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fNature does not hurry, yet everything is accomplished. The leaves do not struggle to
fall, nor the rivers to flow; they simply follow the logic of the earth. The most resilient
systems are those that adapt, regenerate, and integrate rather than dominate. If we
are to build a future in harmony with our planet, we must learn from these principles
T not by imposing control, but by working with natural processes. Sustainable
i nnovation does not mean resisting natureds

T Inspired by Lao Tzu



Abstract

Abstract

Induced carbonate precipitation (ICP), through microbial (MICP) and enzyme-induced
(EICP) pathways, offers a sustainable means of reinforcing porous media, tuning
permeability, and enhancing thermal performance across soils, engineered backfills,
and subsurface formations for applications in carbon storage, geothermal energy, and
construction. Yet its wider deployment is prevented by limited understanding of how
pore-scale precipitation processes shape bulk material behaviour, particularly when

relying on crude, low-cost enzyme extracts essential for scalable treatments.

This thesis aims to show how pore-scale precipitation processes govern material
performance and how they can be directed to achieve specific outcomes. Time-lapse
X-ray computed tomography and flow modelling revealed that density driven mixing
controls where and when CaCOs; forms, with precipitation concentrated in regions of
high enzyme availability. This highlights that density driven flow, such as injecting
cementing solution above enzyme solution in deep formations, can be exploited to

deliberately control where precipitation occurs.

By varying enzyme source, organic additives, flow regimes, and pH, new levers were
identified for modulating reaction kinetics and lag periods. Crude soybean urease
generates extended protein-mediated lag phases that allow cementing and enzyme
solutions to be mixed ex situ prior to injection. This strategy produced more uniform
precipitation, even across fine layers (<100 um) that were otherwise inaccessible to
bacterial cells in MICP and enabled extended treatments of up to 25 cycles due to
sustained uniform precipitation. As an alternative, pulsed-flow injection was shown
through flow modelling to enhance pore-scale mixing between cementing and enzyme

solutions, offering another pathway for improved treatment uniformity.

Linking these optimised treatments to bulk properties showed that repeated EICP
injections could achieve unconfined compressive strengths up to 17.9 MPa while
increasing thermal conductivity by ~600% and preserving hydraulic conductivity, a
tuneable balance between reinforcement and flow. XCT demonstrated that strength
gains were associated with crystal bridging at grain contacts, which also facilitated

efficient heat transfer.

Functional optimisation using conductive and phase-change additives established

ICP-treated porous media as multifunctional composites. Expanded graphite formed



Abstract

conductive networks that delivered anisotropic heat conduction, while paraffin-infused
graphite enabled latent heat storage. Additives thus delivered equal or greater thermal

enhancements with far fewer treatment cycles than enzyme-only treatments.

Overall, this work demonstrates that precipitation uniformity and mixing dynamics are
central to ICP performance. By connecting pore-scale mechanisms to engineering
outcomes and extending ICP to multifunctional applications, this thesis advances both
the mechanistic understanding and the practical potential of biomineralisation, moving
it significantly closer to deployment in CO, sequestration, geothermal energy, and

sustainable construction.
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Chapter 1

Chapter 1 : Introduction

1.1 Motivation for Research

Microbial and enzyme induced carbonate precipitation (MICP and EICP), have
emerged as versatile biocementation techniques with applications spanning
environmental engineering, energy systems, and geotechnical materials. Originally
developed to reduce permeability and strengthen soils, induced carbonate
precipitation (ICP) is now recognised for its potential across a wide range of
subsurface technologies, offering a controllable means of forming CaCOs in situ to
alter flow, mechanical behaviour, and thermal transport. Its flexibility makes it
especially attractive in sectors where conventional grouts or cements are either too

viscous, or too disruptive.

One of the most significant application areas is geological carbon capture and
sequestration (CCS). Global warming has already raised average temperatures by
1.45 °C above pre-industrial levels (WMO, 2023), while atmospheric CO-
concentrations now exceed 420 ppm. Large-scale CCS is therefore needed to
complement decarbonisation efforts and mitigate ongoing emissions. The long-term
integrity of storage sites depends on effective sealing of leakage pathways,
permeability control, and mechanical stability of reservoir and caprock formations;
areas where ICP has shown strong potential. Both MICP and EICP can reduce
permeability (Peng et al., 2020; Tobler et al., 2018; Yasuhara et al., 2012), stabilise
granular media (Meng et al., 2021; Van Paassen, 2009), and seal preferential flow

channels or fractures (Zhu et al., 2021), improving overall storage performance.

Beyond CCS, ICP offers advantages in geothermal energy systems (Venuleo et al.,
2016), where enhancing soil thermal conductivity can increase the efficiency of
ground-source heat pumps and shallow thermal energy storage (Ahmed et al., 2022;
Sarbu & Sebarchievici, 2014). In geotechnical engineering, ICP offers advantages
over cement and chemical grouts because its low-viscosity solutions can infiltrate fine
or sensitive soils with minimal pressure (Fig. 1.1), reducing ground disturbance and
enabling treatment in zones that conventional grouts cannot reach. These emerging
applications highlight ICP as a multifunctional technology for modifying subsurface

flow and mechanical behaviour.
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Figure 1.1 Flow path migration during MICP  (a), (b) and (c) 2D illustrated
representation of gradual calcite precipitation altering flow velocity and direction.
Adapted from Minto et al. (2018) (d) 3D volume reconstruction of MICP treated
silica sand (brown) with calcite bonds (green) reducing permeability and increasing
grain connectivity. Adapted from (Terzis & Laloui, 2018)

Despite these advances, controlling ICP reliably remains difficult. The macroscopic
behaviour of treated materials ultimately depends on pore-scale biochemical and
transport processes that govern ureolysis, ion availability, mixing, and nucleation.
Achieving reliable performance requires controlling where carbonate forms, how
much is deposited, and how it evolves over repeated treatment cycles. Non-uniform
precipitation, sensitivity to enzyme source and reaction conditions, and difficulty
predicting permeability or strength outcomes remain key limitations. X-ray computed
tomography (XCT) offers a powerful means to resolve these behaviours in situ,
enabling non-destructive 3D imaging of evolving pore structures and CaCOs
distributions (Dadda et al., 2018; Godinho & Withers, 2018).

These pore-scale precipitation dynamics directly govern the mechanical, hydraulic,
and thermal response of treated soils. Enhancements such as increased strength
(Almajed et al., 2019), reduced or tuneable permeability (Kirkland et al., 2020; Mo et
al., 2021; Peng et al., 2020), and improved thermal conductivity (Martinez et al., 2019;
Venuleo et al., 2016; Z. Wang et al., 2019) have been reported, though challenges
persist regarding uniformity and long-term durability.

Key uncertainties remain regarding the influence of pore-scale mixing on CaCOs
localisation, the behaviour of different enzyme sources, and the extent to which
treatment uniformity can be achieved in heterogeneous media. Addressing these
gaps requires a clearer understanding of ureolytic mechanisms, environmental

controls, and precipitation processes, which are examined in the sections that follow.
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1.2 Fundamentals of Biomineralisation

Biomineralisation induces calcium carbonate (CaCOs3) precipitation within soil and
rock matrices, strengthening porous media by forming new intergranular contacts and
reducing pore space. This can be achieved either microbially (MICP), using urease-
producing bacteria, or enzymatically (EICP), by directly introducing urease extracted
from biological sources. Both approaches have shown promise for improving
unconsolidated soils and sands (Wang et al., 2017). CaCOs precipitated through ICP
strengthens existing contacts between soil grains and creates new ones, increasing
unconfined compressive strength and altering the hydromechanical and thermal
properties of the treated material.

Because soils and porous rocks both consist of grains, pore bodies, and pore throats,
induced carbonate precipitation is relevant for controlling permeability and stability
across a range of substrates. Loose sand is frequently used as an analogue for
porous rock in CCS studies, since even small permeability changes can divert fluid

flow and enhance CO; trapping efficiency (Bump et al., 2023; Tobler et al., 2014).

Although carbonate precipitation can be driven by several microbial pathways
(denitrification, ferric iron reduction, sulphate reduction), these routes are limited by
slow kinetics, costly growth requirements, or undesirable by-products such as
hydrogen sulphide (Van Paassen, 2009), and therefore these pathways are not
considered further in this thesis. In contrast, urea hydrolysis is more controllable,
efficient, and cost-effective, making it the most widely explored pathway for both MICP
and EICP.

1.2.1 Urea hydrolysis

The urea hydrolysis reaction is catalysed by the enzyme urease, produced naturally
by certain bacterial strains or extracted from plant-based sources. In the presence of
dissolved calcium, hydrolysis drives the precipitation of CaCOs, which binds soil

grains and alters pore structure.

During the process, urea (CO(NH>).) is enzymatically hydrolysed to ammonium (NH4")
and bicarbonate (HCOzY) ions (Equation 1). To maintain charge balance, hydroxide
ions (OH-) are also generated, raising solution pH and promoting the conversion of
bicarbonate to carbonate (COs?) (Equation 2). Meanwhile, calcium chloride (CaCly),

commonly used as the calcium source, dissociates to yield calcium (Ca?*) and
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chloride (CI) ions. When the ion activity product of Ca?* and COs* exceeds the
solubility product of CaCOs, nucleation occurs and calcite crystals precipitate

(Equation 4).

The biochemical sequence can be summarised as follows:

6060 OO wwwwuu 60 O&  §O (1)
08 © 66 O ®)
6B 6H b a ©)
66 60 O 6 (i (@)

In MICP, negatively charged groups on bacterial cell walls can promote nucleation by
binding Ca?* prior to precipitation (Fig. 1.2). In contrast, EICP lacks this microbial
surface interaction, with precipitation occurring directly within the pore fluid. Under
standard atmospheric conditions, the dominant polymorph formed is calcite, although
other forms such as aragonite may occur depending on the calcium source (Zambare
et al., 2020) or under specific environmental conditions, for example in anoxic systems

using non-ureolytic pure-culture bacteria (Zhang et al., 2019; Zhang et al., 2014).
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Figure 1.2 MICP schematic of calcium carbonate precipitation (@), (b) and (c)
from DeJong et al. (2006) the mechanism of calcite nucleation on the cell walls of
urease producing bacteria and (d) from Rahman et al. (2020) how calcite
precipitation in bio-cemented sand is focussed preferentially within pore throats and
on grain surfaces.

Together, these reactions provide a highly efficient and controllable pathway
compared to alternative biomineralisation routes, making urea hydrolysis the basis of
most MICP studies, all EICP formulations, and the central mechanism examined in
this thesis.

1.2.2 Mechanistic controls on ICP

Although MICP and EICP share the same underlying hydrolysis reaction, the way it is
catalysed: by whole bacterial cells in MICP or free enzymes in EICP, introduces
important differences in efficiency, reaction onset, and spatial uniformity. The kinetics
of hydrolysis follow Michaelis-Menten behaviour (Fig. 1.3), with reaction rates

governed by urea concentration and the catalytic properties of the ureolytic agent. In
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microbial systems, urease activity depends on cell viability, metabolic state, and local
microenvironments, whereas in EICP it is determined directly by enzyme

concentration, stability, and solution chemistry.

