biofilm resuscitation events (Figure S4

Supporting Information).
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Column Calcium T h e ¢ o | i deposition efficiency was calculated as the

sum of the mass of ameasured in each column section determined from inductively
coupled plasma mass spectrometry d@8) divided by the total known mass ofCa
injected. Columns 14 utilized biomineralizing media with 1.25 M calcium and 0.33 M
urea where C&A deposition efficiency was limited by the production of £Grom

ureolysis and complete Egrecipitation could not bachieved” #”. The injection

strategy employed for column 5 involved using equimolar concentrations of urea and
C&* (0.33M) in the biomineralizing solutions and regularly resuscitating the biofilm with
growth medium.This, as predicted, yieddl greater overall Gaprecipitation efficiency

(Table4.1).

Core Fracture Calciumkor the core fracture sealing experiments, evolved

injection strategies using media with equimolar concentrations%fa@id urea (0.33 M)

and regularly scheduled resuscitation events were utilized (beyond day 14 in experiment
1). Calcium deposition efficiency was calculated by comparing the differences between
known injected C& mass and the residueffluent C&*. In sealing experiment 1 as

much as 93% and in sealing experiment 2 as much as 86% of the injettec€a

estimated to have been deposited.

Permeability

Column PermeabilityColumn flow rate and differential pressure were recorded

to calculate hydrauliconductivity (eq3) which was converted to permeability using

165

measured fluid density and viscosity (4 K is hydraulic conductivity, Q is
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measured flow rate, op isectiodal coldimmarear(31i a | pr e
cn),Liscoumnlegt h (61 cm), k is permeabid ity, e
1.01 x 16° 1.05 x 16° kg/m-s displacement medium, growth medium, calcium growth
medi um, respecti vel 3 andgisthe ascelerationofigtawity ( 1 0 1 3

(9.81 m/3).
6 o8l 3)
Q — (4)

The permeability of the columns was reduced biy98% (Tabled.1) as
compared to 0% in previously studied control columns either not inoculated with
microbes or inoculated with a nameolytic strain oBacillus subtilis> *°® Variations in
these values were attributed to not all columns being plugged oeaubting system
pressure limits when destructive sampling occuriei@ase note: the prescribed goal of
these experiments was development of methods to produce homogeneous distribution of
CaCQ along the flow length of the columns, not to plug the coluorrdetermine the

maximum reduction in permeability achievable.

Core Fracture Permeabilitfzracture hydraulic conductivity was calculated using

an equation for radial Darcy flow in confined aquitéts To calculate conductivity of

the fracture wheflow was preferential through the fracture, the equation was modified

to scale from full radial flow to fracture
the fracture length to core circumference ratia gwhere bis approximate fracture

apeture, b is effective width of screened area in the packgs, the radial extent of the
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fracture at the outside of the core, apdsrthe radius of the wellAfter day 23 (sealing
experiment 1) and day 5 (sealing experiment 2), conductivity was a@dukith the
equation restored to its original form as fluids stopped flowing through the fracture

preferentially and radial flow was observed.(@q

O 0 - ®)

0 00— (6)

We assume (1) constant fracture aperture, (2) wellbore flow into the matrix is
negligible compared with the fracture flow (until full radial flow is restored), (3) the ratio
of t he f r acumiererestsinnerwell dare ciccunmference is the same as the
outer fracture circumference to total core circumference, (4) fracture flow is horizontal
and any vertical fracture flow is negligible, and (5) fracture roughness is nedi®¥cted
The calculated conductivity was converted to permeability using measured fluid viscosity
and density parameters \ag 4 (Figure4 4).

After sealing experiment 1, the sealed fracture strength was assessed with a
second hydraulic fracture everRressures applied to the well bore were increased
stepwise (830 bar) over the course of 1.6 h until fluids were obsenaurily from the
fracture. The flow rate of water increased from 1.5 to 160 mL/min as the differential
pressure increased from 8 to 30 beraddition to the visual observation of water
beginning to flow rapidly from the fracture at 30 bar, the flow pateped quickly from
8.8 mL/min at 28 bar to 160 mL/min at 30 bar when the apparent refracturing event

occurred. Calculation methodologies outlined in egs 5 and 6 were used to estimate the
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permeability. Before reaching 30 bar, when fluids were not obskfieving from the
fracture, the permeability was calculated using eq 6; at 30 bar with fracture dominated
flow, permeability increased and was calculated with eq 5 (F#G)e Since the packer
was likely leaking at 30 bar, the pressure was decreagedtb ar ( not Dbeyond ¢

pressure limit) to confirm the refracturing permeability 4f0® md.
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Figure44: Cal cul ated reduction in permeabilit.y
and #2 (06) . Arrows indicate when radial r

observed and also where the transition was made to calculate permeability using Equation
6 (full radial flow) as opposed to Equation 5 (fracture dominated fléwyday 23 and

day 5 (for sealing experiment #1 and sealing experiment #2, respectively) no fluid flow
was observed from the fracture and the injected fluids extended radially from the well.
Calculated permeability reduced from approximately 23,000 md to approximately 0.1 md
in sealing experiment #1 and from approximately 2,400 md to approximately 0.1 md in
experiment #2. Numerical results are reported as averages of several data pothes ne
beginning and end of each experiment.

Black light images (Figure S4.5, Supporting Information) revealed channels
where fluoresceramended fluid flowed after the fracture reopened. THeacture flow

path showed fewer distinct channels, and the second sealing experiment began with

permeabity reduced from the original hydraulic fracturing event. Because of these
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observations, it was hypothesized that some of the original pore channels were not

reopened or opened with a reduced aperture during the refracturing event.

[EnY
o
o
o

> Debp>

Suspecpacker
leakage; removed
packer, retightened,
& restarted pressure

10 nnnnnnnn
morcasc
A

anD
AD
AAAAALAA A D

Permeability (md)

A

0.1

0 5 10 15 20 25 §o 35
Pressure applied to well bore (bar
Figure4.5. Stepwise increase of applied well bore pressure acted-toaek the sealed
fracture after sealing experiment #1 ( &)
from approximately 0.2 md to approximately 2,100 md aftdraeture; an increase of

two ordersof magnitude.

Discussion

Toward developing fiekécale relevant MICP fracture sealing technologies, an
injection strategy was developed to homogenously precipitate £at@Ominimize near
injectionpoint plugging, decrease permeability while increasinggtreated strength of a
hydraulically fractured messcale core and more quickly seal a core fracture. Column
data (14) discussed within this paper have also been used to calibrate a reactive transport
porescale ureolysiglriven MICP model which cantimately assist with further
improving injection strategie€. A combination of modeling and experimentation is
necessary to expand these procedures towardrédgant scale.

Several researchers have reported higher levels of mineral precipitation near the

injection points in columns or other reactor studiés™ *® Extending mineral
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precipitation homogenously may be advantageous to sealing multiple fractures while
preventing neainjection-point plugging'® 2% In these studies the extent of CaO
precipitation was controlled to prevent n@gectionpoint plugging by (1) displacing the
available C4' in the injection region during active biomineralization periods, and (2)
reducing the saturation conditions immediately prior to calguowth media injection
to prevent instantaneous precipitation.

Other MICP studies have reported changes in propestiporous materials like
increased compressive strength and reduced permedbitty'®* Sandés compr es:
strength has been shown to increase to 570 permeability was reported to
decrease 1%9.9% because of CaG@@recipitation in sad-filled reactors or sandstone
cores? 131989188 |5 the studies reported here, permeability was decreased up to 99% in
columns and 4 orders of magnitude in core fractufdthough column sand compressive
strength was not measured here, the MICP treated fracture withstood greater than three
times the applied well bore pressure before refracturing.

As other researchers have noted, microbes provide nucleation sites fog 16aCO
precipitate (Supporting Information Figurd.6), and CaC@precipitation may inactivate
microorganisms or create nutriegiffusion limitations, leading to reduced ureolysis and
reduced biomineralizatiofl' "> 82 1°7 Also, biofilms, particularly the extracellular
polymeric substances (EPS), are generally highly hydrated and may create an
environment where ions or molecules may accumulate in higher concentrations than the
bulk fluid *®. As such, maintaining the hydration and ureolytic activity of the biofilm

needs to be balanced with the goal of precipitating Gakc€hortenedfield-relevant,
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time scales.The shortened duration to seal the core fracture in sealing experiment 2 was
possibly due to immediately starting overnight resuscitation phases or increasing the
daily number of calcium growth pulse$he faster observed dem may have also been
due to additional nucleation sites available from remaining Gaé@osited in the first
sealing experiment, fewer open pore channels (as observed from fluorescein tracer
images), or lower initial fracture permeability, perhapsaating smaller overall fracture
aperture size.

In consideration of field relevance it is important to question the source of
ureolytic organisms in the target formatiddreolytic organisms may either need to be
stimulated (biostimulation) or injected d@iugmentation)®. If injected, organisms must
penetrate the pore spaces of target formations, and microbial triacepdue restricted
by permeability, pore throat size, tortuosity of the matrix, and other complex factors such
as cell stickiness or electrostatic interactih&" *> Should microbial injection ther
than biostimulation be necessary, starved bacteria or spores might penetrate more easily
and evenly; soil microbes typically are one to two micrometers in length where starved
bacteria are smaller, down t &% &hcamet er
microorganisms are small and starved microbes and spores are even smaller, the MICP
treatment of small aperture fractures like in the core experiments shown here may be
possible with this technology.

In addition, field relevance of MICP fracture sealing also depends on economic
feasibility. Assuming the use of similar injection strategies and nutrients presented

within this paper but in quantities relevant to large scale fracture sealing er field

(0]
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depbyment, analytical grade urea, carbon, and calcium sources (12%, 18%, and 22% of
media costs respectively) represent major economic impact fa@ptsnizing C&"*
deposition efficiency and utilizing alternate carbon, urea, and calcium sources such as
cabon and calciunrich industrial waste streams, urea fertilizers, or calcium chloride ice
melting products may provide cost savings in large scale urealygen MICP projects
17, 30, 73.

Several challenges exist when considering the use of this technology in relevant
subsurface C@storage site conditions including elevated temperatures, pressures, and
the presence of supercritical €8cCQ), a known antimicrobialln the case of
bioaugmentation, the use of certain mesophilic microorganisms will likely limit the sites
and depth where this technology might be applied because of temperature limitations.
That said, previous evidence suggests that ureolytic organisms grow in-$agjhis*® >
> and high pressure environmentnd that biofilms are resistant to the antimicrobial
effects of scC@?°. We present evidendbat evolving injection strategies produced
homogeneous spatial Cag@stribution and minimized injectiepoint plugging in sand
filled columns and reduced permeability in fractured sandstbhis suggests that the
biofilm-induced CaC®@precipitation technology has the potential to seal fractures and
improve longterm storage security of geologically sequesteredi@®ubsurface storage
sites like deep saline aquiferddditional research including mesaale high pressure
experimentand modeling will help develop these techniques and improve cost

efficiency toward fieldscale implementation.
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Chapter SpecifiSupporting Information

Supportinginformation: Experimental Methods

Column and core fracture experiment tubing and pumps adveirdected and
rinsed with the following successive watea s ed aut oc |-fdteredld or 0. 22
solutions: 1% v/v bleach (Clorox, CA, USA) and 3.5% w/v Tween 80 (Acros, NJ, USA);
10% wi/v NaCl (Fisher, Fair Lawn, NJ, USA); 1.26% w/v sodium thiosulfaté¢Fis-air
Lawn, NJ, USA); and 1% w/v ammonium chloride (Fisher, NJ, US3)

Growth medium was prepared with 3 g of Difco Nutrient Broth (BD, Sparks,
MD), 20 g of urea (Fisher, Fair Lawn, NJ), 10 g of ammonium chloride (Fisher, Fair
Lawn, NJ). Calcium growth medium was prepared as growth medium with the addition
of 49 g of calciunthloride dihydrate (Acros, NJ, USA) dissolved in 1 | of nanopure
water. As necessary, the pH of the medium was adjusted to between 6.0 and 6.3 before
the addition of calcium chloride dihydrate to prevent abiotic precipitation (the final pH of
calciumgrowth medium after calcium addition was 5.4 to 5.6).

Concentrati ons -ftéreddcaldusnavéresneedsurédlby &2 € m
Metrohm 732 IC detector after separation through a Metrohm Metrosep C4
150mm/4.0mm IC column in an Agilent 1100 series HPO®e sanple was pumped
through the 25 C column at 0.9 ml/ min with
2,6-pyridinedicarboxylic acid (Sigmaldrich, St. Louis, MO, USA)) and pH adjusted to
2.7 with tracemetatgrade nitric acid (Fisher, Fairlawn, NJ, USA)rnanopure water.

Results from samples are calculated by com
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those derived from injection of multiple concentrations of a mixed cation standard
solution (calibration curve).

The double packer system was constructad/o rubber elements which were
axially compressed by tightening the nuts, thereby sealing against the well bore and
isolating sections of the bore holBrior to implementation, the packer assembly was
tested for leakage at injection pressures up toasmnd was found sufficiently leak tight
up to 25 bar.

Supporting Information: Core Porosity,
Permeability, and Pore Structure Characterization

The University of Alabam&i r mi nghamés Mechani cal Engi
laboratory determined permeabilitf Boyles Sandstone sample by steady ffi&with

1 172and by pressurpulse decay’®. The

correction for the Klinkenberg effet
minimum capillary displacement pressure was measured by a method developed by
Hildenbrand'’ for quantitative assessment of the potential for seepage tifrgagh
fine-grained rocks.