As hydrolysis progresses, hydroxide, bicarbonate, and ammonium ions elevate
solution pH, shifting carbonate equilibria and controlling the saturation state of CaCO:s.
The rate and extent of this pH evolution determine when and where crystals nucleate,
influencing precipitation efficiency and the distribution of mineral phases (Zehner et
al., 2020).

1.2.2.1 Mechanisms governing precipitation in MICP

In MICP, the evolution of pH is a dynamic, multi-phase process influenced by bacterial
metabolic activity, local saturation conditions, and mineral phase transitions (Zehner
et al., 2020). Sporosarcina pasteurii is the preferred bacterial strain, exhibiting high
enzymatic efficiency at elevated urea concentrations (Whiffin et al., 2007) and
therefore supporting efficient hydrolysis in engineered environments (Fig. 1.3).

S. Pasteurii

Reaction rate [mM/min]
=,

---.557

0 0.2 0.4 0.6 0.8 1

Urea concentration [M]

Figure 1.3 Michaelis -Menten kinetics of two strains of ureolytic bacteria (S.
Pasteurii and LS57) used in the MICP process (Tarantino et al., 2019) .

Calcium carbonate does not immediately precipitate as calcite but typically forms
through a sequence of metastable phases. Amorphous calcium carbonate (ACC) or
vaterite often appear first, |l ater recrystal

Rule of Stages (Mullin, 2001). Supersaturation, ionic strength, and local pH
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fluctuations govern how long ACC persists or whether vaterite is stabilised before
transformation (Rodriguez-Blanco et al., 2011; Sheng Han et al., 2006). Dissolution-
reprecipitation cycles, coupled with ion exchange and organic interactions, may
further extend the persistence of metastable phases (Khanjani et al., 2021; Zehner et
al., 2020).

Beyond chemical kinetics, bacterial surface properties and extracellular polymeric
substances (EPS) strongly influence precipitation dynamics. The negatively charged
surface of S. pasteurii attracts Ca?' ions, increasing local supersaturation and
promoting nucleation directly on cell walls (DeJong et al., 2006). EPS further modifies
the microenvironment by binding ions, altering diffusion pathways, and providing
organic templates that influence crystal morphology and aggregation. These effects
can stabilise metastable phases such as ACC or vaterite (Tourney & Ngwenya, 2009),
delay transformation to calcite, or promote clustered rather than grain-contact
precipitation. Such shifts in nucleation location and crystal habit directly impact
permeability reduction, mechanical reinforcement, and the uniformity of MICP

treatments.

Bacterial concentration also shapes precipitation behaviour. When cell density is
uniformly high, total CaCOfr vyield increases (Okwadha & Li, 2010). However, when
bacteria accumulate in localised clusters, the resulting high local cell volume fractions
promote EPS-rich flocs and strong pH gradients. These microenvironments favour
spherical or aggregated CaCO3; morphologies rather than grain-contact bridging (Fig.
1.4) (Al-Thawadi & Cord-Ruwisch, 2012; Cheng et al., 2007). The tendency of
bacteria to flocculate under certain ionic and flow conditions further amplifies this
effect by creating concentrated nucleation zones. These changes in nucleation
environment and crystal habit directly influence permeability reduction and the

mechanical performance of treated soils (Chen et al., 2024).
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Figure 1.4 Crystal size and shape as a function of bacterial concentration during
MICP (a), (b) and (c) adapted from Cheng et al. (2007) (d) adapted from Al-Thawadi
and Cord-Ruwisch (2012)

1.2.2.2 Mechanisms governing precipitation in EICP

In contrast to MICP, where bacterial activity and biofilm growth affect precipitation,
EICP is controlled purely by enzyme kinetics and solution chemistry. Singh et al.
(2021) demonstrated that with optimal reactant concentrations (1 M urea, 0.67 M
CaCly, and 5 g/L jack bean urease), complete conversion of CaCl, to CaCOs could be
achieved in sand columns over 21 days. While bulk CaCO3 production was confirmed,
the absence of pore-scale imaging left uncertainties about precipitation distribution,

clogging, and local supersaturation dynamics.

Recent work has focused on crude urease extracts from plant materials as a cost-
effective alternative to purified urease. Such extracts inevitably contain proteins, fats,
and carbohydrates that may modify precipitation behaviour. Potential effects include:

1 pH buffering : amino acids and proteins may alter hydrolysis rates and local
supersaturation (Yang et al., 2022), which is important because temporary pH

23



Chapter 1

suppression can delay the onset of CaCOFf precipitation, allowing deeper
penetration and better mixing of reagents before nucleation begins.

1 Polymorph stabilisation : organic matter can promote ACC or vaterite
persistence (Khanjani et al., 2021). Stabilising metastable phases affects the
timing of calcite formation and can influence crystal morphology and the
development of grain-bridging bonds, with direct consequences for strength
and permeability.

1 Enzyme protection : certain organic compounds can stabilise urease and
reduce denaturation in high-ionic-strength environments. Excessive chloride
ions are known to inhibit enzymatic activity (Bao et al., 2025), and organic
cofactors in crude extracts may extend enzyme lifetime, enabling more

sustained hydrolysis.

Organic additives have also been trialled to enhance EICP performance. Additions
such as non-fat milk powder (Almajed et al., 2019), casein (Miyake et al., 2022),
xanthan gum (Hamdan et al., 2016), and sodium alginate (Arab et al., 2024) have
produced higher unconfined compressive strengths at lower CaCOs; contents.
Mechanistic explanations include:

I Protein interactions : milk proteins may act as nucleation templates,
enhancing interparticle bonding (Miyake et al., 2022).
1 Polysaccharides and ion transport  : xanthan and alginate may modulate ion

mobility, controlling precipitation location and morphology (Arab et al., 2024).

Despite promising results, few studies have systematically linked these additives to

precipitation kinetics or pore-scale distribution.

These biochemical effects also influence the mineralogical outcome of precipitation.
For example, EICP commonly produces smaller and more densely packed CaCOs
crystals than MICP (Gowthaman et al., 2022) a feature that may enhance permeability
reduction in narrow pore throats. However, excessive organic content can drive pore
clogging near injection points, leading to non-uniform treatment (Venda Oliveira &
Neves, 2019). Together, these findings show that enzyme source, organic
composition, and solution chemistry play central roles in governing precipitation

uniformity and phase evolution in EICP systems.
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1.2.2.3 Crude urease extraction: A new approach

Crude urease extraction from plant sources offers a cost-effective alternative to
purified urease, which can account for 701 80% of total chemical costs in EICP
(Ahenkorah et al., 2021). Among candidate plants, jack beans (Canavalia ensiformis)
exhibit the highest ureolytic activity (27007 3500 umol urea/min-mg) (Liu et al., 2023),
but limited commercial cultivation constrains large-scale use. Soybeans (Glycine
max) provide moderate activity (6501 800 pumol urea/min-mg) (Shu, Yan, Ge, et al.,
2022), yet benefit from global availability and well-established supply chains.
Watermelon seeds (Citrullus lanatus), a by-product of food processing, offer
comparable activity (6007 950 umol urea/min-mg) (Imran et al., 2021; N. Javadi et al.,
2018) but are limited by seasonal variability and supply volumes. In practice, this
creates a trade-off between enzymatic activity and scalability: jack bean extracts are
highly active but scarce, watermelon seeds sustainable but constrained, while
soybeans strike the most practical balance of cost, availability, and performance. For
these reasons, soybeans have emerged as one of the most promising crude enzyme
sources for large-scale EICP (Dilrukshi et al., 2015).

However, crude extracts also introduce substantial variability in enzyme purity,
stability, and co-extracted organic components, all of which directly influence
precipitation dynamics. Unlike purified urease, plant-derived extracts contain residual
proteins, fats, carbohydrates, and small organic molecules whose concentrations
depend on the extraction and coagulation steps used. These constituents can alter
solution pH, buffer capacity, and nucleation behaviour, affecting reaction kinetics, and
CaCOs polymorphism. Because such variability is rarely quantified or discussed in the
EICP literature, despite clear implications for lag phases, spatial distribution, and
treatment uniformity, understanding how crude formulations behave under different

regimes is essential for scalable application.

The practical implications of these mechanisms are reflected in how MICP and EICP
are delivered in porous media, motivating a closer examination of their respective

injection strategies and limitations.

1.2.3 MICP injection strategies and limitations

MICP treatment is typically performed using cyclic injection, in which bacterial solution
and cementing solution (CS) are introduced sequentially, often with rest periods

between steps. A standard cycle involves (i) injecting a bacterial suspension to allow
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cell attachment, (ii) flushing or resting to promote redistribution and minimise clogging
of the injection point, and (iii) injecting a CS containing urea and CacCl. to induce
CaCOs precipitation. Several cycles are typically required to build sufficient carbonate
content, because precipitation during each step progressively reduces pore

connectivity and limits cell access for subsequent reactions.

1 Bacterial placement and flow rate : Flow rate strongly influences bacterial
attachment and distribution: excessively high velocities detach cells, while low
velocities cause localised accumulation. Tobler et al. (2014) demonstrated
that an intermediate flow velocity (~0.23 m h? in 37 mm sandstone cores)
promotes a more uniform distribution without causing premature clogging.

1 Delayed precipitation strategies : Adjusting solution pH can delay crystal
nucleation during injection. For example, acidifying the CS with HCI (Cheng et
al., 2018) or acetic acid (Yang et al., 2022) temporarily buffers pH, enabling
co-injection of bacteria and cementation fluids without immediate precipitation.
Such strategies help reactants penetrate more deeply before crystallisation

begins.

Together, these measures improve injectability and uniformity in laboratory settings
but scaling them to field conditions remains difficult (DeJong et al., 2009; DeJong et
al., 2010; Gomez et al., 2015), and several intrinsic limitations continue to constrain

the efficiency and reliability of MICP. These include:

1 Biological limitations : As crystallization progresses, bacteria become
progressively entombed within precipitates, cutting off access to urea,
calcium, and oxygenated porewater. This is the primary reason why treatment
is cyclic: after each cementation step, additional bacterial injections are
required to replenish active cells in regions where entombment has already
occurred. Experimental studies typically use 4i 5 optimised cycles (Cheng &
Cord-Ruwisch, 2014; Minto et al., 2018), with individual injections ranging from
tens to hundreds of millilitres for laboratory columns and several litres for pilot-
scale tests. Continuous injection approaches (Hommel et al., 2015) can
reduce cycling frequency by maintaining a low but steady supply of bacteria
and reagents, but entombment still occurs and can lead to preferential
clogging near injection points. Nutrient injections may stimulate in situ

regrowth and biofilm formation (Landa-Marbén et al., 2021), reducing the
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number of bacterial reinjections required, but they introduce additional nutrient
loading and operational steps that increase overall treatment complexity.

9 Physical limitations : Microbial transport is restricted by pore throats in
consolidated or fine-grained media. When pore diameters approach bacterial
cell dimensions (0.51 3 um), cells are strained at constrictions and CaCOs3
nucleates preferentially at these bottlenecks (Mitchell & Santamarina, 2005).
This leads to localised clogging, impedes uniform reactant transport, and
restricts mineralisation to flow-accessible pathways. Achieving consistent
treatment therefore requires attention to cell size, ureolytic activity, motility,
and stress tolerance (Ma et al., 2020; Madigan et al., 2018).

Taken together, these biological and physical factors explain why MICP often exhibits
strong localisation and why achieving uniform, reliable treatment across
heterogeneous media remains a central challenge. Such non-uniformity limits the
usefulness of MICP in applications where sealing or strength must extend throughout
a formation rather than concentrate near injection points. For example, in
consolidated rocks and fine-grained or layered sediments, pore throats may be too
small for bacterial transport, restricting precipitation to accessible flow paths and
leaving large untreated zones. In CO; storage settings, this can compromise the
sealing of leakage pathways away from the injection well; in fracture remediation, it
may lead to premature clogging at injection faces rather than distributed sealing; and
in geotechnical ground improvement, it may produce spatially variable strength gains.
These constraints motivate interest in enzyme-based alternatives, where the much
smaller enzyme molecules (~13 nm) can penetrate finer pores and bypass many of

the transport limitations inherent to whole-cell MICP.

1.2.4 EICP injection strategies and limitations

EICP has been explored for engineering applications such as soil stabilization
(Carmona et al., 2016; Putra et al., 2018; Putra et al., 2016), permeability reduction
(Yasuhara et al., 2012), and treating hydrocarbon-contaminated sands (Singh et al.,
2021). Instead of relying on living bacteria, EICP directly employs urease enzymes
extracted from plants or microbes (Cui et al., 2020; Feder et al., 2020) to catalyse

CaCOgs precipitation.

This approach offers several advantages over MICP:
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1 No bacterial handling: EICP avoids flocculation, bio-clogging, and the costs
of maintaining bioreactors under sterile conditions.

1 Greater injectability: At ~13 nm in diameter (Turbett et al., 1992) urease
molecules are orders of magnitude smaller than bacterial cells, making pore
throat size far less restrictive to transport and avoiding the mechanical filtering
effects observed in MICP (Section 1.2.3).

1 Immediate activity: Because active urease is present at injection,
precipitation begins immediately, avoiding delays associated with bacterial
growth or urease expression.

T No bacterial encapsulation: EICP avoids the entombment of cells within
CaCOs precipitates, eliminating the progressive loss of reactivity that limits
multi-cycle MICP treatments.

1 Fewer injection cycles: Without the need to replenish living cells, EICP
treatments typically require fewer injections and simpler cycling protocols.

1 No biofilm degradation: Whereas biofilm decay in MICP can increase
permeability over time, the crystalline CaCO; formed via EICP provides a
more durable and predictable modification of porous media (Nemati et al.,
2005).

In practice, EICP treatments typically involve injecting a urea-calcium solution
containing free urease or a crude enzyme extract, with carbonate precipitation
initiating as soon as pH and ionic conditions allow; as a result, controlling the timing
and location of nucleation during injection remains a central operational challenge
(Kohlhaas et al., 2025; Weinhardt et al., 2021; Xiao et al., 2025). Two main strategies

have been explored:
(i) Dual-line injection

Traditionally, enzyme and CS are injected simultaneously through separate lines,
mixing only after entering the porous medium (Weinhardt et al., 2021). This reduces

the chance of premature precipitation in tubing or injection wells.
(i) Single -phase injection

More recently, single-phase strategies have been tested, where enzyme and CS are
premixed into one solution (Cui et al., 2020; H. Wang, L. Miao, et al., 2022). To delay
precipitation during injection, the solution is typically acidified to a lower initial pH. This

approach eliminates the need for in situ mixing, potentially yielding a more uniform
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CaCOgs distribution. However, it also increases the risk of scaling and blockage within

injection lines, requiring careful control in field applications.

While both strategies show promise, translating laboratory protocols into reliable field-
scale methods remains a key challenge for EICP. Historically, the high cost of purified
urease and the limited development of stable crude enzyme formulations constrained
large-volume treatments, and early studies often reported highly localised
precipitation, with most CaCOs3; forming close to the injection point (Handley-Sidhu et
al., 2013). At larger scales, single-phase injections risk premature precipitation and
line clogging, whereas dual-line approaches require precise synchronisation of mixing
fronts over long distances, both of which complicate implementation. In contrast, most
field demonstrations to date have relied on MICP (Gomez et al., 2015; Gowthaman et
al., 2023; Zeng et al.,, 2021), meaning operational experience, equipment, and
established protocols are far more developed for microbial systems than for enzyme-
based approaches. These factors together help explain why EICP has seen little field
deployment so far. Dual-line injection is further explored in Chapter 3, while the
potential of single-phase strategies is investigated in Chapters 4i 6.

1.2.5 Environmental factors affecting ICP  performance

Beyond intrinsic reaction kinetics, several environmental variables strongly influence
the performance of MICP and EICP. These include pH, salinity, reactant
concentrations, temperature, and the pore structure of the treated medium.
Understanding their role is essential for translating laboratory protocols into field

applications.

1.2.5.1 Substrate chemistry and localized pH effects

Urease activity is optimal near neutral to mildly alkaline conditions (pH 7i 8) (Ciurli et
al., 1996; Ng et al., 2012). Although precipitation can be initiated from lower starting
pH values (~4i 6) to delay crystallisation (Cheng et al., 2018; Yang et al., 2022), acidic
environments may suppress long-term calcite formation. This distinction is particularly
relevant to Chapter 4, where low-pH single-phase MICP treatments are compared

against standard EICP systems.

1.2.5.2 Salinity and cementing solution effects

High ionic strength influences MICP and EICP differently: in MICP, salinity can

enhance bacteri al adhesion (Afixer effecto)
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high levels (Hammes & Verstraete, 2002; Zhao et al., 2022), In EICP, salinity affects

enzyme stability, with some studies showing that seawater can support precipitation
(Lin et al., 2023; Q. Zhang et al., 2023). The concentration of the CS also strongly
influences efficiency: vyields increase with higher concentrations, but calcium
conversion declines above ~1.0 M, and urease activity may be inhibited at >2.5 M (Lai
et al.,, 2021; Kai Xu, Ming Huang, Jiajie Zhen, et al., 2023) and at comparable
concentrations in EICP (Kai Xu, Ming Huang, Jiajie Zhen, et al., 2023). The choice of
1.0 M equimolar urea:CacCl; in this thesis reflects a balance between efficiency and

stability, and provides a basis for comparability across Chapters 4i 6.

1.2.5.3 Temperature effects on urease activity and CaCOs precipitation

Temperature influences urease activity, carbonate precipitation rates, and mineral
phase stability in both MICP and EICP. The optimal range for maximizing MICP-
treated soil strength is generally agreed to be between 20i 28°C (De Muynck et al.,
2013; Nayanthara et al., 2019). At higher temperatures (~50°C), urease activity
accelerates significantly (Cheng & Cord-Ruwisch, 2014) however, at temperatures
below 10°C, urease activity is nearly completely inhibited, restricting carbonate
precipitation (Y. Wang, H. Liu, et al., 2019).

Above ~80 °C, enzyme-based ureolysis ceases entirely, and carbonate precipitation
instead occurs through thermal decomposition of urea (Kumar et al., 2023). While
temperature is a critical factor for field application, all experiments in this thesis were
conducted under controlled laboratory conditions (~20 °C), and temperature effects

are not examined further.

1.2.5.4 Pore structure and geometry

The grain size distribution and pore geometry of soils and rocks strongly influence
where and how CaCOs; precipitates, with direct implications for permeability,
mechanical strength, and thermal conductivity (Sang et al., 2023; Xiao et al., 2021).
Medium-grained sands (e.g. 2007 400 um diameter) often yield more homogeneous
precipitation than very fine or coarse soils, which either restrict flow or provide limited

intergranular bonding (Terzis & Laloui, 2018).

For biocemented materials, precipitation patterns are best understood at the pore
scale. XCT imaging has been used to quantify how grain size, shape, and packing

affect the extent of CaCOz bonding during MICP and the efficiency of mechanical
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reinforcement. For example, Terzis and Laloui (2018) developed segmentation
workflows to evaluate CaCOs-grain contacts in MICP-treated sands (Fig. 1.5),
providing a template for analysing how microstructural bonding translates to bulk
behaviour of the treated soil. Well-graded grain size distributions, where smaller
grains fill voids between larger particles, can enhance mechanical strength (Sang et
al., 2023) but may also reduce initial porosity and permeability. This in turn influences
how reactants flow through the medium and where calcium carbonate is deposited.
Optimizing grain structure is therefore crucial for achieving targeted mechanical and

hydraulic performance in bio-cemented materials.

_ calcite

500 ym
(a) (b) (c)
Figure 1.5 Image processing of MICP in a silica sand column (a) The original
image filtered in Avizo (ThermoFisher Scientific, n.d) to reduce noise at grain
boundaries. (b) The image is segmentedusingaé wat er sheddé modul e, all
quantification steps of silica sand, CaCO3 and pore properties (c) Particles separated
using a O0spl i Thislisinecessafy sime abntdctesurfaces between soll

grains were undetectable via XCT, due to inadequate spatial resolution. (Adapted
from Figure 3. Terzis and Laloui (2018))

1.2.6 Strengths and weaknesses of MICP and EICP

The differing mechanistic behaviours of MICP and EICP give rise to distinct
advantages and limitations in engineering applications. Table 1.1 summarises the key
contrasts relevant to permeability control, strength development, and treatment

uniformity.
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Table 1.1 Strengths and weaknesses of MICP and EICP

Feature

MICP Strengths

MICP Weaknesses

EICP Strengths

EICP Weaknesses

Environmental

Biofilms may make bacteria
resilient in harsh conditions

May require sterile growth,

No sterility needed; simpler scale-

Purified enzymes may be less

Robustness increasing cost and complexity at up. Functions in anoxic robust under extreme salinity,
(Yin et al., 2019). scale (Achal & Mukherjee, 2015) environments (Shu, Yan, Meng, et acidity, or heat (Almajed, 2017).
al., 2022)
Injection Inability to precipitate across | Limited in fine-grained substrates (< | Effective in fine-grained substrates Difficult to confine precipitation
Suitability in fine-grained layers could be 100 pm) due to bacterial size and due to smaller enzyme size and spatially; enzymes penetrate fine

Fine Sand (<100
Hm)

advantageous for selective
treatment.

pore clogging (Mitchell &
Santamarina, 2005)

better penetration (Gao et al.,
2019).

layers that bacterial systems may
naturally bypass, reducing
selectivity.