The University of Alabam#&i r mi nghamés Mechani cal Engi
reported minimum capillary displacement pressure of 10 psi and permeability of 0.42 md
by steady flow and 0.49 md based on pressure pulse decay methodedomeability
measurements on the entire core before fracture at Montana State University revealed
values of 2.2 to 2.5 mdThe difference may be due to heterogeneities in the large core

materials. University of AlabarBirmingham samples were only Zf in diameter and

tested in an axial orientation where the Montana State University measurement was
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performed on a 74.3 cm diameter core under radial flow conditiddditionally,
Leisegang bands may influence permeability in localized rediGeausing discrepancy
between the two measurement methddercury porosimetry measurements performed
at the Center for Advanced Miral Processing (Montana Tech) revealed Boyles

sandstone porosity of 11.7% and an average

Supporting Information: Thin Section Analysis

Vertical and horizontal thin sections from samples of Boyles sandstone revealed
very fine tocoarse heterogeneous quartz sandstone with significant proportions of
orangered detrital clay and pores free of cemehhe sample porosity was determined to
be dominated by feldspanoldic porosity and lesser intparticle porosity.Most pore
throatswere thin spaces among tightly packed sand particles and where porosity was
relatively low, pore throats were long and tortuous; where porosity was higher, pore
throats were shorter and straightém.the most porous areas some pore throats were wide
enowh to show measurable width under the petrographic microscope (Fgljye S
Porosity ranged from negligible to about 30% on the scale of a few millimeters and

averaged approximately 10%.
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Figure .1. Thin section of Boyles sandstone core from pe#jolgic microscope in

plane polarized light. Blue epoxy reveals pore spaces. Image (left) depicts a higher

porosity subsample of the core, where image (right) shows lower porosity. Oraxge

detrital clay can be seen in spaces of the sample (right).

Suppating Informatian
XRD Analysis ofMinerals

The collected particles were acetone mounted on glass slides prior to analysis
with X-Ray Powder Diffraction Spectrometer (XRD) (Scinta@gskN 4000 XRD) at the
Image and Chemical Analysis Laboratory at MontataeSUniversity. The particles
were scanned from 20.0 to 65.0 degrees at 1 deg/min and DMSNT analysis software
(Scintag) was used to characterize the mineralogy of the samples.

XRD spectra from the control, an internal well bore scraping, and a scrdping o

the fracture on the outside of the core at the termination of the experiment was compared

to reference spectr&XRD results of the original Boyles sandstone control revealed only
the presence of quartz (SIdFigure $.2a). Spectra from the internalell bore (data

not shown) and the outer circumference fracture region, after biomineralization indicate
the presence of quartz and calcite along with either calcium iron hydroxide or vaterite

(Figure 31.2b) as indicated by the presence of one single gaeagproximately 33
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degrees.A strong positive identification could not be determined due to low signal

intensity of those minerals in the sample.
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Figure &.2.Spectra from XRD analysi{g) Control,(b) Fracture region scraped after
biomineralization and subsequerdfracturing.

Supporting Information: Additional
Observations and Results

Apparent CaCO3 Region of no apparent
precipitation CaCO; precipitation

O g s o O b)
Figure &.3. Apparent CaCg@precipitation observed in the well bore via endoscép)y.
Arrows point tothe primary horizontal fracture which was strengthened with biefilm
induced CaC®@precipitation,(b) arrows show regions of apparent Ca@@d an area
where no apparent CaG@ observed.
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Figure &.4. Residual effluent concentrations of (0) NHand &) culturable
microorganisms in the collected core fracture sealing experiment #1 effluent sample.
Values remain higher after changing the injection strategy to include overnight
resuscitation of the biofilm following day 14 in core sealing experiment #1.

a) b) -

Figure 81.5. Black light images of fluoresceamended fluids flowing from the fracture

(a) Image of fluorescetamended water exiting fracture during applied pressure of 30 bar
after sealing experiment #1 when itfractured with fewer flow cannels(b) Image of

the first fluoresceiramended calcium medium injection during sealing experiment #1
showing more numerous flow fingering or channels exiting fracture.



Microbe-like structure
associated with calcium
containing mineral
deposits

10pm

Figure 8.6 Scanning electron micrograph of micrelile structures associated with
calciumcontaining mineral deposits (confirmed with EDX but data not shown).
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A MESO-SCALETEST VESSEL FOR THE EXAMINATION OF
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CALCIUM CARBONATE PRECIPITATION MICP)
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Abstract

A mesascale highpressure vessel for testing subsurface relevant processes under
simulatedn situpressures has been designed and constructed. This system lis oapab
providingpressures up to 96 band is capable of housing porous media samples such as
rock cores up to 74 cm in diameter arqto 50cm high. A valved switchboard allows
for fluids to be pumped into the vessel under radial flow conditions aiad theing
extracted from the vessel to be sampled in a spatially reswlgader The switchboard
assembly also allows for the monitoring of real time pH and conductivity of either the
injected or effluent fluids. The vess®san optional heating jacket to control simulation
temperatures. The system can be used to investigate a wide range of subsurface relevant
processes, including those related to a variety of oil and gas industry interests such as
fracture sealing for impromg the security of geologic carbon sequestration.

As an example, this paper describes the use of the vessel to study warolesis
calcium carbonate precipitation to redtiee permeabilityof a hydraulically fractured
coreunder relevant subsurfacespsure conditios(44 bar) The core was inoculated
with Sporosarcina pasteurand biofilm growth was promoted in the fracture, followed
by injection of calcium and urea containing growth reagents to promote saturation
conditions favorable for ureolysdriven CaCQ precipitation. The biofilrinduced
CaCQ mineralization treatment reduced the permeability in the mineralized fracture
more than two orders of magnitudéhis singlehigh pressure experimestiggests MICP
can be used to reduce permeabilityractures under relevant subsurface conditions.

This study also suggests the high pressure vessel is suitable for testing biogeochemical
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processes in messtale porous media samples under presskine.high pressure test
system could alsbewell suited for studyingnicrobiallyi enhanced methane production
from coal, well bore and cement integrity challenges with corrosive fluids, proppant and
hydraulic fracturing fluid investigatianbacterial induced corrosion biofouling among

many other industryelated biogeochemical processes.
Introduction

Laboratory studies of geochemical and biogeochemical processes are often
limited to the small core scale and may not incorporate reasonable three dimensional and
geologic heterogeneity®. Field tests are expensive, laborious and often field
opportunities are limitedTherefore, to prepare for field scale experiments or technology
deployment it is important to scale up to study more realissdu processes.

Intermediate experiments performed at the reesde (defined here as ~1/2 meter to
meter scale) can moréosely simulate realvorld environments by incorporating larger
scale phenomena that are not captured with typical lab scale experifiants may
lend knowledge valuable in the transitimrthefield scale'® .

Aside from commercially available core analysis equipment, such as those
available from Coréaboratories (Texas, USA), multiple high pressure vessels have been
designed and constructed for the study of methane hydfaté$ sampling and analysis
of deep sa microbiology®* and a largescale high pressure vessel for purposes of
petroleum industryelated studie$’®. Studying biogeochemical processes under relevant

subsurface conditions is important beca{lgenicobial activity can be impacted by
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pressure condition$*'%4 (2) chemical reactions (particularly gaseous reactions) may be
enhanced or inhibited by high pressumed(3) porous media characteristics like porosity
and permeabilitgan be altered by pressdfé ¢ As such, a messcale highpressure
vessel (described herein) haeh constructed and used to study biogeochemical
processes porous media samples under relevant subsurface pressures.

Microbially-induced calcium carbonate precipitation (MICP), particularly
ureolysisdrivenMICP, has been studied extensively for @evrange of engineering
applications including enhanced oil recov&tyimproving construction materials™: *#’

a 16, 31, 10’8

consolidating porous medt remediating envdonmental contaminants 24

> 63,1930 enhancinthe storageecurity of geologically sequestered £ 1%
Ureolysisdriven MICP involves microbes, particularly in an attachethfalso known
as biofilm, to influence the saturation conditions of calcium carbonate to favor
precipitation. The microbes produite enzymeureasevhich catalyzes the hydrolysis of
urea to form carbonate and ammoniulm the presence of calcium, thednglysis of
ureacan creatdéavorable saturation conditions for the precipitation of calcium carbonate
37, 38, 45(Eq.1—2).

CO(NH,), + 2H,0 ——> 2NH + CO# (1)

C&"+CO? <—> CaCQ(s) (2)

Ureolysisdriven MICP was choselor the first studywith the high pressure test
vessel to make relevant comparisons of permeability reduction via MICP at different

confining pressures. It has been sh@seviouslythat ureolysisdriven MICP can occur

atelevated pressuseelevant tahoseencountereatgeologic CQ sequestration site’s”.
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Ureolysisdriven MICP wasalsoused previously to reduce permeability in a
hydraulically fractured Boyles Sandstone carambient pressure Also, sveral MICP
field scale experiments have previously been perforthé?! Yet, MICP atboth
elevatedpressuresindat mesescale hasotbeen previously demonstrateBxperiments
performed under relevant subsurface conditions and on avedlaore scale allovior
the testing of injection strategies, monitoringloé population of microbes, and gathering
of data to transitiofrom the laboratory scale to tfield-scale.

The purpose of this paper is to describe a new high pressure test vessel capable of
the examination omesascalesubsurface relevaprocessesTo illustrate the vessel
capabilitiesanexperiment vascarried out undeelevated pressunditions tostudy
the permeability reduction in a hydraulically fractured sandstonedc@ o ureolysis

driven calcium carbonate precipitation

Materials and Methods

Vessel Design and Construction

The pressure vessel was designed to inject and extract pressurized aqueous
solutions, supercritical carbaitioxide, or other fluids or gases into mestale porous
media samples (such as rock cores)pfai74 cm diameter arkd cmin height under
reservoir relevant pressure and temperature conditions. In order to keep the vessel
fabrication cost and weight low the vessel was specified for a maximum allowable
working pressure (MAWP) of 96 bar at 43°Since the supegritical point for carbon
dioxide resides at 74 bar and 31.5°C, this means a differential injection pressure of up to

22 bar over the Cgxritical pressure can be safely applied. The vessel was designed,
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fabricated and tested accordingd8ME standards by Alaskan Copper Works in Seattle,
Washington.

The vessel is comprised of a bottom sided blind flange of 132 cm diameter and a
flanged shell with an inner diameter of @i and 54&m height. The bottom blind flange
is mounted by means oféntye i gh8t WLN x 140 studs and heavy
tightened to 270 Nm. The flange is sealed against the vessel witlman9nbde Viton
O-ring of Durometer 88 (Shore A).

The vessel cap has a round access port with an inner diameter of 20ecm. Th
access port is covered by a raised blind flange of 42 cm diameter. This raised top blind
flange has 12 ports that allow for fluid delivery, sampling and extraction under pressure,
as well as for the installation of necessary safety features. Thenddlahge is
mount ed by meanis8 oUN txweblov es tlu.dls2 5aond heavy h
600 spiral gasket used to seal the flange to the shell.

The dry weight of the vessel is 2925 kg, not including the supporting frame that is
mounted to the baitn blind flange. All wetted parts of the vessel were fabricated from a
304 stainless steeln order to reduce cqghe bottom flange was made from an-$@5
carbon steel cladded with a 12.4 mm thick 304L stainless steel plagemass of the
v e s sflanbged ®op shell is 1350 k@A gantry-style overhead crane (Contrax Industries,
Neenah, WI) specified to 2 tons is used to lift the top shell, and to load or unload heavy
samples.An optional heating jacket can be applied to the outside of the vassedl s

experiments under higher or lower temperature than ambient temperature be desired.
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The pressure vessel configuration, with flaemain blind flange located at the
bottom, waglictated byheight constraints in the laboratory, plus the need foarad
underneath the vessel that assured safe and easy transportation with a palket jack
such,aflat versus sphericdlottom shelwas constructed

Fluid Delivery &
Sampling System Design

The fluid delivery and extraction system (Fig&t&) conssts of two ISCO D1000
(1000ml) (Teledyne, Nebraska, USA) positive displacement pumps, a paskenbly,
an optional samplingacket, an optional heatingcket and custom designed valve
switchboard.The fluid delivery intoor extraction from the vessel canftmv-rateor

pressureontrolled

Figure 51. Mesoscale pressure vessel with fluid delivery and extraction system. Shown
on the left is the custom design&ditchboardor directing injection fluids, fluid

sampling and meteringn the center is the custom fabricated pressure v&ase¢he

right are two positive displacement punffsco)with controller and a laptop computer

for data acquisition.
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Internal Vessel Sampling Jackéthe system was designed with an optional

samplingjacket, although the jacket was not used in the experiment described in this
paper. The additional space required for the samigetreduce the maximum
allowable porous media sample or core diameter to 71 cm. In the event that a non
homogenous dractured core specimen is used in the vessel, fluids exiting the sample
core at different locations on the circumference may vary in flow velocity or
composition. The optional internal fluid sampling jacket was designed to selectively
sample fluids frontertain regionsvhile under pressure (Figuse).

The sampling jacket was manufactured from a 20 ga. 304 stainless steel sheet
metal rolled into a circular sleeve (JE Soares, Belgrade, MT, USA). The sampling jacket
diameter is adjustable @noverlappirg sectiorthatcan be tightened against the sample
with hose clampsFlexible tubing can be used to seal between the core and the sleeve to
partition the sampling regions:luids from six individual sampling regions could be
extractedhroughpipe insereéd between the sample and sleeve which are connected to a
manifold (Figures.3) and routed to the switchboard. The amount of intermixing between
fluids that exit the core, and the fluid used to maintain the required confining pressure,
could be reduced bijlling the space between the sample and the sampling jacket with

porous media such as small gravel or polymer balls.
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Figure5.2. lllustration of a sheanhetal sampling jacket mounted around the sample core
(1). Compressible tubing inserted in betweendfagnless steedleeve(2) and the sample

(1) can divide the space into six compartments for spatially selective sartiplogh

pipes (3) inserted into the compartments connected to a manifold and ultithately
valved switchboard

(b)
Figure5.3. Top flange manifold illustration and image. (B)strationof vessekop
flange(1), valveports(2) and manifold3) are connected to each other by way of
flexible stainless hosemd then can besed for sampling, injection and extraction of
fluids andconnection of safety components (b) image of the manifold and flexible high
pressure hoses (4) connecting the sampling ports from the top flange to th@dnanif
which is then connected to the valved switchboard (Figure 5.4).

Valved Switchboard A valved switchboard was designed and assembled in order

to allow for convenient and safe switching of fluid to different pathways or functions. A
multitude of operational steps in connection with the experimental process can be

exercised with this switchboardych ag1) filling and venting the packer or vessel, (2)
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injecting a microbial inoculum, (3) cleaning and purging the system between
experimental steps, (4) collecting influent and effluent samples and (5) monitoring real
time pH and conductivity.