Crystal Precipitation at grain Bacterial flocculation may reduce Homogeneous distribution possible | Poorly targeted mixing of enzyme
Distribution contacts increases strength uniformity in fine-grained soil/rock via low-pH (Cui et al., 2020) or and CS during dual-phase injection
(Mujah et al., 2019) and (Wu et al., 2019). single-phase strategies (H. Wang, may result in less control over
thermal conductivity L. Miao, et al., 2022). precipitate location (Kohlhaas et al.,
(Venuleo et al., 2016). 2025)
Injection Self-sustaining nature can Risk of bacterial detachment (Tobler | No nutrient solution required; Less Requires optimized mixing of
Strategies extend reaction periods and et al., 2018), cell encapsulation due | injection phases than MICP due to enzyme and urea/calcium solution
increase overall precipitation | to crystal growth. Nutrient solution co-injection of enzyme, urea, and for uniform crystal distribution
efficiency (Landa-Marbéan et required to maintain cell activity. CaClz (Shu, Yan, Meng, et al., (Handley-Sidhu et al., 2013).
al,, 2021). 2022).
Temperature Functions best at 207 30°C; Limited effectiveness below 10°C or | Effective up to 80°C before enzyme | Enzyme denatures above ~80°C
Range tolerates up to ~40°C (De above 40°C (Peng & Liu, 2019). inactivation (Feder et al., 2020). (Feder et al., 2020).
Muynck et al., 2013)
Cost and Cost-effective bacterial Bioreactor/nutrient requirements Crude enzymes cut costs; plant- Purified urease is expensive,
Scalability growth benefits from raise costs and environmental based options reduce dependency dominating chemical costs
economies of scale (Sang et | footprint (DeJong et al., 2010) on purified urease (Shu, Yan, Ge, et | (Ahenkorah et al., 2021).
al., 2024). al,, 2022).
Salinity Works in saline conditions up | Reaction efficiency drops at >1.0 M | Retains activity in seawater, used Very high salinity suppresses
Tolerance to 100 g/L NaCl (Zhao et al., CS; halts entirely at ~2.5 M (Lai et successfully as a mixing medium activity in some crude extracts
2022). al., 2021). (Lin et al., 2023). (Omarov et al., 2023).
Application Suitable for shallow Limited for deep/extreme Versatile for both shallow (Kai Xu, Smaller crystals may limit
Versatility applications with targeted environments due to bacterial Ming Huang, Jiajie Zhen, et al., mechanical enhancement (Ma et

grain-boundary bonds.

inactivation (Peng & Liu, 2019).

2023) and high-temperature
applications (H. Wang, L. Miao, et
al., 2022).

al., 2025).
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1.3 Material -Scale impacts of ICP

The biochemical and physical processes governing urea hydrolysis, ion transport, and
carbonate precipitation at the pore scale determine how ICP modifies the structure of
a granular medium. As CaCOs; forms at grain contacts and within pore throats, it alters
contact geometry, pore connectivity, and the distribution of load bearing and flow-
carrying pathways. These microstructural changes underpin the macroscale
behaviour of ICP-treated materials, influencing their mechanical response, hydraulic

behaviour, and thermal performance.

1.3.1 Mechanical behaviour

The precipitation of CaCO; at grain contacts increases interparticle bonding,
improving soil stiffness and unconfined compressive strength (UCS). Numerous
studies report UCS enhancements up to 52.5 MPa in MICP (Smirnova et al., 2023)
and around 10 MPa in EICP-treated sands (Meng et al., 2021), with crystal bridging
identified as the dominant strengthening mechanism. However, mechanical
improvements are often spatially non-uniform: localized flocculation, straining, or
preferential precipitation in high-flow zones can concentrate bonding in limited regions
while leaving other zones weak (Cheng et al., 2007). This heterogeneity remains a
critical challenge for scaling up ICP treatments. Furthermore, the exceptionally high
strengths reported (e.g. 52.5 MPa in a laboratory MICP study) are heavily influenced
by sample preparation (such as high packing density) (Smirnova et al., 2023),
conditions which may not be representative of typical field soils (e.g. more loosely
packed near-surface soils). Later chapters evaluate UCS and microstructural changes
in both MICP and EICP systems, examining how enzyme source and injection

strategy influence strength development and treatment uniformity.

1.3.2 Hydraulic behaviour

ICP can significantly reduce permeability by occluding pore throats and restricting flow
pathways. This effect is desirable for applications such as CO; leakage remediation
(Minto et al., 2017; Park & Choi, 2021), but can be detrimental in systems that rely on
sustained flow, such as geothermal heat exchangers (Go et al., 2015). In MICP,
permeability loss is often more severe due to bacterial straining and localised
precipitation near injection points (Mitchell & Santamarina, 2005). EICP tends to

produce smaller, more homogeneously distributed crystals (Gowthaman et al., 2022),
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which can help retain some degree of hydraulic conductivity while still achieving

strength gains.

1.3.3 Thermal behaviour

By creating solid bridges between grains, CaCOs; precipitation improves thermal
contact and increases effective conductivity of soils. Reported improvements range
up to 300% relative to untreated sands (McCartney et al., 2020), with the greatest
benefits in drier conditions where air-filled pores dominate heat transfer resistance.
Mi croscopic observations <confirm that
(Venuleo et al., 2016; Z. Wang et al., 2019), reducing contact resistance between
particles. Beyond CaCOs; alone, additives such as expanded graphite (EG) and phase
change materials (PCMs) have been proposed to further enhance soil conductivity
and energy storage potential (Theo Renaud et al., 2021, Xie et al., 2021).

1.4 Applications of ICP

Having reviewed the underlying reaction mechanisms and factors controlling
precipitation (Section 1.2), the resulting changes to material properties (Section 1.3),
it is now possible to consider how ICP can be applied in practice. ICP has been
proposed for a wide range of geotechnical and energy-related applications, but three
domains are patrticularly relevant to this thesis: (i) permeability reduction and storage
security in CCS, (ii) geotechnical strengthening of soils, and (iii) thermal and energy
system optimisation. These applications each exploit the same fundamental
processes (e.g. grain bonding, pore throat occlusion, and thermal bridging) but place
different demands on treatment design and performance. The following sections
review the state of knowledge in each area and establish the practical context for the

experimental work presented in Chapters 37 6.

1.4.1 Permeability Reduction and CO F Storage

CCS is of fundamental importance to global decarbonisation strategies (Krevor et al.,
2023), yet its success depends on ensuring the integrity and efficiency of geological
reservoirs. Two persistent challenges are (i) sealing potential leakage pathways such
as poorly sealed legacy wells, fractures, or caprock defects, and (ii) enhancing CO:

sweep efficiency to maximise storage capacity and minimise localised overpressure.
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ICP has emerged as a promising strategy for both, offering low-viscosity fluids that

can penetrate pore networks and fractures inaccessible to cementitious grouts.
() Leakage remediation.

Laboratory studies have consistently demonstrated that both MICP and EICP can
achieve significant permeability reduction in porous media (Minto et al., 2017; Park &
Choi, 2021). Unlike conventional sealing methods such as cements, resins, or
nanomaterials (Genedy et al., 2019; Todorovic et al., 2016), ICP solutions exhibit
near-water viscosity, allowing them to infiltrate narrow pore throats and microfractures
where leakage is most likely to initiate. Once urea hydrolysis proceeds, CaCOs;
precipitation can create durable seals at depth without extensive mechanical
intervention. Field-scale demonstrations have reinforced this potential: Kirkland et al.
(2021) reported that MICP injections successfully reduced permeability in CO»-
affected brine aquifers, achieving solidification tens of metres away from the wellbore.
However, carbonate seals in COz-rich brines remain vulnerable to partial dissolution,
requiring careful assessment of long-term stability (Minto et al., 2017). While
dissolution may be partly offset by re-precipitation, balancing precipitation kinetics
against acidic brine conditions is a key technical challenge.

(i) Sweep efficiency

In addition to sealing leakage pathways, ICP may be used more strategically to
manipulate reservoir flow paths. CO; is buoyant and tends to accumulate beneath
caprock, reducing the radial spread of the plume and limiting storage efficiency. Even
minor permeability contrasts can redirect flow paths significantly (Bump et al., 2023),
suggesting that targeted carbonate O6ébaffl esi
redirect flow into previously underutilised regions, reducing localised overpressure
and improving storage distribution. This engineering of subtle permeability contrasts
represents a more nuanced application of biomineralisation than simple sealing, but

one with substantial implications for large-scale CCS deployment.
(iif) Geomechanical stability

A further application of ICP is to reinforce mechanically weak sediments in storage
formations. Exposure to COF-saturated brines can weaken carbonate rocks (Lebedev
et al., 2017), reducing their stiffness and increasing susceptibility to wormhole
formation. In unconsolidated sediments, however, carbonate precipitation has been

shown to significantly increase unconfined compressive strength (Almajed et al.,
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2019; Meng et al., 2021), mitigating risks of collapse or compaction during injection.
Tailoring treatments for strength versus permeability reduction requires careful

optimisation, but the dual potential highlig

These applications all depend on controlling where and when precipitation occurs, a
problem that remains poorly understood at the pore scale. While field-scale reactive
transport models have suggested that density driven mixing between dense
cementing solutions and enzyme-rich fluids governs spatial precipitation patterns (X.
Lietal., 2024), itis not yet clear whether the same mechanisms apply within individual
pore networks. Chapter 3 addresses this gap directly by using XCT and CFD
simulations to investigate how mixing behaviour influences pore-scale precipitation

dynamics and permeability evolution in EICP systems.

1.4.2 Soil Stabilisation and Geotechnical Applications

Induced carbonate precipitation has been proposed as an alternative to cement and
chemical grouting for ground improvement. The motivation stems from the unique
injection properties of ICP fluids: their water-like viscosity allows them to penetrate

soils and interfaces that conventional grouts cannot reach.
(i) Ground reinforcement for slope stability and coastal protection

In loose or erodible soils, precipitation at grain contacts can provide cohesion, reduce
liquefaction potential, and increase slope stability under cyclic loading (DeJong et al.,
2010; Terzis & Laloui, 2019). This approach has been considered for coastal dune
reinforcement (Y. Li et al., 2024) , where stabilisation is needed to resist wave and
wind erosion without fully sealing the porous matrix, thereby maintaining groundwater
recharge (Mujah et al., 2019).

(i) Soil improvement in urban and infrastructure settings.

Unlike cement-based grouts, ICP can be introduced through low-pressure injection,
allowing reinforcement in sensitive sites where excessive pore pressure could
damage nearby structures (Dong et al., 2022). Potential applications include
stabilising foundations, reducing settlement, or increasing bearing capacity beneath

embankments and pavements (Cheng et al., 2013).
(iif) Balancing strength with permeability.

A critical distinction from CCS sealing applications is that in many geotechnical

settings, some degree of hydraulic conductivity must be retained. For example, in
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slope or embankment stabilisation, drainage pathways are essential to prevent pore
pressure build-up (Sari et al., 2023). Similarly, in coastal or riverbank protection,
maintaining hydraulic exchange is ecologically important (Mullaney et al., 2016).
Here, EICP may offer advantages over MICP, as enzyme-only systems tend to form
smaller, more uniformly distributed crystals that may strengthen the soil without fully

occluding flow paths (Gowthaman et al., 2022).

Soil stabilisation through ICP provides a low-pressure alternative to cementitious
grouts, with advantages in sensitive settings and cases where retaining permeability
is beneficial. The main challenge is achieving consistent strength improvements at
scale. Chapters 4i 5 address this by testing how enzyme systems and injection
strategies influence both reinforcement and hydraulic performance in biocemented
sands.