Figure5.1 presents a side/front view of the switchboard together with the
connectingpipest hat | ead t o t Hegureb.dshewvs thdaskviewop f | ang
the valve switchboardssembled frorstainless steel piping and 210 bar rated 2\&a3
valves tominimize potential corrosion (Swagelok, Idaho, USK)gure5.5 illustrates the

system diagram which was used to construct the valved switchboard assembly.

Figure5.4. Image of the valved switchboard systdrhe tack side of valve switchboard
showingthe sampling loop (coiled hose to lower left), a pressured reservoir for injection
of inoculum (centeright), and the pHand conductivity sesors (lying on wire frame
shelf(Barben Analyzer Technologies, Nevada, JSA
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Safety and Control

Since the vessel can be used to investigate biological or corrosive processes, itis a
concern that fouling could impair the function of the safety equipment. To minimize the
risk of safety mechanism failure, several redundant safety mechanisms welelitistea
would be triggereth case ofan unacceptable pressure situation including:

a) The ISCO/Teledyne pumps are set to not exceed the MAWP

b) Anindependently operated pressure sensor (Omega, Connecticut, USA)

mounted to the top of the vessel to shut dpwmp flow in anunder or over
pressure situation combined with electronic notificaiegy. SMS or emaitjp
research personnel

c) A burst disk (Zook, Ohio, USA) installed in the packer injection piping system

and at the vessel

d) A pressure relief valvees to open at 1400 psi to maintain vessel pressure below

MAWP (Swagelok, Idaho, USA)

Experimental

Vessel and Core Preparation

A Boyles Sandstone core was hydraulically fractaegreviously described by
Phillips et al. (20135. Immediately after fracturing, the satatse core was loaded into
the high pressure vessel A sampling jpe was placed directly below the fracture to
collect samples of the fluid exiting the fracture (Figb®. The vessel was assembled
around the core and filled with2 g/L NaCl brine and tawater solution. The core was

allowed to saturate over two days and the vessel was topped off with brine prior to



131
sealing. Initial fracture hydraulic conductivity, subsequently converted to permeability
wasestimatedy flowing brine through the packeystem, monitoring flow and
differential pressure and calcutad permeabilitypased on equations for a confined

aquifer in radial flow condition&>.

Figure 56. Image of core prior to high pressure biomineralization experiribatcore
was situated on the base plate of the vessel and a samplir(@)tulaes placedlirectly
under the fractureo collect fluids exiting from the fracturegion (2)

Fracture Sealing Experiment

The confining pressure was set to 44 Imausing theTeledyne pump to
pressuize the brine in the vesselThis pressure was set to mimic relevant subsurface
conditions at ~457 m below ground surface, corresponding to a potential target field
deployment site in the Boyles Sandstone layer of the Pottswithadtion in Alabama,

USA (Richard Esposito, personal communication). As previously described by Phillips
et al. (2013), and Cunningham et al. (2013), growth medmomaining0.33 M urea was
injected into the core via the double packer system prioréocting a culture of
Sporosarcina pasteuriiPrior to inoculation,he culure was centrifuged at 6000 rpre;

suspended in fresh growth medium and injected through the double packer into the



132

fracture at 20 ml/min. Following a 4.5 h attachment periocdbdfow, growth medium
was injected for 7 h to promote biofilm formation and then calcium pulses (0.33 M urea
andcalcium) were initiated. Calcium pulses were performed as previously described to
minimize neaiinjection-point plugging® . During the experiment, differential pressure
and flow rate were monitored to assess changes in permeability oveEifluent from
the sampling region directly below the fracture was nooed in real time to determine
changes irthemistryusing high pressure pH and conductivity probes (Barben Analyzer
Technology, Nevada, USA). Ureolysis can be monitored by measuring the increase in
conductivity over time, as urea is namnic but the prodcts of ureolysis are ionic species
(Eq. 1)”’. Additionally, effluent samples were collected during each pulse to determine
culturable cell concentrations through drop plate meth¥dsn the beginning of the
experiment two colony morphologiesere observed on the agar plates. These colonies
wereused tanoculate filter sterilized growth medium and pH and ammonium production
after 24 hoursvereusedto confirm theo r g a npotentied for ureolysis.

During the first 19 calcium injections,2d-hour cycle was as follow$1)
injection of calcium with a 4 Btagnatiorperiod,(2) secondnjection of calcium with a
second hstagnation perigd3) injection ofgrowth medium injection wita 16 h
growth period However, a consistent permealilieduction had not been achieved by
calcium pulses #19which differed from previous ambient condition experimavigre
the fracture sealed after 14 and 7 calcium pilsétswas unknown whether the elevated
pressure or the presence of confining fluids were impactmgucipitation rates or

reducing the efficiency of sealind.-hereforgto compensate for potentiaégative
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impacts from pressure or confining fluid conditionstHs urea and calcium
concentratios of the mediavereincreasedo 0.43Mto provide more reactants for
precipitationand 2)the 24hour cycle changed w@low more time for biomineralization
to occur(1h of growth medium injection, injection of calcium with-& 4 no flow
period, then a second injection of calcium aodlow period for18 hourg.

The experiment continued until flow rates and differential pressures had reached
similar conditions to those observed in previous ambient condition sealing experiments in
the same core sample Thenthe vessel was depressured, confining fluids \eerptied
and the vessel was disassembled for cleaning and mainter&ince.the high pressure
vessel does not contain view paxisvisualize whether the fracture zone was sealed
permeability was an important metric to evaluating success of the treéatmen

Samples of precipitasebserved on the outside of the fracture and the inside of
the well bore were collected for analysis including stereoscopgy diffraction (XRD)
and scanning electron microscopy (SEM). Portions of the precipitate sampdes wer
ground fine using an ethanol rinsed mortar and pestle prior to analysis witegt X
Powder Diffraction Spectrometer (XRD) (ScintagGEN 4000 XRD) at the Image and
Chemical Analysis Laboratory (ICAL) at Montana State University. Sdraplesvere
scannd from 20.0 to 65.0 degrees at 1 deg/min and DMSNT analysis software (Scintag)
was used to determine mineralogy from the sample spdotreer portions of the
samples were first imaged via stereomicroscopy (Nikon, New York, USA) in the Center
for Biofilm Engineering Microscopy Facility and then mounted and coated with iridium

for imaging (1 kV) and elemental analysis (20 kV) with a Zeiss Supra 55 Field Emission
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Scanning Electron Microscope coupled with Energy Dispersive Spectroscopy (Zeiss,
Germany) alsodcated irnthe ICAL.
Finally, the strength of the fracture sealing was determined by (1) applying
constant well bore pressure of 8 bar for 1.75 hours and (2)ssepncreasing the
applied well bore pressure until fluids were observed tddxralyflowing from the

fracture.

Experimental Results and Discussion

Initial EquivalentPermeability

Prior to starting the fracture sealing experiment the averqgwalent
permeability'® of the fracture at a flow rate bfine at20 ml/min was 26,000 4,100

mD.

Fracture Sealing and Strength Assessment

Urea hydrolysis was monitored in the effluent from the vessel during the calcium
and growth pulses byeasuringNH," production and increas@é conductivity (Figure
5.7a). Over the course of teperiment, N" and conductivity on average increased,
suggesting active ureolysis was maintained. The initial large jump in conductivity
corresponded to an increase in ammonium concentration which immediately followed the
biofilm growth stage of the expiment.

During the first three calcium pulses two colony morphologies were observed on
plated dilutions of the effluent samples. After isolating the colonies on urea containing

agar, only one of those colony morphologies was observed to be ureolytiarebhgic
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colony morphology was light tan and round, which is typical of the colonies observed in
a pure culture o8. pasteurii After the third calcium pulse, only the ureolylic
pasteuritlike organisns wereculturable from effluent samples to a lhigoncentration of
2.9 x 10 cfu/ml (Figure5.7b) which is comparable to the maximum population (5.2’ 10
cfu/ml) observed in the effluent of the previously described high pressure expetiment
These data suggest that organisms in thestenie confining fluids did notwd-compete
theinjectedS. pasteuricells Note:While no other colony morphologies were observed
past day three on the aerobic agar plates, anaerobic culturing conditions were not

performed and it is possible that anaerobic organisms were present.
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Figure5.7. Effluent ammoniumconductiviy and culturable cell concentrations from
vessel effluent samples. (a) Effluent ammo

Ammonium concentration increased from an average of 1.4 g/L in calcium puies #1
an average of 3.0 g/lof calcium pulse#6-28. Conductivity quickly increased from an
average of 19.9 Bicm to an average of 67.1 mS/cm after the biofilm growth stége.
The culturable effluent population averagedx18° cfu/mi.

An initial reduction inequivalenfppermeability was obserdeafter three calcium

pulses, but the reduction was not maintained during an, 8 F&rhour strength test.

After increasing the reagent concentrations and altering the injection sti@etpw for
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longer biomineralization periodfactureequivalenipermeability was observed to
decrease (Figure.8). Previous control experiments resulted in no reduction in
permeability when column experiments were pulsed with similar media and tested either
without organisms or inoculated with naneolytic organism*®®. It should be noted that
as compared to previous ambient pressure experiments reported in Phillips et al. (2013),
the reduction inequivalentpermeability took longewith more calcium pulses in the high
pressure systethan under ambient conditiof®8 calcium pulses instead of 14 and 7
calcium pulses in the two ambient condition experiméhtst is possible that the
pressure conditionsr the confining fluids themselves impacted ureolysiscipitation
rates or efficiencyAfter 28 calcium pulses (21 days post inoculation) the experiment
was terminated as the flow rate and differential pressure had reached 0.3 ml/min and 3.5
bar, respetively, similar to the metrics reached in the ambient pressure sealing

experiments and it was assumed the fradtacebeersealed.
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Figure5.8. Calculated permeability over time (days of experiment). Permgataitiiced
from approximately 8000 nD to 40 nD over the course of 21 days and 28 calcium
pulses. The injectiostrategy wasltered after 19 calcium puls€st days)o increase
the concentration of reagents and increase the time allowed for biomirteraliiza
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After the vessel was drained and disassembled, preepitare observesh the
circumference of the core in the region of the fracture and in the well bore (Bigure
SEM and stereoscopy show presence of calciuroontaining minerals assated
with cell-like structuregFigure5.10 and XRD (data not shown) confirmed thia¢

observedninerals wergredominantlycalcite.

Fracture region

Fracture
region

(C 4 ‘
Figure5.9. Precipitates were observed after the high pressure experiment in the region of
the fracture. (a) and (b) precipitates formed in the region of the fracture, (c) precipitates
were observed sidethe simulatedwell bore.

45 T (b)

Figure5.10. Calciumcontaining minerals formed in the fracture region. (a)
Stereomicroscope image of minerals formed in the region of the fracture; the scale bar is
1mm. (b.) Scanning electron microscope image of possibMileeBtructures associated

with calciumcontaining mineraobtained fronthe fractureregion

Following sample collection, the fracture was strength tested without confining
pressure. First, 8 bar of well bore pressure was applied for 1.75 hours. During this test,

flow was obseved from the fracture for the first 20 minutes. After 20 minutes, no flow
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was observed from the fracture for the remainder of the 8 bar strength test §Fidure
This observation was not clearly understood since before depresisur ofthe vessel,
the fracture was assumed to be sealed due to the reelygedlentpermeability that
coincided with thevalues achieved during tlaenbient sealing experiment. Two possible
explanations are suggestdd even though the fracture itself may have beeadiith
mineral residual saturation in the core matrix above and below the fracture was pushed
out toward the circumference of the core due to the pressure field in the well {@)e or
depressurization of the vessel damaged the mineral seal and thelimped into the
fracture during the 8 bar strength test caused loosely bound mineral precipitates to be re
distributedbeforere-blocking open flow channels.

After 20 minues, no flow was observed forethemainder of the 8 bémacture
strength test Thus after 1.75 hours, well bore pressuessiepwise increased. At a
well bore pressure of 26 bar, fluids were observed to be flowing from the fracture (Figure
5.11). During the refractuing event the flow rate increased rapidly from 4 ml/min at 24
bar differential pressure to 108 ml/min at 26 bar differential pressbigis similar to
the well bore pressure necessary topen the fracture3Q bar and 32 bain the two

previously described ambient pressure sealing experifients
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Figure5.11. Calculatecequivalentpermeability of the fracturduring the strength test
Fracture flow was observed in the first 20 minutes of the 8 bar 1.75 hour test, then no
flow was observed until after increasing the applied well bore pressure step wise to 26
bar. At 26 baof applied well bore pressure thquivalentpermeability increased from

~40 nD to 2,500 nb and significant flow was observed from the fracture.

Summary and Conclusisn

Herewe describe the design and construction of a high pressure, velsisél is
capable of housing samplep to74 cm in diameteand up to 5@min height. The
vessel is rated to operatepsessure up to 96 bar. The valved switchboard alfuds
to be pumped to the vessalinderpressure andadial flowconditions Samplingof both
influent and effluent fluidsan be accomplishdmbth spatially resolved and under
pressure. The switchboard is equipped with-tiea¢ monitoring equipment for pH and
conductivity. The vessel cdoe temperature controlled and posssssultiple pressure
safety mechanisms.

In aninitial experiment, ureolysidrivenmicrobially-induced calcium carbonate
precipitation MICP) was employed to redutgke equivalenpermeability of a hydraulic

fracture in a sandstone careder high pressure condition$he equivalenfpermeability
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reduction was attributed to precipitation of calcium carbonate inside the fractuze.
final strength of the fracture saalthis single replicate experimewassimilar to the
strength obs@edunder ambient pressure conditions previously described by Phillips et
al. (2013)°. This initial experimenalsodemonstrated some tife capabilities of the
mesascale high pressure vessekh as the use of pH and conductivity monitoring and
effluentsamplingabilities.

During the scaleip of new technologiesuch as ureolysidriven MICP, mese
scale experiments, such as the one describeedrmeran provide valuable insighEirst,
reagent concentratiomsd biomineralization time perioggere increasetb overcone
possilly reducedeactionratesdue toan impactrom confining fluid or pressure
conditions. Field scaleconditionsmay preseninhospitableenvironmentso MICP
treatmentand researchers may have to be prepared to alter injection strategies to
overcaone thosalisadvantaget® achieve treatment goalhesemesescale experimental
observationsvill contribute toward the development of effectimgection strategieat
thefield scale.

This mesoscale high pressure test system can be us@d évaluate labratory
scale developed processes under high pressure and at largei2scaileic field scale
conditionsbut with ability tomonitormore parameters than in fielshd(3) study a radial
flow configuration which would be similar twell environmentin field. As
technologies progress from the lab to the field, rsesde experiments combined with
the use of calibrated models will provide valuable resources for successful field

application®” 2 13143 Fytyre mesescale experimental investigations will study the
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effects of supercritical C£bn MICP treatedfractures and also study these processes
under fully radial flow. These experimesatwill advance thenderstanishg of impacts of
pressure and scale on longevity of the permeability reducteatedhroughMICP.

Not only can the vessel be used for MICP related experiments, but thescadso
high pressure vessel and system components can be adapted to the study of many
subsurface processes. Sevedsibilitiesinclude but are not limited tothe study of
biologically-induced formation of methane from coal; microbial growth or substrate
utilization kinetics under high pressure; midadlcommunity or geochemistry response
to supercritical C@injection in formations; methane hydrate investigation
geochemicainteractions surrounding hydraulic fracturing; integrity of cement and near
well bore environments after exposure to corrosive environmantsobially-induced

corrosionor biofouling and many other industrglated processes.
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CHAPTERSIX
MINERAL SEALS PRODUCED BY MICROBIALLY-INDUCED
CALCIUM CARBONATE PRECIPITATION

AND THEIR RESISTANCE TO
SUPERCRITICAL CQ

Abstract

Promisng resultsvheremicrobially- or biofilm-induced calcium carbonate
precipitation MICP) has been used to seal fractures under ambient and subsurface
relevant conditionbave been discusséedthe previous chapters of thdsssertation This
technology has the potential to improve the storage security of either cholaie or
other contaminants stored in the subsurface. The first line of defense to prevent
migration is an intact cap rocwhich should provide a barrier to flowinimizing
upward migration of stored fluids to functional aquifers above. An important cancept
the integrity of cap rock is the minimum capillary displacement pressure (MCDP) which
can be a measure of the potential for leakage from a cap®odk biomineralization
canreduce permeability and porositgcrease théACDP, and be resistant to
supercritical CQexposurestorage security of GOn the subsurfaceould be improved
throughMICP. Berea sandstone cores34 cm diameter, 5 cmng) were treatedising
MICP under pressugerelevant to the subsurface (75.8 bar, 1100 gsig permeability
and porosityeductionin the coresvereattributed to MICP Dataalsosuggest that the
MCDP increases after biomineralizatioBxposure of bimineralized cores to scG@r

24 hourshad ro clearimpactonthe permeabilityeductionor MCDP.
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Introduction

The potential for geologic carbon dioxide sequestratidretmmea viable
strategy for reducing emissions of €10 the atmosphere depends on the risk associated
with the technology. One such risk is the potential for leakage etl@@ugh the
reservoir seal or cap rock* %2 A sufficientsealing efficiency of the cap rock is
required to maintain the G@n the subsurfagerotectingpublic health from leakage and
improving public acceptance of the technold§y*®>. Fine grained rocks with low
permeability can aas barriers to flow for exteled periods of time if they are not
compromised®®
Flow through the cap rock is opathwayfor CO, to escape ahaccording to
Wollenweberet al.in (2010) there are three main risks for leak@igerapid catastrophic
leakage due to mechanical failure of the cap rock or well ca@hgeepage of CO
through faults or fractures, ai@) movement of the CQhough he pore spaces of the
cap rock which is controlled by the capillary pressures and permedbllitfpar cyos | aw
(Eq 6.1) can be used talculatethe absolute permeabilityf a single phasBuid flow
througha porous media samp!€, where Q/AistheDar c y 6 s (omtevolansei t y
flux), k 1 s the per me abPigpithe prgssure gradieatrsd teh ei g itsh e
dynamicviscosity:
A

(6.1)

&

When measuring permeability, the choice of fluid and flux can influence the
result'®. The differencesbservedetween permeability measured with liquid or gas

can be @scribecduethe Klinkenberg effect’. This difference iselated to the slippage
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of gas in poregnhancing the flowatethrough a samplehengas does not adhere to
porewalls as well as liquid. The Klinkenberg effect is exacerbated in low permeability
sampleswith small pore throat diameteasid at low flow rates, where the permeability of
a sample measured with a gas will be higher than that measurdajuiih "> 1%
Tanikawa and Shimamoto (2006) concluded for sedimentary (bkms permeability
can exceed waterepmeability up to one order of magnitude, and (2) gas and water
permeability can increase with increasing pore pressure gradients across the Jdmaples.
Klinkenberg equation can be usecegiimate the gas or liquid permeability from each
other(Eq 6.2)where k is the permeability measured by gagskhe permeability
measured with liquid, b i@constantvhich depends on the pore size opening, and p is the

pore pressure gradieht 1%

R Qp -. (6.2)

Fluid transporthrough a porous sampkealso controlled by the terfacial
tension of thdluids, thewettability of the sampleand the pore structuead pore throat
radius'™* % The capillary pressure {Fis the pressure difference between the
nonwetting (B) and wetting fluids (D within a pore.Here, the wettindluid is described
as the fluid that has initially saturated the porous media sample and the nonwetting fluid
is the fluid which displaces the wetting fluidhe porehroat radiusan be estimated
using the Washburn Equation (E@) whereP. represents the capillary pressure,
represents the ideal cylindrical radius of the pore thoaatthe interfacial tension artd

is the wetting anglef the fluidrelativeto thesurface of the sample

o 0 0 — (6.3)
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The sealingfficiency of a porous medium or a cap rock caunléermined
experimentally by injecting a nonwetting fluid (i.e. & ®upercritical CQ or nitrogen)
into a water (or brine) saturated rock core. If a constant pressure is maintained at the core
entrancethe pressure at the outlet will equilibratesulting in a pressure differential
( Adel acass @ qore which does not change with time (under this condition there is
no flow of the norwetting fluid through the core). Thisd e | is definBdobashe
Minimum Capillary Displacement Pressure (MCDP) and corresponds to incipient
breakthrough of the newetting fluid*’%. Any increase in delta P above the MCDP will
result in noawetting fluid beginmg to flow through the coreln the context of C®
leakage potentialhe MCDPcan benterpretedasthe point when C@reservoir pressure
exceeds the capillary pressure of a water saturated pore network in the cap rock and
upward migration of C@begins'®®.

Biomineralization via the precipitation of calcium carbonate by urea hydrolysis
has been suggestadd researcheaks a method tceduce permealty in subsurface
fracturesand porous materiafs*’ 1 However several questions about the
applicability of the technologin the subsurface remain. Accordinglyetprimary goa
of the research described in this chaptereto advance understanding of h&NCP
promoted under high pressure conditiomght improve MCDHn sandstone corgs
assess which aperture pore thsoaere most impacted by MIC&nd study the impact of
scCQ on the biomineral sealing capabilitfoward these goalsve (1) biomineralized
coresunder subsurface relevant pressuceseduce permeabilify2) subjeced

biomineralizedand nosamineralizeds a mp | es as i merqurty intusionc or e s 0
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porosimetry(MIP) to determine thapertureof poresthroatsmost impacted by MICR3)
subjected biomineralized and control cores to sc@@d(4) assessed thainimum

capillary displacemenpressure of mieralized and control core samples

Materials and Methods

Biomineralization

High PressureSystem. A high pressure testing system was designed and

constructed to house 2.5 cm diameter; 253 cm long cylindrical cores (Figure 6.1 and
6.2). The high presure test system was equipped with a biaxial Hassler type core holder
(Temco, TX, USA) with a hydraulic jack punfgnerpac, WI, USAlsed to provide
overburden pressure, and a dual set of TeledyngT&tedyne, Lincoln, NE, USA)
pumps to deliver fluids to the core holder. In experiment #1 a pigp@naccumulator
(Parker, IL, USA) was used tmntrol theback pressureln experiment #2 and #3 one of
the Isco pumps was operated in constant pressade toprovide the desiredaek
pressure The systenwasequipped with two pressure relief valves set2d bar
(Swagelok, IDUSA) and pump pressure cutoff set powere seas redundant safety
measures. Overall system pressures and fleevemeasured with the Teledyne Isco
pumps and differential pressuneasverified with apressurdransducer (Omeg&T,

USA).
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Figure 6.1High pressure system for testing 2.5 cm diameter cores. (a) Dual Teledyne
Isco pumpsgenerally one pump served as thewly pump and the other operated as
the back pressure regulatdib) Hassleftype biaxial core holdgil) Omega differential
pressure transducé?) and hydraulic jack pum(8) used to provide overburden pressure.
The systenwashoused in an incubatéo allow for temperature control

Figure 6.2. Berea sandstone 2.5 cm diamétem longcores before (right) and after
(left) biomineralization.
All the Berea sandstone corésscribed in this chaptereredrilled froma block
of sandstone acquired from Cleveland Quarfiéesmilion, OH, USA) The cores were
drilled with water using a diamond drill bit (MK Diamond Produc@#, USA) to 2.54
cm diameter and greater than 5 cm in length. The cores were then cut to gttm len
using a tile saw (MK DiamonBroducts, CA, USA Thecoresamples weraded into
the core holdér ¥iton sleeve and the core holder was threaded closed prior to filling the

annular space with antifreeze fluidhe use of antifreezerves to mininze corrosion in
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the hydraulic jack pump. Theverburden fluidvas pressuzed toabove the targeted

system delivery and back pressure set points.

SaturationBypassandOverburderPressuréAnalysis. Before each

biomineralization experiment commenc¢edch sampland the control coreere
saturated by flowing at least 100 pore volumeghafsphate buffer solutio®BS or 10
g/L NH4CI solution through the core and letting the cowaditionovernight. Nextthe
overburden pressumas determinedt which fluids would bypass the cowe create a
back flow condition(flow into annular space between core sleeve and Hassler body)
instead oflowing through the coreAdditionally, the potentialimpactof increasing
overburden pressute core permeabilityvas assessedJsing constant flow through the
core, and monitoring the differential pressulhe overburderpressure was lowered
incrementally froml7.2 t0 13.8 6.9, 3.4, 1.7, 0.7 and finallyto O bar. The differential
pressure wasionitored and whean abrupt reduction in differential pressure was noted,
it was taken as an indication that bypasbackflowwasoccurring Subsequentlythe
overburden pressure was raised above the bypdssckflowpressure and stepwise
increasedrbm 3.4, 6.9 13.8and20.7 barto determinavhether overburden pressure

exhibited an influence on the obserngmeability.

BiomineralizationProcedureDisinfection Each of thefollowing solutionswere

run through thgumps angystembut not the corgn thefollowing order. (1) asolution
of 5mL bleach and 3.5 g Tween 8solvednto 500 mldeionizedwater @H,0), (2)

500 ml of autoclavedH,0, (3) an autoclavedolution of1.26 g sodium thiosulfate
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dissolvednto 500 mL dHO, (4)a 0 . fitter stanlized(Thermo Scientific, NJ, USA)

70% ethanosolutionand(5) 500 ml of autoclaved PBS uH,0 *°°.

Inoculation A culture was prepared bgaculating 100 mL of brain heart
infusion amended with urea (20 gAlw)i t h 1 OtBawed frozenfstock culture 6f
pasteurii(ATCC 11859) The culture washaken at 30°@t 150 rpm for approximately
16 hoursto stationary phaseThe culturewas centrifugeéta relative centrifugal force
(RCF) of 2964 x g for 10 minutes at64 C andthe cells werge-suspenddin ~50 mL of
freshrmedi um. Triplicat e s ameréakgeoteddadew@eld e L of
microplate (Corning, NY, USA) and thaptical densityread at 600 nmQDgog) With
BioTek Instrumenté(Winooski, VT, USA) Synergy HT MultMode Microplate Reader
The observed Ofowas 0.4.0ne mlof the culture was removed determine the
concentration of celland the resteservedor inoculating the coreThe inoculumwas
serially dilutedin PBS and droplated *** on BHI agar plates containing 20g/L ureghe
plate(s)were incubateat 30°C and courgdafter 24 hours to detminecell
concentrationn cfu/ml.

To prepare the core for inoculatiane pore volumé~5 ml) of filter sterilized
urea growth mediunwas pumpedhto the corethen20 ml ofthe dilutedinoculumwere
pumpednto the core at 5 ml/minThecells weredlowed to attaclin the core under no

flow conditionsfor four hours.

Biofilm Growth. Following the attachmemeriod biofilm growthwas promoted

In the first experiment, the overall system pressure was increased gradually over the
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course of thdiofilm growth stag€9 hours)to acclimatethe biofilm to elevated
pressures. In the next two experiments as soon as the attachment period was over the
system pressure was increased rapidly (~3 mintdebe desired pressure (Table 6.1)
During the bofilm growth stage therea growth mediunwaspumpedhrough the cores
at 5 ml/min The length of time therea growth mediunwas injected varied for each
experiment asdletailedin Table 6.1.Although not measurear confirmed it was
assumed that all dhe solutions injected behaved in a pflayv manner through the
system. No effort was made to control temperature ofittreibator;all experiments

were performed at room temperature (approximately 22°C).

Calcium andResuscitatiorPulses After the bofilm growth stage, calcium pulses

were initiated and regular resuscitation events were performed (Table 6.1).

Table 6.1 Experimentglarameters obiomineralization.