1.4.3 Geothermal and Energy Systems

ICP has potential for improving the efficiency of shallow geothermal technologies such
as energy piles, ground source heat pumps (GSHPs), and borehole thermal energy
storage (BTES). Conventional cementitious grouts are often used for this purpose but
can be costly, disruptive, and prone to long-term degradation (Delaleux et al., 2012).
ICP provides an alternative means of enhancing heat transfer while maintaining
greater flexibility in permeability control, making it particularly attractive for subsurface

energy applications.
() Energy piles and GSHPs

By enhancing conductive pathways around heat exchangers, ICP could improve the
efficiency of energy piles and borehole GSHPs (Fig. 1.6). More uniform heat
dissipation may also help mitigate thermal imbalances that reduce GSHP efficiency

in cooling-dominated climates (Belatrache et al., 2017).
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Figure 1.6 Shallow Geothermal Systems with potential for ground
improvement with ureolytic  biomineralisation (a) horizontal heat exchanger at
a minimum of 1.3m depth (b) vertical borehole GSHPs at depths of typically 90i
160m (c) depth is determined by the length of the foundation piles (up to ~150m).

(i) Thermally conductive additives

Further gains may be achieved by integrating additives with high intrinsic conductivity.
EG, for example, combines high thermal conductivity (>160 W/m-K) with a lightweight,
porous structure that disperses well in granular media (Cermak et al., 2020). When
incorporated into ICP-treated soils, EG has potential to f or m composite At
br i dgwhish, nday improve both conductivity and stability while avoiding the
corrosion and dispersion challenges of metallic fillers (Cheng et al., 2021) (Fig. 1.7).
Phase change materials (PCMs), often supported by EG, provide an additional
strategy by storing heat during periods of excess and releasing it during demand

peaks, offering temperature regulation alongside conductivity gains (Xie et al., 2021).
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Figure 1.7 The formation of CaCO 3 thermal bridges in quartz sand (a) following
addition of thermally conductive additives (b) and microbial or enzyme induced
carbonate precipitation (c).

(iif) Balancing thermal and mechanical roles

A recurring challenge is that additives or high levels of CaCOs3 deposition may change
permeability or compromise mechanical performance. For applications such as
energy piles, improvements in thermal transfer must be weighed against long-term

soil stability and drainage requirements.

Geot her mal applications highlight | CPOs
extending its role to thermal management. The challenge lies in balancing
conductivity gains with hydraulic and structural requirements. Chapters 5i 6 address
this directly, evaluating whether additive-enhanced MICP and EICP can deliver both

heat transfer benefits and reliable mechanical performance.

1.5 Imaging of precipitation in porous media

While the ureolysis pathway itself is well defined, predicting the spatial and temporal
evolution of CaCOs; precipitation within porous media remains challenging. XCT has
emerged as a critical tool for resolving these dynamics at the pore scale, offering non-
destructive, time-resolved imaging of microstructural changes during

biomineralisation.

1.5.1 XCT in biomineralisation research

XCT enables three-dimensional visualisation of precipitation within opague materials,
making it particularly suited to study pore-scale CaCOs formation in soils and rocks

(Cnudde & Boone, 2013; Rawson et al., 2020). Laboratory systems now achieve scan
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times below 1 minute (Pak et al., 2023), allowing dynamic imaging of evolving pore
structures. This capability could potentially reveal how CaCOs; bridges grains,

occludes throats, and alters porosity-permeability relationships in real time.

XCT produces greyscale volumetric images in which different phases; pore fluid, sand
grains and CaCOgs, often overlap in intensity. To quantify precipitation, these images
must be segmented into pore and solid phases, but accurate identification and
quantification of CaCOs; in 3D datasets remains challenging. Threshold-based
segmentation requires selecting greyscale cut-offs that are influenced by noise,
contrast variation, and partial-volume effects. Because these decisions are typically
validated visually, the resulting pore-solid boundary can vary between observers,
leading to non-reproducible segmentation (Baveye et al., 2010). While recent
advances in machine learning and direct grayscale rendering (Godinho & Withers,
2018) (Fig. 1.8) have improved reproducibility, biological samples add further
complexity, as X-ray exposure can inhibit microbial viability (Armstrong & Ajo-
Franklin, 2011). Despite these limitations, XCT remains the most widely used method
for quantifying 3D spatial precipitation dynamics in ICP research.

Figure 1.8 X-ray computed tomograms of pore -scale sub -volumes during

calcite precipitation (a) Adapted from Figure 1 (Godinho & Withers, 2018) 3D sub-
volumes (2500 I 1800 I 500&m) withou
during precipitation. The pore space is transparent, and the darker fragments
represent cal cite cryst ab)sAdaptddhrem Rigarz 4, |

(Noiriel et al., 2016) segmented 3Dsub-v ol ume (1560 I 1560
how calcite (orange) preferentially nucleates on aragonite grains over time. The
voxel size is 4.46¢egm.
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1.5.2 Microstructural imaging of MICP

XCT studies consistently show that in MICP, CaCOs; preferentially precipitates on
grain surfaces, often forming intergranular bridges (Dadda et al., 2018) (Fig. 1.9). This
localisation improves mechanical stability but may leave much of the pore space
unaffected unless throats are directly obstructed. Permeability therefore often
declines non-linearly with CaCOs content, challenging the use of simple porosity-
permeability models (Dadda et al.,, 2017). XCT-derived pore network models
incorporating coordination number and pore throat dimensions may improve

predictive accuracy (Qin et al., 2016; Rabbani et al., 2016).

Figure 1.9 Spatial distribution of calcite and biofilm in porous media (@) XCT
tomogram of calcite (blue) precipitation in sandstone (dark yellow) Adapted from
Dadda et al. (2018) (b) XCT tomogram of biofilm growth (red) around expanded
polystyrene beads (white) Adapted from Davit et al. (2011)

1.5.3 Microstructural imaging of EICP

Direct XCT studies of EICP are limited, with most work to date relying on 2D
microfluidic flow cells (Kim et al., 2020; Weinhardt et al., 2021). These systems show
that nucleation during EICP occurs largely within the pore fluid, producing more
uniformly distributed crystals than in MICP, which preferentially nucleates on bacterial
surfaces (Y. Wang, K. Soga, et al., 2019) (Fig. 1.10).
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This distinction may allow EICP to reduce porosity while retaining some permeability,
a property advantageous for geothermal systems or aquifers. Early evidence also
indicates that EICP can achieve strength improvements without fully sealing pore
networks (Meng et al., 2021). However, the lack of 3D in situ imaging limits current

understanding of how precipitation pathways evolve under realistic flow conditions.

50 pum

Figure 1.10 Crystal locality in microfluidic flow cells: An MICP/EICP
comparison (a) spatial distribution of enzyme induced calcium carbonate crystals
(red) in a uniform microfluidic chip Adapted from Kim et al. (2020) (b) a single 2D
pore following EICP. G Grey denotes crystal growth after 100 minutes of fluid flow,
and black an earlier stage of crystallisation. From Weinhardt et al. (2021) (c) a
single 2D pore following MICP microfluidic flow experiments. From Y. Wang, K
Soga, et al. (2019)

1.5.4 Modelling and XCT integration

XCT-derived datasets underpin digital rock physics approaches that calculate local
permeability and porosity at high resolution (Guibert et al., 2015). Reactive transport
models, such as lattice-Boltzmann solvers and GeoChemFoam (Menke, 2021)
integrate these data to simulate precipitation, dissolution, and flow feedbacks. Field-
scale reactive transport models have demonstrated how mixing between dense
cementing solutions and enzyme-rich fluids can govern spatial precipitation patterns

(X. Li et al., 2024), motivating further research at the pore-scale.

Although powerful, these models rely heavily on XCT-informed calibration. Real-time
XCT offers the potential to directly validate predicted precipitation dynamics,
improving confidence in model forecasts of ICP performance in both engineered and

natural settings.

In summary, XCT has revealed how pore-scale precipitation pathways shape the

mechanical and hydraulic behaviour of ICP-treated materials. However, real-time 3D

42



Chapter 1

imaging of EICP remains limited, particularly under realistic flow conditions, and we
still lack a clear understanding of why spatial variations in precipitation occur. Later
chapters (371 6) build on these advances by applying laboratory XCT to study
precipitation dynamics and integrating the results with permeability simulations and

treatment optimisation.

1.6 Critical Challenges

This thesis employs time-lapse XCT, image analysis, fluid-flow modelling, and
thermal, hydraulic and mechanical testing to address five critical challenges in
developing ICP as a reliable subsurface engineering technology. These challenges
centre on mixing mechanisms, precipitation control, treatment efficiency, and
application-specific performance requirements. The challenges identified from the

literature are outlined below.

Critical Challenge 1: Understanding pore -scale precipitation dynamics

Objective: Use time-lapse XCT to resolve the dynamics and spatial distribution of
CaCOs precipitation during EICP and relate these pore-scale processes to

macroscopic properties such as permeability, strength, and thermal conductivity.

Despite advances in imaging, few studies link real-time biomineralisation to bulk
engineering behaviour. The spatial distribution of CaCOs strongly influences
treatment performance, yet the mechanisms governing its localisation, particularly in
EICP, remain poorly constrained. This thesis addresses this gap through time-lapse
XCT coupled with post-treatment characterisation.

Critical Challenge 2: Optimising biomineralisation strategies

Objective: Evaluate how crude enzyme sources and organic additives influence
CaCOzs distribution, strength, permeability, and thermal performance, and identify

formulations that are both scalable and functional.

Crude urease extracts (e.g., soybean) and organic additives offer a cost-effective
alternative to purified enzymes, but their effects on reaction kinetics, precipitation
behaviour, and final material properties remain only partly understood. This work
examines how biochemical formulation choices affect treatment uniformity, scalability,

and mechanical/thermal outcomes.
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Critical Challenge 3: Enhancing sweep efficiency in CCS

Objective: Investigate whether biomineralisation can create spatially targeted
permeability contrasts that improve CO; distribution, trapping efficiency, and long-

term storage security.

CO:; injected into geological formations often follows high-permeability pathways,
bypassing large reservoir regions and reducing storage efficiency. This challenge
concerns whether controlled precipitation can redirect flow radially, increase sweep
efficiency, and mitigate leakage risks.

Critical Challenge 4: Controlling permeability for engineering
applications

Objective: Optimise MICP/EICP treatment protocols by assessing how organic
content, injection strategy, and substrate characteristics influence permeability

modification.

Different applications require different permeability outcomes; from near-complete
sealing (CCS leakage prevention) to sustained flow (geothermal heat exchange) or
intermediate values. Balancing mechanical reinforcement with controlled permeability
modification remains a major challenge. This objective focuses on refining treatment

protocols to deliver application-specific outcomes.

Critical Challenge 5: Enhancing the thermal performance of
biocemented materials

Objective: Improve thermal conductivity and energy-storage capacity by incorporating
conductive additives and phase-change materials, and evaluate formulations suitable

for geothermal systems such as energy piles and ground-source heat pumps.

Although biomineralisation can enhance soil thermal conductivity, the integration of
conductive additives and PCMs remains underexplored. This challenge involves
developing additive-enhanced formulations that improve thermal functionality without

compromising structural performance.
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Together, these challenges and associated objectives underpin the experimental,
analytical, and modelling approaches developed in Chapters 3i 6. They frame the
thesisbs contributions to understanding pr e«
treatment strategies, and demonstrating how biomineralisation can support CCS,

geothermal, and geotechnical applications.