Downstream| Calcium | Biofilm . Max
S Calcium -
Exp # pressure | injected | growth oulses ap Experimental goals
(ban (9) (hr) (ban
Reached 2 order of maijude
1 72.4 1.23 9 20 10.3 reductionin permeability
2 75.8 1.72 6 38 10.3 | Same permability as exp. #1
3 75.8 0.42 16 7 124 | Reached systepressurdimit
Control | Ambient N/A N/A N/A 2.2 | Control core not mineralized

Calcium pulses were performed as follows:

1. At least two pore volumes &aturation reducing mediualso known as
CMM= (minus minus) (Table 6.2wereinjected

2. At least two pore volumes @falcium mediun{also known as CMM+)
(Table 6.2)wereinjected
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3. Saturation reducing medium was usedthioreticallydisplace the first 1/5

of the core

4. Flow was stopped for 4 hours to allow for ureolysis and calcium

precipitation to occur

Resuscitatiorpulses were pesfmed as follows:

1. Atleast two pore volumes afrea growth mediunfalso known as CMM)

(Table 6.2) vereinjected

2. Flow was stopped for 1 hour to alldune for ureolysis to occur.

Table 6.2 Mediaecipes (in g/L)

Saturation Reducing Calcium Medium Urea Growth
Medium(CMM=) (CMM+) Medium(CMM-)

Urea(Fisher, NJ, USA) -- 20 20

Nutrient Broth(BD, NJ USA) 3 3 3
Calcium chloride dihydrate

(Acros, NJ, USA) -- 49 --
Ammonium chloridgFisher,

NJ, USA) 10 10 10

Experimental TerminatianEach of the three experimentasterminated by

depressuzing the systentemoving the core from the Hasstgpe core holdeand

placingthe orein aglassbeaker to dry.To assess the permeability along the flow path

of the corepiomineralized core #was cut in half, anditherthe influent half or effluent

half wasreloaded into the core holder;saturated and the permeability was tested

injecting PBS solution and monitoring the flow rate and differential presduris was

doneto determine \wetherone half of the coreontributed more to the permeability

reduction than the other half. These half pieces were removed from the core holder and

were further cuinto four pieces along the length of the flow path, the infl@e8® cm

the middle nfluent half and middle effluent half and then the efflU@B82 cm(Figure
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6.3). The middle influent half or middle effluent half without their first or last 0.32 cm
were individually loaded into the core holderdre-saturated Their permeability was
measured to assess ddaleumicarfohateevmct bad orinenlt he ns
the influent and effluent core and bulk fluid interfacesthe permeability.
A control core was cuh half as well The control core halves were loaded
individually into the core holder to assess whether any artifagsrmeabilitywere

introduced by cutting the cores.

Figure 63. Mineralized core cut into four piecésf r om | ef t t ofirst0i38y ht : 1 |

cm; middle influent Kk -lasti0@2th}jeassessthe imegaotto, out |

permeability reduction by the fiskind for me
Biomineralized ores#2 and#3 remained intacandwereshipped (along with

unmineralized controls) to Dr. PeM/alsh at the University of AlabarrBirmingham for

minimum capillary displacement pressure testingsn@lQ exposurgdetails below,)

The cores were tested and shippadikito Montana Sta University for additional

analysis such asutting into sections to assgsermeability along the length antercury

intrusion porosimetryplanned, buhot yet conducted)

Mercury Intrusion PorosimetriiMIP)

Collaborators at thelniversity ofMont ana, Mont anadvdneedh 6s Ce

Mineraland MetallurgicaProcessingButte, Montana, USAsubjectedriplicate
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samples obiomineralizeccore#1 and an unmineralized contri@ mercuryintrusion
porosimetry (Micromeritics AutoPoil® 9500Seres, GA USA). Samples were dried
until no change in mass wassaoved from day to day asamples weresubjectedo
mercury intrusiorporosimetry (MIP) In MIP, mercury is intruded into the sample by
increasing pressure.h& Washburn equation (eq. 6d8scribes the pressure required to
force a noawetting liquid(mercury)to enter a capillary of circular crosgction The
pressuras inversely proportional to the radius of the capilléoy pore throatand
directly proportional to the surface tensmirthe liquid and the angle of contact with the
solid surfacé®”. Additionally, the volume of mercury intruded into the pores provides a

measurement dghe porosity of the sample.

Microscopy

Samples of core #llereimagedusing the Zeiss Supra 55VP scanning electron
microscopgSEM) located in the Imaging and Chemical Analyisiboratory(ICAL) at
Montana State UniversiffMSU) and with the Nikon Stereoscope located in the Center
for Biofilm Engineering(CBE) Microscopy Center For SEM, the ore samplesvere air
dried and sputter coatedth iridium. High-resolution images were taken at 1.0 &\a
working distance of4.0 mm. Elementalanalysesvith energydispersive Xray
spectroscopy (EDS) eveperformedat 20 kV and a working distance of 15 mm.
Portions of each section of core #1 and the control were also sent to collaborator Dr.

Bruce Fouke(University of lllinois UrbanaChampaighfor thin section analysis.
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Permeability, Porosity and
Minimum Capillary DisplacemenPressure

Collaborator, Dr. PetéWalsh at University of AlabamBirmingham perforred
the following steps to determine the permeability, porosity and MCDP of the
biomineralized and control corekirst, the cores wereeighedas received and igd to
constant weight at 5G. The permeabilitfadjusted for the Klinkenberg effg¢atas
measired with flowing nitrogen. The coregere saturated with brato determine
porosity from dry and saturated weighithe MCDPwasmeasured and the conesre
re-saturated with brineNext, the coreswere challengedvith supercritical CQ (50°C,
82.7 t089.6 baj for 24 hours After CO, exposure, theoreswere resaturated with
brine and their MCDRvas remeasured Finally the coresvere dried and the
permeabilitycorrected for the Klinkenberg effests remeasured with nitrogen.

Additional details bout these steps are provided in the specific sections below.

No/Brineto Assess Permeability and MCDRitrogenwasfirst used taneasure

permeabilityof the coresy flowing N, constantly through the cores held iCare
Lab/TEMCO triaxial core holdgiFigure 6.4)at room temperature (22.0 to 22 and at
pressures of.1 to 13.8 baon the upstream face of the core. The pressure drop was
controlled using a metering valve at the outlet from the core holder. The flow rate of gas
through the sampleag determined by timing the displacement of a soap film in a
graduated tube (Teledyne Hastings Mo Calibrator, Model HBMLA). Overburden
pressure, both axial and radial, W8 .9bar. The flow and differential pressure were

used to calculate the preability with correction for the Klinkenberg efféét.
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The minimum capillary displacement pressures were deterrbinedturating the
cores withbrine (10 g NaCl/L) andisingnitrogen at ambient temperature (20.6 to
21.8C) to displace the brine icores housed ithe triaxial core holdewith an
overburden pressure ©87.9 balFigure6.4). TheMCDP wasmeasured by imposing a
pressure difference greater than the breakthrough pressure across tisatorsted
sample, then letting the upstream pressure fall and the downstream pressure rise to their
asymptotic values™ % The residial pressure difference between the influent and

effluent side of the core at equilibrium was determined as the MCDP.

Figure6.4. Setup of the triaxial core hold€f) with effluent valve (2)hydraulic jack
pump to provideverburden pressure (3nd effluent sample cylinder (for
measurement dfiCDP and subjecting samples $0CO,.

Supecritical Carbon Dioxide$cCO,) Exposure Following measurement of the

MCDP, the core was rsaturated witlpressurized (106.2 banjineandthe excessbrine

wasremoved from the sample cylind@tigure 6.4) Following saturatiorthe gas lines
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and pressure gauges were purged with,@@ core holder was placed in the oven, and
the oven and core holder were heated overnight%6.50

To challenge the cores witupercritical $cCQ), both the upstream and
downstream sides of the core were pressuriz8@ toar and thanfluent pressure was
raised toa constant pressure of 918t When thepressures equilibratethe system
wasshut in andhe cores were subjected2d hours of scC@exposure prior to rerying
at 50°C. After drying, the MCDP and permeability with nitrogen werenmeasured as
described aboveCoreswerethen shipped back to MontaBsate University wherthey

arecurrentlyundergoingadditional analysis.

X-Ray Computerized Tomoqgrapl@T)

A SkyScan 1173 Micr€T scannewasused to scan sandstone cores before and

after biomineralizatiomndafter exposure to scGQAppendix H)

ResultsandDiscussion

Note: the results and discussion presented in this section are work in progress.

Biomineralization

Bypassor BackflowPressure.To confirm that the injected fluids wepgmped

through the core and not arounaitaround the sleeve into the annularcgiae.
bypass), the overburden pressure was decreased in increments and the differential
pressurdo B was monitoredTable 6.3) At two different flow rates (1.5 and 5 ml/min)

the overburden pressunas decreasestepwiseand it was determined that bong as
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the overburden pressure was at |dagtbargreater than the differential pressure bypass
or backflowwas notoccurring. At all times during the further experimentation, the
overburden pressure was maintained at pressures greatérthzrabove theapplied
differential pressure.

Table 63. Decreasing overburden press(Pgto determine bypass backflow (B)
around the core.

Flow Rate oP Permeability | OverburderP
(ml/min) (ban (mD) (ban Comments
1.5 12.7 286 17.2
1.5 12.9 28.1 13.8
1.5 13.1 27.7 10.3
1.5 13 27.9 6.9
1.5 13.6 26.7 3.4
1.5 15.1 24.0 1.7
1.5 12.4 292 0.7
1.5 4.7 772 0 B
5 53 22.8 6.4
5 60 201 5.2
5 59 205 3.4
5 32 378 1.7 POSSIBLEB
5 8.8 137.4 0.7 B
5 0.2 6045.7 0 B

Impact onPermeability from Overburden Pressurbeoverburden pressure was
incrementally increased to assessithgact to thecorepermeability (Figure &). No
statistically significant impaatf increasing overburden pressure onrtieasured

permeability wa®bserved
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Figure 65. Impactof increagng overburden pressumn Berea sandstone core
permeability. Overburden pressure the Hassletype core holdedid not significantly
impact the measured permeability through an unmineralized control corav@iage
measured permeabilitf the Berea Sandstomeas 31 nb + 5.6 mD

Permeability ReductioBue to Biofilm Growth Growth of the biofilm impacted

the permeability in each of the Berea sandstone cores (TdhleThe length of the

biofilm growth stage positively correlated withe permeability reductionAfter 6 hours

of biofilm growth the permeabilitywasreduced by 49%, after 9 hours of biofilm growth

the permeability was reduced 80%, and after 16 hours of biofilm growth the permeability

was educed 95%.

Table 64. Permeability of the cores prior to biofilm growth and after.

Biofilm growth Initial Permeability after
Exp. # stage (hr) permeability (mD) | biofilm growth (nD)
1 9 37 7.3
2 6 37.6 19.1
3 16 34 1.7

Additional PermeabilityReductionDue to MICP After calcium and resuscitation

pulses, the overall permeability of the mineralized car@sreduced Figure 66 and

Table 65). Permeability was reduced to 0.2 mDciore#1, 0.3 mD incore#2, and 0.02



mD in core#3.
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the initial permeability reduction due to biofilm growth until reaching calcium pulses 18
of 21 in experiment #1 and 32 of 35 in experiment #aese calcium pulse points
correspond tpermeabilitesbetweerB and 1L mD. One hypothesis to explain this
behavior is there may be a critical permeability;Jkvhich maybe correlated to a

critical porositywhere MICP treatment can more easily impact the permeability

reduction.

In experiment #1 and #2, little permeability reduction was achieved after

100
¢ Core#l ACore #2 OCore #3
Aa A ﬁ
E A
: 47
S A
z a By
£ T8 N
g &5 AL”
£ A AA
S g 8 aAR"R
o A
O #3:16.5 hours 841: 9 hours biofilm éA
0.1 =2 biofilm growth, 7 growth, 21 calcium
%EHFDIE] calcium pulses pulses 0.3 mD #2: 6 hours
Eﬂ]m@ 0.02 mD biofilm growth
ED 37 calcium
0.01 . . . i : : pulses 0.2 mD
5 10 15 20 25 30 35 40

Calcium pulses

Figure6.6. Permeability reduction in biomineralized corBsrmeability was

significantly reducedboth by the biofilm growth stage and the biomineralization
treatmenin each of the cores subjected to biomineralization treatnRarmeability of
Core#l wasreduced td.2 nD after 9 hours of biofilm growth and 21 calcium pulses
Permeability inCore#2 wasreduced td®.3 nD after 6 hours of biofilm growth and 37
calcium pulsesndthe permeability of Corg#3 wasreduced td®.02 nD after 16.5 hours

of biofilm growth and 7 calcium pulses.




160

Table 6.5 Summary of permeability, porosity and MCDPhaomineralized cores arah
unmineralized control coreNM= not yet measured. N/A= napplicable

Perm. Perm.
Initial before Perm. with MCDP | 24 hr after Macf:tgrp
Exp. # | Perm.| sentto | Porosity| N, at UAB (bar) | scCQ scCQ at scCQ
(mD) | UAB (mD) UAB (bar)
(mD) (mD)
1 37 0.2 14.9% N/A
2 37.6 0.2 NM 57+34 0.255 | Yes | 4.27+0.1| NM
3 34 002 | 145% | 0.011+0.06| 0.8+ 0.1 Yes | NM 0652i
CO(”;;OB 27.30| NI/A 18.9% | 71.6+0.8 | 0.007 | No NM NM

Contribution to Permeabil. iAfteytheby I nfl uen

termination ofthe experiment, particularly forcotel , it was noted t hat

biomineral had formed on the influent and effluent regions of the core (Rgire

(a (b) R ¢ P * .

Figure 67. Influent and effluent regions of mineralized core Mineralized core (left)
influent region compared tenmineralized corer{ght). Note thefiskind of calcium
carbonate formed on the influent region of the mineralizedwhbreh corresponds to the
region of bulk fluid to core interfacéb) Effluent regionof a biomineralized core
exhibiting asimilar patternof calcium carbonatéskindin a configuratiorsimilar tothe
core holderd.s effluent pattern

First, it was observed that the permeabibifycore #1 had changed after drying.

At the end otheexperimentthe permeabilityhad beer®.2 mD, but whert was

reassesseditmeasurdd 4 MND.2. 4Thi s could be due to min
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or someherndmena as sdrcy aaft gtdh ewi T dnre@haerpea c t
dr yi agper rhaasb inloitt wet Theeanomas swastredut i n ha
permeability of the influentalf of the core wasletermined to b&.4 + 1.9 nb and the
permeability of theeffluenthalfwas 1.9 £ 2.6 M. Upon removing the 0
0.3cmfrom the influent and effluent portiomd the corethe permeabilit was measured
to be8.1 + 2.4 nb and 3.6 = 0.5 M for the influent and effluent sections, respectively
(Table 66). The permeability in the influent portion of the core was higher than the
effluent portion after théskind was removed.The unmineralizedontrol core had a
permeability of 30 r® and when it was cut in hatfie permeability statisticallgemained
the samédor influent and effluent portions of tle@ntrolcore.

Table 66. Permeability of the mineralized caté cut in half with and withot the skin
portion as compared emunmineralized core.

Cor e PermeabD)l ity (m
Co ntwhmll e 30 N 4.9

Cut in hg Inflauenk | Effl.a@n4 K

Bi omi nemhalliez| 0. 2 end of 2edApile RPendmnit n &

Cut i n shkailnff | nf | lu.e4it N9 Effl:uedtN 2

Cut in half | nf &.enhtN Effl:3ie®@tN O

These preliminary results suggest that permeability reduistibeingachieved by
both the contribution of biofilngrowth andVIICP treatment Theexperiment #3vas
limited bya differential pressure d24badue t o t he systamasds pr ess
such the lowest permeability achieved in these core samvpisnited by constraintsof
the system Thefiskind observed on the influent ardfluent regions of core #1
influencal the reduction in permeability, mone the influent region thaim the effluent

region of the core.
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Theunmineralized control corbad an averageorosityof 18.9% * 0.5%n=3).

The influent region of biomineralized core Wada porosity 0f14.9% + 0.8% and the

effluentportionhada porosity 0f10.7% * 0.3%both n=3) In core #1,a greater

reductionin porosity was observed in the effluent porta@frthe corecompared tdhe

influent portion.

It was also determined that the pore size distribution was impacted by

biomineralization (Table 8). In the control core, over 50% of the pore volume was

associated with pores sizes between 6 and 16 um but after mineralizatioartiber

decreasetb

just over30%.

Table 67. Fractionof pores in the core sample subjected to MIP which fall into each size

range before and after mineralizatiorsamples from the influent region and effluent

region of the biomineralized core #1

/] Cont IBi omi n Bi omi n E
Pore di
aver é Aver a Averag
| ess t 1 15% 22 % 28 %
110 Of 33% 26 % 38 %
1600 ( 42 % 29 % 22 %
10-D0O0O 10 % 23 % 13%
616 O1 51% 33% 31%

The porethroatsizerangemost impacted bpiomineralization in these Berea
sandstone coragerethose with pore throat diameters ranging froit6& m.
mineralization 51% of the poredlfin the range of 6L 6

only 31-33% of the pores lithat range of diameter®\lso, before mineralization the

fractionof poreswith pore throat diametetse s s

eEm,

than 1

EM was

Before

NIQPt treadnfent e r

15%

b L
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increased in the biomineralizedredo 226 in the influent portion an@8%in the
effluent portion This suggesta shift in the poreise distributionfromthe 61 6 & m
range pore throatiameter rang&oward smaller pore throasédter mineralization It
should be noted that absolute conclusions about thicdatetbe drawn as this analysis
has only been performed on one control amel lsiomineralized coreAdditional

experimentation andnalysis is required

Microscopy

Visualization via steranicrascopy and SEM reveadthe presence of a layered
mineral formed at the base of the caléé&ino, her e taken taaummean th
carbonatevhich formedon the influent region ahe MICP treateccore#1 (Figure 68).
Further magnification via scanning electrmicroscopyreveals the presence of ekle
structures insid&ayers ofminerals. It is possible that these layers are formed due to the
injection strategy of pulsed flow alternating calcium and growth meditims.
hypothesized thatutting theinjection of the calcium medium more solid layers of
minerals were formedind trenduringthe injection of the growth medium a layer of
biomass could have formed where the-tik# structures are found. Asated
previously, additional analysis on several samples would be required to draw more

reliableconclusions.



Figure 68. Images of the influent side of biomineralized core #1. (a) PHdtecalcium
carbonatdiskind and calciteicupd formed on the influent of the core where thukiluid
interface existén the core holdefb) stereoscopanage of the layers of mineral aysed
in the bottom portion of the calcite cup where the skin and cup(stgé bar 1 mm(c)
further magnification of the layered area with SEM ¢ a | e lard(d) eef furthen)
magnification(scale bar 2 minto one of the layers where celfaléelycolored in
purple outline for emphasis) were observed associateccalitium containingninerals
On-going ollaboration with Dr. Bruce Fouke at the University of lllinois Urbana
Champaigns occurringwith the intent odecipheringhe biogenic role of the microbe
onthe mineralization patterns through #seaction analysis. One preliminary result of
this collaboration is the i d6nhougitiobeat i on o
the result oimineral encasement oficrobes in calcium containing mineral which

primarily form in the bulk fluid solid substratum interface (Fouke, Personal

Communication, May 2013).
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structure
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Figure 69. Images otells haped #ff u dthoughttblertells entakes in the
calcium mineral as it nucleates

Minimum Capillary DisplacemenPressurd MCDP)

N,-Brineto Determine MCDP Three cores thus far have beseibjected to brine

saturation and Ndisplacemento determine the MCDbiomineralized core#2 and #3
andone unmineralizedontrol core In the case of cores #2 and #3 it was observed that
biomineralization reduced measured permeability and increased the MCDP compared to
the unmineralized control core (Tabl®)k.

For the ontrol and core mineralized during experiment #2, the measured
permeability using Blat UABwas71.6 + 0.8 b (unmineralized control coyand5.7 +
3.4 mD (mineralized samp)erespectively The permeability measurement of
biomineralizedcore#2 performal at UABdiffers from the measurement achieved right at
the end of the experiment (0.hat MSU possibly due to the process of drying and re

saturating the core between measuremenhie permeability of thecontrol corewas
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measuredo be30 mD at MSUwhile UAB measured 71.6 mDUAB applied the
correction for the Klinkenberg effett! since their measurements were performed with
nitrogen ad the measurements at MS\¢re performed with phosphate buffer or JX0H
solutions however there still existsdifferencebetween the MSU and UAB
measurements. Thed#ferences are natompletelyundersbod, although, dferences in
saturatiormightacount forthediscrepancies The permeability of core #3 measured
0.02 mD and 0.011 mD at MSU and\B, respeadtely, which aremorecomparable than
the permeability measurementscofe #2 and the control core.

When subjected to Morine MCDP measuremeni&igures6.10. a, b,and c) the
control coremeasured.007bar(0.1 psi) the biomineralized corg2 measurd 0.255 bar
(3.7 psi)and the biomineralizedore #3 measured 0.8 bar + 04r(11.6 psi + 1.7 psi,
n=3). Theuncertainty in the measuremsmtasapproximately 0.007 bar (0.1 psiThe
MCDP of the control and biomineralized core #2 were measured once, whereas
biomineralized core #3 was measured three tinié® MCDP of biomineralized core #3
was observed to increase between trials from Q. 71@al psi) to 0.8 bar (11.4 psi) and
0.9bar (13.4 psi). The average MCDP from the three measurements vias D@1

bar (11.6t 1.7 psi).
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Figure6.10. Upstream and downstream pressures versusttirdetermindViICDP for the
(a) unmineralizedcontrolcore (b) biomineralized coré2, and (c)the first of three trials
of biomineralized core #3.hemeasuredMCDPs for the control corevere0.007 bar (0.1
psi), biomineralized core # ®as0.225 bar (3.7 psiand biomineralized core #3 wa8
bar (L1.6 psi, n=3.
Porosity was observed to decrease slightly in the biomineralized cores compared
to the unmineralized control core (14.9, and 14.7% compared to 1&6#@gore #3, the
absolute permeability was determined to be 0.01 mD and its porosity 14.5% (Table 6.5).

Compared to the control, the MCDP increased as the permeability decreased in both the

experimental cores (Figure 6.11).
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Figure6.11. Minimum capillary displacement pressure compared to permeability in
mineralized cores #2 and #3 and an unmineralipettal core. MCDP was observed to

increase with decreasing permeability.

scCO, Exposure The exposure of theore #2to scCQ revealed no statistically

significantinfluence ornthe permeabilit{Table 65). The control core has not yet been
subjectedo supercritical C@exposure.Themineralizedcore #3 was alsexposedo
scCQ for 24 hours.The permeabilityof core #3hasnot yet been determinexdter
exposure to C® The MCDPafterscCQ exposuren core #3 was measured four times
andstatistically did not chang®6 + 0.2 bar)after exposureompared t¢0.8+ 0.1 ba)
beforeexposure The first trial out of the four in core #8vealed an unusually low
MCDP value(0.2 bar)and was not included in the average after exposure MCPD
calaulation as it wasittributedto incomplete saturatioof the core prior to MCDP
measurementAdditional measurements are bepgrformedo determine thempact of

exposure to scCO
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Conclusions anffutureWork

Biofilm growth and MICP treatmemromotedn 2.5 cmdiametey5 cm long
Berea sandstone coriegluenced a decrease in permeabiliijne maximum reduction in
permeabil ity due to bi omi n ediffaréntiatpessire n wa s
limits of 124 bar.MICP treatment of cor#3 resulted irathree order of magiude
reduction in permeability.Wo orders of magnitude reduction in permeabikgre
achieved in cores #2 and.#3he minimum capillary displacement pressures of
mineralized cores were 36 ambrethan100times hidner (0.25 bar and 8bay) for
cores#2 and #3, compared to the unmineralized control core (0.007 bar). This suggests
that the permeability reduction influenced by biomineralization also increases the MCDP
significantly compared to controls. It was obveat that 24 hours of scG@xposure did
not significantlyimpact thepermeability or MCDP. Reducing permeability, increasing
MCDP and maintaining the reduced MCDP after sg@&posure all suggest promise
toward using MICP under high pressure conditionsnarove the security of
geologically stored scCO

As this technology transitions frothelaboratoryto thefield, it may be important
to understand in more detail the impatbiofilm growth to the success of the treatment.
For exampleit would beadvantageous to understand howlladilm forms a template
for the mineral to initiate and precipitaedad whether that leads moore porous or less
dense mineral Also, understanding how thength of the biofilm growth stage
influences the number of daium injections necessary to reduce permealiiyld help

improve field injection strategies to promote shorter field application tifrRediminary
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data suggests that the pore sizes most influencedhbyineralization are those in the
size range ofd 6 &Smce mcrobes such aS. pasteuriare typically 33 anm
length thesize of pore spaces most influenced by biomineralization migsirdegly
correlated tdhe ability of the cell to b&ansported into those pore spaces.

To complete thivody of work, additional coszbothbiomineralizedand control
coresshould be exposed to sc&OThis work is being performed in an ongoing
collaboration with the University of Alabama, Birmingham. Also, collaboration with the
University of lllinois, UbanaChampaign will be required to better understand the
biogenic impact or role of microbes in the nucleation and maturation of mineral formed
during biomineralizatiothrough microscopic thin section analysis and SEM
observations Additionalmercuryintrusionporosimetrywork with thecollaboration of
the Center for Advanced MinerahdMetallurgicalProcessing at Montana Tech will help

improve theconclusiongnadeabout the pore sizes most impacted by biomineralization.
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CHAPTER SEVENCONCLUSIONS AND OUTLOOK

Conclusions

Ureolysisdriven MICP has been suggested for a wide variety of engineered
treatments including modification of construction materials, cementing porous media,
hydraulic control and remediating environmental cortamis®. In the subsurface,
MICP has been suggested to reduce permeabilggal fractureso improve the security
of geologically stored C&or for permanent well closure after hydraulic fracturing for
fossil fuel extractiorf™.

In thisdisseration, MICP has been explorddr subsurface applicatidmy (1)
promotng and contrding precipitationwith developed injection strategiaad
developing a model tpredict the outcomef MICP treatments’, (2) designingand
construding a large high pressure vesselstudy the reduction of permeability due to
MICP in a tydraulically fractured sandstone core under both9awd high pressure
conditions and3) redung permeabilityandincreagng minimum capillary displacement
pressurdMCDP)in MICP treated Berea sandstone cores

Injection strategies were developed to spatiallytantporally control
precipitation of CaC@ Precipitation is controlled bgromoting ureolytic activityand
manipulating theeaction and transpomtgimesto ultimatelyalterthe saturation
conditions to achieve the desired timing and location of Gg@&gipitation. Organisms
or enzyms provide the catalyst for ureolysis and cells may act as nuclesatesfor

precipitation to occurAlso, the reaction rates and the transport rates of reactamise
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manipulated by changing flow rates to influen@ngport rates alteringfactors that
influence the kinetics of ureolysis and precipitation reactiondllke salinity and
temperature Whetherand where CaCOwill precipitate is govermeby thesaturation
stateor saturation indewhich is determined by the activity of €aand CQ*.

The injection strategies employed in the séhed column experiments
manipulate the saturation conditions to serve three gbpatyomote homogeneous
distribution of calcium carbonate along the flow p&®),prevent near injection point
plugging, and3) revive ureolytic activity after mineralization ppomote further
precipitation. To achieve these goals the columns were inoculate®& watsteurii
biofilm growth was promoted and thdrfferentfluids were injected in a five step cycle
over the course of several wegksgure 7.1) Note that in step 3 thatio of reaction
rate totransportatei.e. the Damkdhler numbebg), was designed to be less than one in
an effort to homogeneously distrileuthe urea and calciuta promoteuniform
distribution ofsubstrates available for reaction (gordcipitaton). Step5 was discovered
to be important as the microbes can become entombed in mineral leading to diffusion
limitation of substrateer inhibition of cellular activity. These processes can lead to
reducedureolytic activityandthusdecreasingaCQ precipitationratesover time.
Balancing promotion of ureolytic activity and biofilm growth witlgh calcium
precipitation rategs an important consideration in the transition frin@laboratoryto
thefield. Efficient calcium precipitation can be promoted by reviving the ureolytic
activity; however growth or revival stages might consume tiffteerefore, dalance

betweercostand time required to achieve the treatment goal (for example reducing
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permeability or pluggingjnight have to be struck planned and prospectivield

applicatiors.

(1), (®) (3)

No urea or
Caz+

1) Promote Lower saturation 1) Damkohler# <<1 Displacement
ureolysis & state: 2) Biomineralization
biofilm 1) lower 4 hours
2) Resuscitation instantaneous
precipitation

Figure 7.1 Schematic of injection strategies develapaadndfilled column studies.