1.7 Thesis Structure

Building on these five critical challenges, the thesis is organised to show how each
objective is addressed through a combination of literature review, methodological

development, experimental investigation, and synthesis.

Chapter 1: Introduction i Establishes the scientific context for MICP and EICP,
reviewing reaction mechanisms, imaging techniques, and engineering applications.
This chapter situates the five objectives within existing research and identifies the
gaps they target.

Chapter 2: Methodology 1 Outlines the methodological framework, including XCT,
computational fluid dynamics (CFD) modelling, and laboratory testing, and explains
how these approaches were adapted to link pore-scale precipitation behaviour to bulk

material performance.

Chapter 3: The influence of density driven mixing mechanisms on ureolysis -
induced carbonate precipitation i Addresses Objective 1 and 3 by investigating
pore-scale precipitation dynamics using time-lapse XCT and CFD modelling, with a
focus on how density driven flows govern the spatial distribution of CaCO; and
influence permeability. This chapter has been published in full in the InterPore

Journal.

Chapter 4: Developing p hysical and biochemical levers for targeted
biocementation T Addresses Objectives 2 and 4 by evaluating how enzyme
formulations and injection strategies influence the timing and location of CaCOs;

precipitation, enabling control over permeability and treatment uniformity.

Chapter 5: Bio-Cementation for structural and thermal soil enhancement with
retained hydraulic conductivity i Addresses Objectives 2 and 4 by assessing how

repeated EICP and MICP treatments affect strength, thermal conductivity, and
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permeability. This chapter, published in part in Biogeotechnics, demonstrates the
balance between reinforcement and hydraulic function in geotechnical and

geothermal applications.

Chapter 6: From conductivity to  storage: Multifunctional biocemented
composites with graphite and paraffin additives 1 Addresses Objective 5 by
testing the integration of conductive and phase-change additives, showing how
expanded graphite and paraffin enhance both thermal conductivity and energy

storage capacity.

Chapter 7: Applying induced carbonate precipitation: Insights, trade-offs, and
future directions 1 Revisits all five objectives, integrating findings across Chapters
3i 6. It highlights overarching scientific contributions, engineering implications, and
priority areas for future research, with emphasis on scaling biocementation from

laboratory validation toward field deployment.
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Chapter 2: Methodology

This chapter outlines the methodological framework used in this thesis, summarising
the key experimental, imaging, and modelling approaches and how they were
adapted to meet the study objectives. Full procedural details are provided in Chapters
3i 6; here the focus is on the rationale for each method and how they were integrated

across scales.

In traditional ICP research, post-treatment measurements such as permeability
reduction or CaCO3; mass gain cannot reveal when and where precipitation begins,
nor how it propagates through the pore space. The methods outlined here were
therefore chosen to directly observe precipitation dynamics in real time, and to

connect these observations to bulk-scale performance.

2.1 Optimising Laboratory Biocementation

Treatments

Biocementation experiments in this thesis used two main specimen formats: small
cylindrical samples for XCT imaging (51 10 mm diameter) and larger specimens (271
60 mm diameter) for mechanical, hydraulic, and thermal testing. Although detailed
procedures appear in Chapters 3i 6, a brief description of the core preparation steps

is provided here to contextualise the optimisation strategies that follow.

2.1.1 Overview of Sample Preparation

Small XCT specimens were packed into custom 3D-printed flow cells designed to
permit controlled injection and in situ scanning. A fine porous mesh was placed at
both inlet and outlet openings to prevent sand migration (2127 300 um quartz sand
was used throughout unless stated otherwise). Sand was added dry and lightly
compacted using a 3D-printed rod; once the top cap was screwed into place, it applied
light confinement to stabilise the grain structure during flow. Prior to biocementation,
specimens were vacuum-saturated with deionised water to eliminate air pockets and

preserve realistic flow pathways for reactive transport.

Larger specimens used for bulk testing were prepared in rigid moulds following
standard geotechnical compaction practice. Sand (or sand-additive mixtures in

Chapter 6) was placed in multiple thin layers (typically eight or more) with each layer
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lightly scarified to minimise artificial density boundaries. To ensure consistent
compaction across samples, a custom setup was used in which a metal plate was
placed on top of each scarified layer and a spring-loaded punch applied a controlled
downward force. This allowed each layer to be compacted with the same applied load,
improving reproducibility of dry density and overall specimen uniformity. An initial
moisture content of ~10% was adopted based on prior optimisation studies for similar
sand (Wagas et al., 2017), providing consistent dry density and compaction
behaviour. These samples were subsequently used for permeability, strength, thermal

conductivity, and infrared thermography experiments (Chapters 41 6).

2.1.2 Treatment Protocol Development

Biocementation treatments in this thesis relied on two core reagent streams: a
cementing solution (CS) containing urea and CaCl,, and either a bacterial suspension
for MICP, or a plant-derived enzyme solution (ES) for EICP. CS was prepared by first
dissolving CaCl; in approximately half of the total required water volume and allowing
the solution to cool before adding urea, preventing thermal degradation of the urea

during mixing. The final volume was then adjusted to reach the desired molarity.

For MICP treatments, bacterial cultures were grown in nutrient media for ~24 hours
before use. Because the growth medium contained urea, the resulting culture
accumulated carbonate ions capable of triggering premature precipitation. To avoid
instantaneous CaCO3; formation during injection, cultures used in Chapters 4i 6 were
centrifuged and resuspended in tap water rather than deionised water, the latter

avoided due to osmotic shock leading to potential cell lysis.

EICP treatments used urease-rich extracts prepared by stirring soybean or jack bean
meal in water for O30 minutes, foll owe
and filtration to remove solids. This produced a clarified enzymatic solution with

reproducible ureolytic activity.

Two distinct pumping strategies were used in this thesis depending on sample scale.
For small-volume XCT flow cells (Chapter 3), precise low-flow delivery was essential
to avoid disturbing the grain structure and to ensure controlled mixing of ES and CS.
Dual-syringe pumps were therefore used, providing highly stable flow rates and

accurate co-injection required for time-resolved imaging.

In contrast, larger specimens used in Chapters 41 6 required higher flow rates to

deliver full pore volumes within practical timeframes. For these upscaled treatments,

48

by

0|



Chapter 2

peristaltic pumps were used because they offered the necessary throughput,
accommodated larger tubing diameters, and were more robust for long-duration,

multi-cycle injections.

Cycle duration and frequency were tuned to the experimental objective. Each
treatment cycle delivered at least one pore volume of reagent solution to ensure full
replenishment of reactants, with flow rates adjusted according to sample geometry.
For high-temporal-resolution XCT studies, short injection cycles and low flow rates
were used to minimise precipitation within a single scan while still producing
measurable changes between scans. For bulk performance testing, longer cycles and
higher flow rates were used to promote near-complete reaction within each injection
phase, reducing the number of cycles required to reach target strength or thermal
properties. Enzyme solution chemistries were selected based on the optimisation
studies described in Chapters 4i5, with compositions tailored to the intended
performance outcome, whether maximising strength, controlling permeability, or

enhancing thermal conductivity.

2.1.3 Integration of thermal additives

The integration of thermally conductive additives required careful selection of
materials and modification of the standard sample preparation workflow to ensure

chemical compatibility and reproducibility. Before compaction, the quartz sand was

firstd Aavett d et o t he target moi sture content

additives; this pre-wetting step helped prevent segregation of low-density materials
such as expanded graphite (EG) and promoted a more uniform distribution prior to

layered placement in the moulds.

Preliminary trials demonstrated that not all conductive materials were suitable for use
in ureolytic systems. Tinned copper wire, for example, produced visible inhibition of
MICP due to copper leaching from freshly cut ends, likely through antimicrobial

effects, and was therefore excluded from further experiments.

For EG, intercalation chemistry proved critical. Early trials using sulphuric-acid-
intercalated EG expanded by microwave heating resulted in strongly acidified
injection fluids (pH < 1), attributed to residual intercalants released during wetting.
This made the material incompatible with carbonate precipitation. To avoid this, a

nitric-acid-intercalated EG was sourced and expanded; when suspended in tap water
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during initial screening, it produced no measurable pH change, indicating the absence

of residual acids and making it suitable for Chapter 6 experiments.

Compaction effects were also important, as the effective thermal conductivity of EG-
sand mixtures is sensitive to applied pressure (Cermak et al., 2020). To maintain
consistency across samples, a spring-loaded punch and metal plate were used to
apply a controlled, repeatable compaction force to each layer. This ensured
comparable densities between specimens while preserving the low-compaction

regime required for subsequent infiltration of biocementation fluids.

2.2 Urease Activity Measurement

Urease activity was measured using changes in electrical conductivity (EC) as a proxy
for urea hydrolysis, following the approach first established for MICP by Whiffin et al.
(2007). In MICP, mixing bacterial suspensions with a urea solution produces a near-
linear increase in EC over time, enabling straightforward calculation of activity rates

from the slope of the EC-time relationship.

In contrast, EICP systems exhibited a markedly different profile: upon mixing enzyme
solution (3 mL) with 1.1 M urea solution (27 mL), EC spiked immediately, dropped
sharply, and then stabilised at a lower value. This behaviour, observed consistently
across experiments, likely reflects rapid initial ammonium ion release, which has been
shown to inhibit urease activity (Ahenkorah et al., 2021). All EC measurements were

conducted at 20 °C to maintain comparability between tests.

Because of this non-linear EC profile in EICP, the method was used here solely for
relative comparison between enzyme sources under identical conditions, rather than
for absolute benchmarking against MICP literature values. Activity was calculated as
the average change in EC over a fixed 7-minute period following mixing, consistent
with Whiffinbds original recommendati ons. The
to assess whether differences in lag period observed in Chapter 4 could be explained

by variation in urease activity.

50



Chapter 2

2.3 X-Ray Computed Tomography (XCT)

XCT was selected as the primary imaging tool because it enables non-destructive,
high-resolution, 3D visualisation of CaCOs precipitation within opaque porous media.
XCT reconstructs the sample as a greyscale volumetric dataset, where voxel intensity
reflects X-ray attenuation and therefore material density. This provides direct access
to pore geometry, grain contacts, and evolving CaCO; distributions, offering
information that cannot be obtained from end-point measurements. Figure 2.1 shows

a representative XCT slice with the main phases annotated.

b) SEGMENTED
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P oA g t ¥
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m Fine layer (<100 pm) . Polymineralic granitic sand
Precipitated CaCO;
.Pore space

Figure 2.1 Representative XCT slice illustrating phase contrast and
segmentation used throughout this thesis. (a) Raw greyscale XCT slice of a
layered polymineralic granitic sand, highlighting the fine-grained layer (<100 pm)
embedded within coarser material. (b) Corresponding segmented image after 7
cycles of soybean EICP treatment, identifying granitic sand (grey), precipitated
calcium carbonate (yellow), and pore space (black). This phase separation
underpins all subsequent analyses of carbonate distribution, pore-scale flow
simulation, and permeability evolution presented in Chapters 3i 5.
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The general workflow used throughout this thesis involved: (i) image acquisition under
scan parameter selected to minimise accelerating voltage, while maintaining at least
~30% X-ray transmission through the sample centre, (ii) reconstruction into 3D
volumes, (iii) pre-processing steps such as noise filtering and greyscale
normalisation, and (iv) segmentation or greyscale-based quantification depending on
the analysis required. This approach made it possible to track crystal growth and
mixing-driven precipitation patterns in Chapter 3 and to link pore-scale evolution with

macro-scale mechanical, hydraulic, and thermal behaviour in Chapters 4i 6.