After inoculaton, fluids were injected in the following mannét) Urea growth medium

to promoteS. pasteuribiofilm formationand ureolysis(2) Saturation reducing medium

(no ureano calcium) to minimize instantanegouecipitation when calcium is

introduced3) fast injection ofCalcium medium with ureto promote ureolysis and

precipitation in a batch biomineralization peri¢4), Saturation reducing medium the

near injection point displas¢he Calciummediumto minimizeprecipitation close to the

injection point and(5) Urea growth medium without calciuaiterthe biomineralization

periodtoressi sci t at e and revive the biofil mbés wure
A Darcy-scale MICP modelvhichwas developetbgether withcollaborators at

the University of Stuttgart wasalibratedusing twocolumn experimestand then used to

predict calcium distributiom subsequent experiment$he model predicts thealcium

distributionin experimentseasonablyvell. During asensitivityaralysis, it was

observed that themodel is most sensitive to fitted parameters associated with the urease

and ureolytic activities of the biofilff. Improving the understanding of these

urease/biofilm relationshipsxperimentallyis currently being pursued and wslrengthen

t he model 6 s bilgies.eAlsp the modesimwatopsauggesthatinjection of

pure, dens@hase CQleads tdimited calcite dissolutiobecause thdissolution of
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CaCQ buffers the pH of the medium, minimizifigrther dissolution However,
simulatednjection of bothCO, and wateted to dissolutiorwhichwasattributed to the
injected water flusimg out residentvater reducing the buffering capacity of the calcite.
SinceCQO;, injections into Berea sandstone cof€kapter 6have ecently been
performed additionalmodelcalibrationmay soon be possible

The next efforts described in thdsssertatiorhighlight the use of the injection
strategies developed in the sdiileéd column studies to reduce permeability in meso
scale (approximately 1/2 metdracturedsandsone cores. Thesperiments promoted
MICP in relevansubsurfacesamples omothmesascale and under pressure.
Collaboratordrom Southern Company drilled a 74 cm diamd&eyles sandstone core
from an outcop of the Pottsville formation iAlabama. The core was hydraulically
fractured and then twice sealed with MICP under amipergsureonditions where the
MICP treatment was observed to improvestrength of the fracturapparentlythree
fold compared to the strength observed prior to treatméext a high pressure vessel
was developed to study MICP treatmat¢levated pressures relevamisubsurface
conditions. During an experiment with confining pressure of 44 MACP was
demonstrated teedue the fracture permeabilitlyy two orders of magnitude. However,
more calcium pulses were required to reduce the fraptmaeabilityas compared to
MICP treatment under low pressure conditionsd@@ium pulsest high pressureersus
7 and 14 under low pressure). Observing diifiees between low and high pressure
experimentgadditional experimental details can be foundppendixF andG) could be

important when considering field deployment, where additional calcium or resuscitation
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events or even higher concentrations of reggmight be required to overcome rAdeal
MICP promoting subsurface conditions. Additional experiments on fractured or porous
media samplesuch as the recently developed sand pack system (Figurendet)high
pressure will helgain understanding afjection strategies tvansition towardleep

subsurfacdield deployment.

Figure 7.2 Sand paclsamplefor studying MICP in porous media under radial flow
conditions and under pressure in the high pressure véssg8and being filled intthe
sampl e ds swithothetcentdr infectiongipencovered to prevent sand intrusion
into the simulated wellb) slotted screen makes up the outside of the sand pack to hold
the sand in but allow for fluids to flow out the circumference of &émel pack.

Finally, in 2.5 cm diameter Berea sandstone cores, permeability was reduced and
minimum capillary displacement pressi4CDP) was increasgtthroughMICP
treatment. The contribution of biofilm growth was observed to influence the
permeability reduction anithe number of calcium pulses necessary to reduce the overall
permeability. It was hypothesized that the biofilm may form a template for mineral
formation, yet futher thinsection analysis is requiredhe porosity of the

biomineralized cores was slightly reduaadnpared to an unmineralized control core,

according to mercury intrusion porosime{MIP) results The MIP results also suggest
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that pores withthethoat di ameter between 6 and 16
treatment with MICP.

MICP treatectores were subjected to sc£Or 24 hours and no significant
impact was observesh permeability or MCDP.No differencesn pore structurevere
observedetwe=n a prebiomineralized, biomineralized and sc&€xposed core when
examined with XRay CT (Appendix H).Replicate sampleand those exposed to longer
periods of scC@need tabeanalyzed with MIP and for MCDP before and after seCO
exposure to assess thiatistical significance of tiseobservations.Overall increasing
the MCDP with MICP treatmergnd maintaining an increased MCDP after seCO
exposure is a promisirggeptoward using MICP talter cap rockpermeability.

Improving flow resistance thrgin cap rock could make it less likely for €0 escape

from geologic storage reservoirs.

Outlook

While the resultpresented show potential for deep subsurface field application of
MICP, more researchas to bgerformedo improvethe understanding of how pressure,
confining fluids, and scalap impact MICP Pressure and scale factors may influence
the strength and/or integrity of the mineralization treatm8tadies in simulated fracture
or delaminated composite cores (well et steel casing, formation material) will
provide information about MICP in the near well bore interfaces, another important
location of potential leakage pathways in addition to the cap r®akercriticalCO,

exposure should also be evaluated ovegéorime periods (beyond 24 hours) to

€

m
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determine if dissolution occurs and the length of time a mineral barrier can continue to
reduce permeability. Calibrating models with the results of these experiments will help
reduce laboratory efforts and allow fowltiple scenarios to be examined under shorter
than geologic times scales.

The Montana StatgniversityMICP research team is currently planning a field
experimento reducepermeability ina hydraulically fractured well at the Gorgas Power
Station neaParrish Alabama. In an effort to prepartor field deploymentseveral
research questiogve to be exploredFirst the experiment must promote MICP in the
deployment time line (limited time will be allowed-gite). Second, the field experiment
is limited by budget and resources. To continue to advance the control of MICP and
meet the constraints of field deployment, several research questégobsingexplored
(1) the dimensionless DarBkler numberDa), which is the ratio of reaction rate to
trangort ratejs beingexploredas a tool in MICP design for controllingeolysis and
precipitation,(2) the bestsubstrate balana@nd sources of substrafgesg. urea and
calcium)are being researcheddetermineoptimal CaCQ precipitation efficiencyto
improveeconomic feasibility antb reduceunwanted byproduct production, a8)
nanc to micro-scale mineral nucleation processes beingexaminedo determine
impacts tamineral growth, morphology and stability at larger scales.

Since controllingemporal and spatialaturation conditions and precipitation is a
multi-factored reactive transport challengéprts to improvenodeb will help improve
the application of MICP technologiedodelscan helppredict treatment efficacy while

decreasingte need for labeintensive laboratory experimerfts®® **13 Modelsare
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continually being improvedty focusing on théundamental pocesses at the micszale
(e.g. ureolysis and growth kinetics, precipitation kinetics, crystal growth and microbe
mineral interactionsfo integratehese process descriptions into Dascgle models for
largescale application desigriModeling will contnue to aid in the effort of transitioning

ureolysisdriven MICPtechnologiedrom laboratoryto field deploymeh
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Abstract

In order to develop subsurface £€dorage as a viable engineered mechanism to reduce
theemission of CQinto the atmosphere, any potential leakage of injected supercritical
CO, (SCGCO,) from the deep subsurface to the atmosphere must be rediared we
investigate theitility of biofilms, which are microorganism assemblages firmly attached
to a surface, asraeans of reducing the permeability of deep subsurface porous
geological matrices undéigh pressure and in the presence of(8%;, usinga unique

high pressure (8.9 MPa)joderate temperature (32) flow reactor containing 40
millidarcy Berea sandstone cordse flow reactor containing the sandstone core was
inoculated with the biofilm formingrganismShewanella fridgidimarinaElectron
microscopy of the rock core revealed substabifilm growth and accumulation under
high-pressure conditions in the rock pore spabé&h caused >95% reduction in core
permeability. Permeability increased only slightly@ésponse to SCO, challenges ©

up to 71 h and starvation for up to 363 h in length. Viagblaulation assays of
microorganisms in the effluent indicated survival of the cells follovGgCO,

challenges and starvation, althoughfridgidimarinawas succeeded Bacillus
mojavensisand Citrobacter sp which were native in the core. These observations suggest
that engineered biofilm barriers may be used to enhance the geologic sequestration of
atmospheric C@
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Abstract

Supercritical CQhas been shown to act as a disinfectant against microorganismese
organisms havemost often been tested in vegetative or spore f@mce biofilm
organisms are typically more resilientghysical, chemical, and biological stresses than
the same organisms in planktonic form, they are often considesszldifficult to
eradicate.lt is therefore hypothesized that supercritical,@8C CO,) induced
inactivation of biofilm organisms would bess effective than against planktonic
(suspended) growttultures of the same organisi8ix-day old biofilm cultures as well
as suspended planktonic cultureBaftillus mojavensigere exposed to flowing SC
CO,at 136 atm and 35UC f or afleBtreamentAftansdi s | o wl
CO, exposureB. mojavensisamples were analyzed for total and viaighs.

Suspended cultures revealed a 3Jogduction while biofilm cultures showed a 1 1pg
redudion in viable cell numbersThese data demonstrate that biofilm cultureB.of
mojavensiare more resiliertb SAQ CO, than suspended planktonic communitiéiss
hypothesized that the small reduction invrability of biofilm microorganisms reflects
the protective effects of extracellular polymeric substatieBs) which make up the
biofilm matrix, which offer mass transport resistance, a large surface areananter

of functional groups for interaction with and immobilization of L®@he resisince of
biofilm suggests that higher pressures, longer durationsig€S£exposure, and a
quicker depressurization rateay be required to eradicate biofilms during the
sterilization of heasensitive materials in medical amdiustrial applicationsHowever,

the observed resilience of biofilms to 8T, is particularly promisindor the

prospective application of subsurface biofilms in the subsurface geologic sequestration of

CO..
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Abstract

If CO, is injected in deep geological formations it is important that the receiving
formation hassufficient porosity and permeability for stoeagnd transmission and be
overlain by a suitable lowermeabilitycap rock formation. When the resulting £0
plume encounters a well bore, leakaggy occur through various pathways in the

Adi sturbed zoned sur r o wlitdpropoge atmeteodfore | | casi
determining effective well bore permeability franfield pressure tesf.permeability
results from such tests prove unacceptably large, strategiessitu mitigation of

potential leakage pathways become important. To be effective, leakage mitigation
methods mugblock leakage pathways on timescdt@yer than the plume will be

mobile, be able to be deliveradthout causing well screen plugging, and be resistant to
supercritical CQ(ScCQ) challenges.

Traditional mitigation uses cement, a viscous fluid that requires a large enough aperture
for ddivery and that also must bond to the surrounding surfaces in order to be effective.
Technologies that cdve delivered via low viscosity fluids and that can effectively plug
small aperture pathways, or evide porous rock surrounding the well could have
significant advantages for some leakage scenaliespropose a microbially mediated
method for plugging preferential leakage pathways armboyus media, thereby

lowering the risk of unwanted upward migration of £Z€milar to thatdiscussed by

Mitchell et al*. We examine the concept of using engineered microbial biofilms

which are capable of precipitating crystalline calcium carbonate using the process of
ureolysis. Theesulting combination of biofilmlps mineral deposits, if targeted near
points of CQ injection, mayresult in the longerm sealing of preferential leakage
pathways. Successful development of tHaegically-based concepts could result in a
CO, leakage mitigation technology which ch@applied either before COnjection or

as a remedial measure. Results from laboratory coktuthes are presented which
illustrate how biomineralization deposits can be developed glacked sand columns at
length scales of 2.54 cm and 61 cm. Straedpr controlling mineraleposition of

uniform thickness along the axis of flow are also discussed.
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Abstract

Methods of mitigating leakage or-pdugging abandoned wells before exposure tg CO

are of high potential interest to prevent leakage of i@fected for geologic carbon
sequestration in depleted oil and gas reservoirs where large numbers of abandoned wells
are often present. While G@esistant cements and ultrafine cements are being
developed, technologies that can be delivered via low sityciuids could have

significant advantages including the ability to plug small aperture leaks such as fractures
or delamination interfaces. Additionally there is the potential to plug rock formation pore
space around the wellbore in particularly proldémsituations. We are carrying out
research on the use of microbial biofilms capable of inducing the precipitation of
crystalline calcium carbonate using the process of ureolysis. This method has the
potential to reduce well bore permeability, coat cen@neduce C@Q related corrosion,

and lower the risk of unwanted upward Q@igration. In this spotlight, we highlight
research currently underway at the Center for Biofilm Engineering (CBE) at Montana
State University (MSU) in the area of ureolytic bioealization sealing for reducing

CO;, leakage riskThis research program combines two novel core testing systems and a
3-dimensional simulation model to investigate biomineralization under both radial and
axial flow conditions and at temperatures and suess which permit C£o exist in the
supercritical statelhis combination omodelingand experimentation is ultimately

aimed at developing and verifying biomineralization sealing technologies and strategies
which can successfully be applied at the field scale for carbon capture and geological
storage (CCGS) projects.
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Abstract

The use of microbiologicalljnduced mineralization to plug pore spaces is a novel
biotechnology to mitigate the potential leakage of geologically sequestered carbon
dioxide from preferential leakage pathways. The bacterial hydrolysis of urea (ureolysis)
which can induce calcium canbate precipitation, via a pH increase and the production
of carbonate ions, was investigated under conditions that approximasersate storage
environments, using a unique high pressiya% MPa) moderate temperature (G2
flow reactor housing a symetic porous media core. The synthetic core was inoculated
with the ureolytic organisrBporosarcina pasteurand pulseflow of a urea inclusive
saline growth medium was established through the core. The system was gradually
pressurized to 7.5 MPa over thist 29 days. Concentrations of iyHa byproduct of
urea hydrolysis, increased in the flow reactor effluent over the first 20 days, and then
stabilized at a maximum concentration consistent with the hydrolysis of all the available
urea. pH increased evthe first 6 days from 7 to 9.1, consistent with buffering by
NH;'s NHs+ H". Ureolytic colony forming units were consistently detected in the
reactor effluent, indicating a biofilm developed in the high pressure system and
maintained viability at presses up to 7.5 MPa. All available calcium was precipitated as
calcite. Calcite precipitates were exposed to dry supercritica(€2CQ), water
saturated scC£scCQ-saturated brine, and atmospheric pressure brine. Calcite
precipitates were resilient taydscCQ, but suffered some mass loss in watgturated
scCQ (mass loss 17 + 3.6% after 48 h, 36 =+ 7.5% after 2 h). Observations in the presence
of scCQ saturated brine were ambiguous due to an artifact associated with the
depressurization of the scG8aturated brine before sampling. The degassing of
pressurized brine resulted in significant abrasion of calcite crystals and resulted in a mass
loss of approximately 92 + 50% after 48 h. However dissolution of calcite crystals in
brine at atmospheric pragg, but at the pH of the scG8aturated brine, accounted for
only approximately 7.8 £ 2.2% of the mass loss over the 48 h period. These data suggest
that microbially induced mineralization, with the purpose of reducing the permeability of
preferential lakage pathways during the operation of GCS, can occur under high
pressure scC{njection conditions.
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Description ofExperimental Conditions

Collaborators at the University 8tuttgartrequire data to calibrate thédarcy-
scale model which was described in tiissertatiorin Chapter 3. In particular, the
guestion of whether differencés kinetics of ureolysis or precipitati@axisted between
high and low pressure conditions was of interest. To begin to answer the question, a
study was undertaken to assess high and low pressure urea hydrolysis reaction kinetics.
To study these kinetielationships the high pressure pH and conductivity probe bank
normally associated with the high pressure vessel described in Chaper 6sed as a
small <60 ml) batch reactor. Two pressures were studied, ambient (atmic3aimer
96.5bar.