Custom 3D-printed flow cells were designed in Fusion 360t o f it wi thin the
field of view while allowing continuous fluid injection (Chapters 3i 5). The geometry

was optimised to minimise movement artefacts during repeated scans, keep the entire

sample within the field of view at high voxel resolution (<10 pm), and arrange

inlet/outlet ports to promote uniform reagent distribution.

The design principles for the 3D-printed cells were to:

T Minimise sample size to match the scanne
For the Tescan UniTOM XL used in Chapter 3, specimens of 61 7 mm diameter
yielded voxel sizesof ~5i18 e m, which is sufficient to
and early-stage CaCOs3 nucleation. For the Nikon XT H 225 used in Chapters
4i 6, larger samples (271 60 mm diameter) were required, giving voxel sizes in
the range of 15i150e m, appr opri ate for quantifying
solid-pore distributions at the macro scale.
1 Use X-ray transparent resins to reduce attenuation from the sample
holder. This minimises the amount of X-ray energy absorbed by the holder,
allowing the scan to be performed at lower voltages and with a narrower
energy spectrum. Lower attenuation improves phase contrast between quartz,
pore space, and CaCOs, reduces beam-hardening artefacts, and increases
overall signal-to-noise, which is especially important when distinguishing small
or early-stage precipitation features.
1 Maintain flow symmetry at inlet/outlet boundaries to avoid preferential
paths unrelated to density  driven mixing. Asymmetric inlet geometries can
result in channelization driven by boundary effects rather than by the density
contrasts or reaction-induced redirection of flow. Ensuring symmetric inflow

and outflow conditions helps isolate the true mixing mechanisms and prevents

52



Chapter 2

artefacts that would otherwise bias both experimental observations and CFD

simulations.

Scan parameters (voxel size, tube voltage/current, exposure time, number of
projections) were determined through preliminary test scans to balance spatial
resolution, noise level, and scan time. The primary constraint was achieving at least
~30% X-ray transmission through the densest part of the sample without excessive
exposure, ensuring measurable CaCOs; growth while limiting blurring from
precipitation occurring during a single scan. Where possible, lower accelerating
voltages were preferred to reduce beam-hardening artefacts and improve phase
contrast between quartz and calcite; higher voltages were only used where
attenuation became prohibitive (e.g., larger specimens in Chapters 5 and 6).
Excessive X-ray exposure can impair biological and enzymatic activity during
biomineralisation experiments. Armstrong and Ajo-Franklin (2011) reported that a 40-
minute, 30 kV synchrotron scan killed ~99% of bacteria, and pilot tests conducted
during this project similarly confirmed that repeated X-ray exposure inhibited
bacterially induced CaCOs precipitation. During method development, synchrotron
XCT was also tested at Diamond Light Source synchrotron facility to assess whether
higher-flux imaging could improve temporal resolution during active EICP. However,
replicate EICP samples prepared at the same time showed substantially different
precipitation behaviour depending on scan exposure: samples scanned repeatedly
over approximately one hour produced much less CaCO; than paired samples
scanned only once at the end of the same reaction period. This indicated that X-ray
exposure in this energy range reduced ureolytic activity and/or inhibited the
precipitation pathway, including in jack bean and soybean enzyme systems. Visible
colour changes in the 3D-printed resin flow cells after scanning further indicated that
the radiation dose was sufficient to alter the experimental environment. For these
reasons, dynamic time-lapse imaging in this thesis was limited to laboratory XCT
under scan settings chosen to balance temporal resolution, phase contrast, X-ray
transmission, and preservation of ureolytic activity, while MICP samples were only

imaged after treatments had completed.

Procedural details, including specific flow cell dimensions, injection rates, and scan

settings for each experiment, are provided in the relevant results chapters.
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2.4 Image Analysis & Uncertainty

The primary objective of image analysis in this work was to quantify CaCOs;
precipitation with sufficient accuracy to compare treatment strategies (Chapters 3i 5)
and additive mixtures (Chapter 6), while recognising the inherent limits of XCT
resolution. Processing workflows were therefore designed to minimise bias from
operator input, maximise reproducibility within a given experimental series, and
maintain consistency in absolute quantitative analysis. Direct comparison of CaCOs3
volumes between chapters was avoided due to differences in sample size, bulk
density, and scan resolution, which are considered a limitation of cross-study
interpretation.

While threshold-based binarisation offers rapid quantification, it is susceptible to the
partial volume effect, where a single voxel contains both solid and fluid. This leads to
systematic over- or under-estimation of particle size and volume, particularly for
irregularly shaped crystals or clusters. To mitigate this, features of interest were
imagedatar esol uti on providing O3 voxel sand
segmentation parameters were fixed within each experimental series to ensure

comparability.

For quartz-calcite systems, the narrow density contrast between phases (2.71 g cm
for calcite, 2.65 g cm for quartz) introduced further segmentation uncertainty, even
when scans were acquired at low voltage (e.g. 40 kV, Chapter 3). As noted in X-ray
attenuation models (e.g. MuCalc (Geosciences, n.d.)), a mineral& attenuation is
primarily governed by its density and composition; effective mineral discrimination in
XCT relies on selecting an X-ray energy where attenuation coefficients differ
sufficiently between phases, which is not always achievable in quartz-calcite mixtures.
Although recent advances such as machine learning-based segmentation and direct
grayscale rendering (e.g. Godinho and Withers (2018)) have been shown to reduce
bias, these approaches were not adopted here. Instead, a temporal subtraction
approach, comparing post-pr eci pi tati on scans to an
more reliable than multi-phase segmentation for identifying newly formed CaCOs. This

was especially important in time-lapse XCT studies (Sections 3.4.1 and 5.4.5).

Uncertainty also arose from the interplay between spatial and temporal resolution. In
Chapter 3, scan intervals were selected to ensure measurable changes between time
points while minimising artefacts from precipitation occurring during acquisition. Tests

confirmed that blurring from intra-scan growth was minimal, and any residual effect
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was considered to be encompassed within the partial volume error. Overall, absolute
CaCOs volumes should be regarded as semi-quantitative, while relative changes

within a given dataset can be interpreted with high confidence.

2.5 CFD Modelling Using XCT -Derived Pore

Geometries

CFD modelling was used to provide insight into pore-scale flow and mixing processes
that cannot be directly observed or easily controlled in laboratory experiments. While
XCT offers high-resolution structural information, it cannot resolve the instantaneous
velocity fields or solute mixing fronts that govern early-stage CaCOs3 localisation. CFD
therefore served as a complementary tool that allowed flow regimes, density
contrasts, and reagent interactions to be explored rapidly across a range of controlled

scenarios without requiring extensive experimental replication.

Within this study, the primary purpose of CFD was not to simulate precipitation
directly, but to quantify how the mixing of ES and CS shaped local flow paths,
transport dynamics, and ultimately the spatial patterns of CaCOs3 observed in the XCT

experiments.

The solver twoLiquidMixingFoam (OpenFOAM) was selected over multiphase or
species-transport alternatives because it is specifically designed for transient
simulations of two incompressible, isothermal, miscible fluids with differing densities
and viscosities. Flow in the pore geometries considered here is firmly within the
laminar regime (Re L 1), meaning that inertial effects are negligible and mixing is
dominated by diffusion and density driven convection rather than turbulence. Under
these conditions, twoLiquidMixingFoam provides an appropriate physical
representation of the ES-CS system, where density contrasts are the primary driver

of mixing behaviour.

Its implementation of the PIMPLE algorithm (a merged PISOi SIMPLE scheme)
ensured numerical stability at the relatively large time steps required for long-duration
simulations, while still capturing the transient development of the mixing interface.
The solver also allowed passive scalar transport and buoyancy terms to be included
without the additional computational overhead associated with multiphase or
turbulence-resolving solvers, which are unnecessary for slow, laminar, density driven

flows.
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Geometries were generated from XCT-derived datasets of experimental flow cells,
ensuring direct correspondence between simulated and imaged pore structures. Full-
resolution meshes were computationally prohibitive for transient simulations; down-
sampling by a factor of two provided a practical compromise, preserving sufficient
detail to capture primary flow paths while reducing computational cost to feasible
levels. Mesh independence tests showed this resolution altered absolute permeability
predictions by ~18% (Appendix Fig. B1) but did not significantly affect the structure of

the main flow channels, validating its use for mixing analysis.

Simulation inputs prioritised accurate representation of experimentally measured ES
and CS densities and viscosities, as these parameters most strongly influence density
driven mixing. Other flow parameters were retained from the validated tutorial case to
avoid introducing uncertainty from untested solver settings. In addition to modelling
the injection phase, post-injection simulations were run to capture buoyancy-driven
mixing during the static reaction phase (Chapter 3), which was critical for interpreting
precipitation patterns observed in later XCT time points.

While CFD provided valuable insight into the hydrodynamic drivers of precipitation
heterogeneity, predictive accuracy was constrained by the absence of reaction
kinetics and crystal growth feedback on pore geometry. Including these effects would
have been computationally prohibitive and beyond the scope of this work; moreover,
the imaged precipitation distribution in Chapter 3 aligned closely with the ES
concentration field predicted by the simulations. The results should therefore be
interpreted as a qualitative mapping of likely mixing zones and stagnation regions,

rather than as direct predictors of precipitation rate or extent.

2.6 Absolute Permeability Simulations

Absolute permeability simulations were performed on XCT-derived pore structures in
Chapters 315 to quantify how treatment strategies influenced hydraulic behaviour
without requiring destructive experimental measurement. In the low-Reynolds-
number regime characteristic of pore-scale flow (Re L 1), fluid motion is well
described by the steady Stokes equations, allowing permeability to be computed
directly from the XCT geometry. Darcy
applied pressure gradient, enabling absolute permeability to be derived as an intrinsic

property of the pore structure rather than inferred indirectly. This approach provided
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a consistent and high-resolution means of tracking permeability evolution over time,

even for small volumes where experimental measurements would be impractical.
Two key sensitivity analyses were carried out to ensure reliability:

1 Subvolume size effects T Multiple cubic subvolumes (e.g., 1003, 1503, 2003
voxels) were extracted from the same dataset and simulated to assess how
the chosen volume influenced predicted permeability. Larger subvolumes
incorporate more flow pathways and reduce sampling effects, but at increased
computational cost. Results showed diminishing change beyond 1503 voxels
(Fig. 2.2), which was then adopted as the standard subvolume size. Although
the sensitivity analysiswas conducted on data with a v
(Chapter 3), the resulting minimum subvolume dimension corresponds to a
physical length (~1.2 mm) that remains appropriate across the voxel sizes
used in subsequent chapters (511 0 & m) . Thi s farée adeptedva s t h e
consistently as a conservative minimum representative volume for
comparative permeability analysis.
1 Solver convergence criteria 1 The residual tolerance controlling the Stokes
solver was progressively tightened (from 1x10@ to 1x10w) to determine when
the numerical solution became independent of solver settings. Insufficient
convergence can distort the pressure gradient and therefore the calculated
Darcy flux, leading to inaccurate permeability values. The tolerance of 1x10°
was selected as the point where further reductions produced no measurable
change in predicted permeability and was applied consistently across all

datasets.