Kinetics of ureolysis (urea is neonic) can be monitored by surrogate of the
ionic NH," production which can be measured as an increase in conductivity (Eq. 1)
In this experiment, the high pressure pH and condticfivobe bank (Barben Analyzer
Technologies) was removed from the high pressure fluid delivery system and placed on a
shaker and attached to one of the high pressure Isco pumps via flexible stainless steel
tubing (Swagelok, ID, USA). The probe bank wasrdected by pumping a
Bleach/Tween solution followed by distilled water, then a sodium thiosulfate solution
followed by 70% ethandl’. The probes were theimsed andstored in sterile buffer.
Immediately prior to inoculation the probe bank was drained and fillede@ithl of
freshsterile growth medium. The entire probe bank was shaken at 100 rpm as the
medium equilibrated for approximately 10 min, then conductivity and pH were recorded
prior to inoculation.

A culture ofS. pasteurias grown overnight by starting a culture framzen
stock, with 10| inoculated into 100 ml of 37 g/L and 20 g/L urea medium and shaken
at 150 rpm on an incubated (&) shaker. After 24 hours, the culture was transferred to
fresh BHI+Urea medium then grown to stationary phase prior to centrifnghtiee
times at 6000 rpm for 10 min andsaspension in 40 ml growth medium. After the final
resuspension the optical density was measured by aliquoting in triplicaté @0he
culture to a 96 well plate and measuromical density at 600 nm (QE) with a Biotek
Synergy HT (Biotekplate reader. The final QRywas 1.4.

Low and high pressure experiments were run in triplicate and each began by
inoculaing 40 ml of the 1.4 Oy culture into the probe bank. Immediately, a 0.5 ml
time zero sampl was taken and 0.1 ml of the sample was used to assess culturable
population viahedrop plate methotf*and 0.4 ml filteedwith a 0.2em syringe filter
for urea analysis. Urea was assessed by colorimetric assay modeled after the Jung
assay”. The modified Jung assay is a colorime@&well plate methodhere:

1. 125 pL of Reagen? were addedhto each well $amples and standardsere run
in triplicate)
2. 10 pL of each sample and standaxmgre added to the wells
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i Standardsvere2.5, 2.0, 1.5, 1.0, 0.5 and 0.25 g/L of uvath DI water as a
blank sample
1 Samplesverediluted appropriately (1:10 for high urea samplesjiluted for
low urea samples)
3. 125 pL of Reagens was addednto each well
4. The wells were mixed by pulling the solution into a mahiannel pipette and
injecting it back into the plate. (Tips were changed between wells)
5. The plate wasncubate for 30 mirutes at 37° C
6. Absorbancevas readat 505 nm

Reagents:

Reagent I 33% Brij Solution:
1. 1 mL of Brij-L23 into 29ml of water
Reagent 2 o-Phthalddehyde
1. 800ml of distilled HO was addedo a 1L volumetric flask.
2. 74ml of concentrated 130, was addedo theflask
3. The solution was allowed mwol, then 200mg of-phthalaldehyde and 1ml of
reagent were added to the flask
4. Waterwas addedo afinal volume of 1L
Reagent 3 NED reagent
1. 600mL of distilled watewas addedo a 1L volumetric flask
2. 5.0 g of Boric aid was added and allowed digssolve
3. 222mL of concentrated 30, was then addetb the flask
4. The solution was allowed to com room temperature then 600mg ofIN
napthylethylenediamine dihydrochloride (NED) and 1mL of reageveré added
5. Waterwas addd to afinal volume of 1L

In each high and low pressure experiments; pH & conductivity were monitored
over time. In the low pressure experiments samples were collected every 7.5 minutes for
the first hour and every 15 minutes thereafter and filtered for urea analysis. In the high
pressure experiment, pressure was increased by using a Teledyne Isca pangtant
pressure mode to increase the probe bank pressure from ambient conditions to 96.5 bar
over approximately 2 minutdémefore isolating the probe bankn the high pressure
experiment since pressure would reduce if sampling occurred; only timargero
endpoint samples were collecte@xperiments were conducted for two hours.

Conductivity was correlated to the results of the low pressure experiment urea
assay using linear regression analysis. Then that correlation was used to calculate the urea
concentration in the high pressure experiméatsed on the conductivity readings
Following, three kinetic model&ero order, first order and Michaeldententype) were
examined by minimizing the sum of squared error between the data and the model to
determine whether there was a significant difference to the ureolysis kinetics under these
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conditionswhere [U] is the concentration of uregedis the rate of ureolysis¥xis the
maximum rate of ureolysis andKs the half saturation coefficient

Zero order:i

—

MichaelisMenten i

First order:i

ResultsUreolysis kinetics

E5

Urea concentration was correlated to conductivity through linear regression (Figure

AppendixF.1).

Conductivity (mS/cm)

FigureAppendixF.1 .
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The slope and intercept of the line were used to convert high pressure data to urea
concentratiorand the high and low pressure urea data was compared between three
kinetic models (TabldppendixF.1). The zero order model fit the first hour of the data
(FigureAppendixF.2), whereas first order fit better to the two hour data (Figure

AppendixF.3).
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FigureAppendixF.2. Zero order model comparison of urea degradation under high and
low pressure conditions. The zero order model fit best to the first hour of the data
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FigureAppendixF.3. First order model comparison of urea degradation underamid
low pressure conditions. The first order model fit best to the first two hours of the data.

MichaelisMenten (MM) kinetic model did not fit well to this data as evidenced
by the high standard deviation surrounding the fitted parametegsawfcky,ax (Table
Appendix F.1) The MM model might not fit these data well because at these urea
concentrations the maximum rate of urea hydrolysgnot yetbeobserved. All of the
models suggest that kinetic parameters are within the standard deviation of each other
between low and high pressure suggesting no difference between the rates of ureolysis
under these conditions.
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TableAppendixF.1. Kinetic paramiers derived from least sum of squares error
method.

Zero les= 9.46 g/L/hr £ 1.22
First k= 1.00 + 0.23 (ht)
k =1459/L £6.6

m

High Pressure

MM vmaX:27.7 g/L/hr £12.8

Zero lea= 10.48 g/L/hr £ 0.64

First k=1.19 +0.05 (hHf)
Low Pressure K =172 g/L * 12

MM T

v =29.4g/L/hr £ 15.1
aX

m

In conclusionthestudy reveals that under the conditions tested, there was no

statistically significant difference to ureolysis kinetimtweernow (ambient pressure)
andhigh pressure (96.5 bar).
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COMPARISON ORUREOLYSIS ANDCaCQ PRECIPITATIONRATESIN
BEREA SANDSTONE CORES UNDER LOW AND
HIGH PRESSURE CONDITIONS
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Goal andExperimental Conditions

To continue the efforts to answer the questiowloéther differences exist
between high and low pressure conditifmrscollaborators at the University of Stuttgart
to bettercalibrate their Darcygcale modeltwo additional experiments were performed.
These were performed in 2.5 cm diameter Berea samelsoresirilled from the same
block of sandstondescribed in thiglissertatiorin Chaptel6. To begincores were
loaded into the Hassldype core holder and permeability was characterized withONH
10 g/L solution. In the low pressure experiment the overburden pressure was held at 300
psi and at high pressure at 1400 psi; each well above the pressure observed where bypass
or backflowof the fluid around the core might be observed (Chapter 6¢.cdtes were
conditioned with urea growth medium ath& cores were inoculated wigh pasteurii
nine hours of biofilm growth was promoted and then 6 hours of calcium urea medium
was injected under sernbnstant flow conditionsl(ml/min during flowing pgods and
batch periods of nflow overnigh). One core waseatedwith the effluent side of the
core holder open to atmospheric conditions; the other core was subjected to the same
flow conditions but with 75.8 bar (1100 psi) of back pressorgrolledby a Teledyne
Isco pump operated in constant pressure noodie effluent sideDifferential pressure
and flow rate were monitored to assess changes in permeaktililyent samples were
collected and analyzed withe modified Jung assay for urea aBdor calcium?’. At
the termination oéachexperimentthe coreswere cut into four equally spaced sections
along the flow path and portions of the cut cores were ground and digested with 10%
trace metal grade HNQvhich was diluted to 5% and appropriately for analysis with
ICP-MS to determine calcium concentration.

Results
Permeability

Permeability was observed to decrease in both low and high pressure experiment
cores (Figure Appendi.1). The core mineralized under high pressure was reduced
from ~60 md to 5 md and the low pressure experiment core f&0rto 0.8md. To
determine the difference between high and low pressure and the pressures impact on
mineralization, comparing the permeability may not be the best metric as the core
mineralized in the high pressure experiment did not reach as low of permeabilty (5
0.8 md) as the low pressure experiment. This was perhaps due to an artifact in the
sampling where during sampling under high pressure large differential pressures can be
initiated due to filling the sampling loop. This could contribute to possiielakiage of
newly formed mineral, although this speculatc@mnotbe confirmed.
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Residual Effluent AnalysidJrea and Calcium

Not all of the urea was hydrolyzed during the biofilm growth stage (Figure Appendix
G.2). Based on the difference between the known influent urea concentration and the

under

l ow( *)

and

measured effluent urea concentration it was determined that thel eveeahydrolyzed
in the bw pressurexperiment was.2%(1.48 g hydrolyzed out of the 18tal grams
injected)and under higlpressurevas9.3%(1.67 g hydrolyzed out of the 18tal grams

injected)
25
f.) { Influent concentration 20 g/L
§ 20 —
T T
S &
§ 15 1Y S
§ 2 . ;*
$ 10 ?—
2 e
c @ Low Pressure Urea (g/L iy
§ s (9/L) f
E High Pressure Urea (g/L) ~
0 T T — T 1
0 10 20 30 40
Time (hours)
Figure AppendixG.2. Urea concentration in
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Then to determine the urea hydrolysis ratesng the first five hours of biofilm
growth, thedifference between the influent and the measured eff@rdentration of
urea was divided by the residence time in the core to achieve a rate in (mol/LTiné)
ureolysis ratesanged froni7.3 x 10° to 2.5 x 10F mol/L/min for the low pressure

experiment and from 1.1 x 4Dto 2.9 x 182 mol/L/min for the hgh pressure experiment
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(Figure AppendixG.3). Since only one high pressure and one low pressure experiment
were performedyo statistically significant conclusion candmwnfrom thesedata,

although the trends of the ureolysis rates for both low arfdpgrgssure experiments are

not drastically different from each other and bothiaceeasing. Thisuggestsireolysis

rates are increasing over time which is hypothesized due to biofilm growth and increasing
cell concentrations.
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Figure AppendixG.3. Urea hydrolysis rates over time in both I¢uP) and high
pressurdHP) experimentsSince only one high pressure and one low pressure
experiment were performed, no statistically significant conclusion cdnalaenfrom
thesedata,although high pressurgeolysisrates are observed to be greater than the low
pressure ratesThe trends of the ureolysis rates for both low and high pressure
experiments are not drastically different from each other and both are incr&dmsing.
suggests ureolysis rates amereasing over time which is hypothesized due to biofilm
growth and increasing cell concentrations.

During the 6 hour calcium injection, rates of ureolysis and calcium precipitation
were calculated bthedifference between theamplednfluent and efflient
concentration of urea or calcium, divided by the residence time in théocalv&aina rate
in mol/L/min (Figure AppendixG.4). It was assumed that the difference between the
influent and effluent concentrations of calcium wlag to precipitation
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Figure AppendixG.4. Ureolysis and calcium precipitation rates over time during calcium
urea medium injectiorslight differences were observed between the urea rates observed
under low(LP) and high pressur@P) conditions with the high pressure uretes

reduced totiose observed under low pressure conditidrigs wasopposite the trend
observed during the biofilm growth stage where high pressure ureolysis rates were
greaterthan low pressurareolysis rates Calcium precipitation rates are obsgs to

have no difference between the low and high pressure conditiyeslysis rates and
calcium precipitation rates decreased during the calcium injestig@which was
hypothesized to be due to entombment of microbes during calcium precipitatiomgle

to reduced ureolysis rates due to diffusion limitations of urea and wesstivation of
microorganisms

Calcium Distribution

Noticeable precipitate was observed on the influent but not the effluent side of the
core (Figure Appendi%.5). Thisprecipitate was not well cemented onto the core face
S0 care was taken to include it in the analysis for calcium; however several flakes of
mineral were observed in the beaker storing the high pressure experiment core.

| Lowpressure| | Control | | High pressure

| Low pressure | | Control || High pressure

Figure AppendidxG.5. Image of the influent and effluent side of the cores biomineralized
under low and high pressure. (a) influent side, (b) effluent side.

The concentration of calcite pgram of sand in the four sectioa®ng the flow
pathof each high, low and control (not mineralizedyes was measured by ICMS