In some samples, the original voxel resolution produced pore geometries that were
too large to simulate within reasonable computational timeframes. In these cases, the
datasets were down-sampled by a factor of 2 in each spatial dimension (eight original
voxels combined into one). This down-sampling protocol was applied consistently

whenever required, and no alternative levels of down-sampling were used.

The rationale for down-sampling was that the Stokes solver either failed to converge
for the full-resolution geometry, or the memory/time requirements exceeded available
resources. Down-sampling reduces the number of cells by a factor of eight, which
stabilises solver behaviour and significantly reduces run time while preserving the

general pore topology.
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To assess the impact of down-sampling, permeability simulations were run on both
the original and down-sampled volumes for representative samples. Down-sampling
altered the absolute permeability by ~18%, which reflects the loss of fine-scale pore
detail; however, the dominant flow pathways remained unchanged, and relative
differences in permeability between treatment stages were preserved. Because the
primary purpose of these simulations was to track relative permeability evolution
rather than obtain an exact absolute value, this level of error was considered

acceptable.

Increasing representativeness, computational cost, and runtime ———

Side length (voxels) I Simulated k [d] Porosity (vol %)

250 0.389
200 ' 42.7 1 0.392
150
100 | 38.9
50 17.4

Figure 2.2 Sensitivity of absolute permeability simulations to subvolume size.
Cubic subvolumes of increasing side length (5031 2503 voxels) were extracted from
the same XCT-derived pore structure (voxel size = 8.156 um, as used in Chapter
3) and used for absolute permeability simulations. The blue volume in each case
represents the segmented pore space, with streamlines from the Stokes-flow
simulation shown at the inlet to illustrate dominant flow pathways. Flow is imposed
from bottom to top under fixed pressure boundary conditions. Larger subvolumes
incorporate a greater number of connected flow pathways, improving
representativeness at increased computational cost. Simulated permeability shows
progressively smaller changes beyond a side length of ~1503% voxels, which was
therefore adopted as the minimum subvolume size for subsequent analyses. The
table reports the corresponding simulated permeability and porosity for each
subvolume.
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2.7 Optical Microscopy

While XCT provided three-dimensional, non-destructive visualisation of CaCOs;
precipitation within porous media, optical microscopy complemented this by offering
higher-resolution, surface-level observations of crystal morphology. The increased
spatial resolution allowed individual crystals to be resolved more clearly than in XCT
datasets, which was particularly important for identifying crystal size and shape (e.g.

rhombohedral versus spherical calcite) (Fig. 2.3).

a) MICP treated sand b) SB-EICP treated sand
f > ]
L . | ‘
. A L : ‘ ~ aggregated
we'll—faceted 3 ] CaCOs
5 calcite crystals é T precipitates
& : : : ‘“ Hm 2.5 < 100 MM
3 :_.L _g % _5} o —

Figure 2.3 Optical microscopy images of calcium carbonate precipitation on

sand grains following (a) MICP treatment and (b) soybean-derived EICP (SB-
EICP) treatment. Optical microscopy allows surface-level crystal morphology to be
resolved. MICP-treated samples show more well-faceted calcite crystals, whereas
SB-EICP samples exhibit finer, more irregular and aggregated CaCOs3 precipitates.
Images are representative examples used to qualitatively illustrate differences in
crystal mor phol ogy. Scale bar = 100 ¢

In Chapter 6, this was particularly important for linking microstructural evidence of
precipitation on additive surfaces to the thermal performance trends measured in

conductivity and infrared thermography tests.

Time-lapse optical imaging was additionally employed in Chapter 4 to capture crystal
growth in real time under no-flow conditions. Although these tests were conducted
outside porous media and therefore did not replicate the in situ conditions monitored
by XCT, they provided valuable insight into precipitation kinetics and morphological

evolution at the grain scale.
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2.8 Thermal Analysis Methods

The thermal experiments in this thesis were introduced to quantify how
biocementation and functional additives alter heat transfer in treated granular
materials, particularly in cases where precipitation or additive distribution introduces
directional effects. Conventional isotropic thermal conductivity measurements cannot
capture these behaviours, yet materials such as EG are known to exhibit strong
anisotropy due to particle alignment and layered sample preparation (Cermak et al.,
2020). To resolve these direction-dependent properties, an anisotropic transient-
plane-source method was required, enabling separate measurement of conductivity

parallel and perpendicular to the compaction layers.

Furthermore, thermal performance in Chapter 6 was not limited to steady-state
conductivity. Phase-change additives such as paraffin required a method capable of
capturing dynamic heat storage and release, behaviour that cannot be inferred from
XCT or steady-state conductivity alone. Infrared thermography (IRT) was therefore
incorporated to track real-time heating and cooling responses under controlled
conditions, providing spatially and temporally resolved insight into thermal regulation

mechanisms within the samples.

Early in the project, preliminary measurements were conducted using a Xiatech
TC3000E thermal conductivity analyser on untreated sand-additive mixtures. While
not retained for inclusion in the thesis, these data provided a rapid screening tool for
identifying promising additives. At this stage, only isotropic thermal conductivity could
be measured, prompting a later switch to the Hot Disk Thermal Analyzer TPS2500S,

which offered anisotropic measurements as well as specific heat capacity testing.
The TPS method was selected because it allowed:

1 Measurement of both isotropic and anisotropic conductivity within the same
apparatus.

1 Specific heat capacity determination, enabling accurate volumetric heat
capacity calculations for anisotropy measurements.

I Testing of small slices cut from samples, facilitating controlled comparisons
between additive types and loadings.

1 Profiling of thermal conductivity along the inleti outlet axis of samples, which
was particularly important for interpreting bacterial transport behaviour during

biocementation (Fig. 2.4).
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Figure 2.4 Thermal property characterisation using the transient plane source
(TPS) method with complementary density measurements. (a) Slices cut from
cylindrical biocemented specimens for thermal testing. (b) TPS sensor positioned
between sample slices during measurement. (c¢) Enclosed sample holder used to
minimise thermal influence from the laboratory environment. (d) Representative
slice after cutting, showing the planar faces required for TPS analysis and the
removal of a small subsample for density measurement. (e) Subsample extracted
for density and volumetric heat capacity determination using a gas pycnometer. (f)
Pycnometer measurement chamber used for density determination. Together, the
TPS and density measurements enabled isotropic and anisotropic thermal
conductivity, specific heat capacity, and volumetric heat capacity to be quantified,
including profiling along the inleti outlet axis of samples.

IRT was integrated into the workflow (Chapter 6) to capture real-time heating and
cooling behaviour, particularly in paraffin-infused samples where latent heat storage
was expected to influence cooling rates. The setup, comprising an insulated
polystyrene enclosure and controlled heat input, was designed to minimise

environmental variability and isolate the thermal response of the sample.

The testing approach progressed from rapid preliminary screening to targeted, high-
resolution assessments, with thermal measurements paired to microstructural
analyses to link additive distribution and precipitation patterns to thermal

performance.
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2.9 Integrated Experimental Framework

In summary, this thesis employed a linked sequence of methods to connect pore-
scale precipitation processes with bulk material performance. Laboratory
biocementation treatments formed the experimental basis of this work and were
developed across multiple scales, from finely controlled co-injection in imaging cells
to larger samples designed for mechanical, hydraulic, and thermal testing. XCT
provided the core three-dimensional characterisation of precipitation behaviour,
supported by optical microscopy for detailed crystal morphology. CFD modelling and
absolute permeability simulations enabled interpretation of flow and transport
processes within XCT-derived pore geometries. Thermal behaviour was assessed
through isotropic and anisotropic conductivity measurements and infrared
thermography, while urease activity testing enabled controlled comparison of enzyme

sources.

With this methodological framework established, the thesis now turns to the first major
research challenge: understanding how density driven mixing during co-injection
governs the spatial distribution of carbonate precipitation. This question forms the
focus of Chapter 3, which uses XCT imaging and CFD modelling to quantify how
contrasting reagent densities influence flow paths, reaction localisation, and early-
stage precipitation dynamics. These findings establish the mechanistic foundation for

the optimisation and scale-up studies presented in Chapters 4i 6.
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Chapter 3: The influence of density driven
mixing mechanisms on ureolysis induced

carbonate precipitation.

This chapter addresses Critical Challenge 1 of the thesis by using time-lapse XCT to
directly observe how calcium carbonate precipitation develops and localises within
porous media during EICP treatment. Although bulk measurements such as hydraulic
conductivity or compressive strength can reveal the outcomes of biocementation, they
do not explain when, where, or why precipitation forms specific spatial patterns. The
experiment presented here resolves the pore-scale dynamics of mixing and reaction
under controlled co-injection, quantifying how density contrasts between reagents
shape the geometry and progression of precipitation fronts. By coupling XCT
observations with CFD-derived flow fields, this chapter establishes the mechanistic
foundation required to link microscale processes to macroscale behaviour, informing
later chapters that focus on permeability control (Critical Challenge 4) and, more
broadly, on strategies to direct flow and improve sweep efficiency in subsurface
applications (Critical Challenge 3). The central question addressed here is: How do
density driven mixing mechanisms control the spatial distribution of CaCOs3 during
EICP, and what are the implications for subsequent transport and treatment
uniformity?
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3.1 Abstract

Engineered subsurface barriers with reduced porosity and permeability are critical for
safe storage of CO, and H,, prevention of pollutant transport and for several other
subsurface flow challenges. This study investigates enzyme-induced carbonate
precipitation (EICP), a promising technique with the potential to achieve uniform
precipitation in otherwise inaccessible regions, provided the mechanisms of pore-
scale mixing are well understood. High-speed lab x-ray computed tomography and
flow modelling were used to study the mechanisms of reagent mixing and
precipitation. Our experiments show that initially crystallization occurs
homogeneously across grain surfaces, then localizes in pores with high enzyme
concentrations. In these regions we see crystal growth throughout the 65 minute
experiment. Simulation of reagent injection produces a mixing front that matches the
distribution of crystals seen in the experiments if we model mixing as density driven
flow. Overall, we see substantial reductions in simulated permeability (117 37%)
depending on efficiency of mixing. Our validated model then allows us to predict and
propose tailored injection strategies for optimizing mixing, bringing us closer to real-

world deployment of EICP for subsurface barriers.

Key words: MICP, EICP, permeability, high-speed XCT, tomography

64



Chapter 3

3.2 Introduction

Enzyme induced carbonate precipitation (EICP) is a bio-cementation technigue that
can be used to seal microfractures and pore throats that are inaccessible to cement
and chemical based grouts (H. Wang, X. Sun, et al., 2022), with many similarities to
the better-studied microbially induced carbonate precipitation (MICP). Although
explored in 2D microfluidic flow cells (Kim et al., 2020; Weinhardt et al., 2021) and for
engineering applications including the stabilization and strengthening of soils
(Carmona et al., 2016; Putra et al., 2018; Putra et al., 2016), reducing soil permeability
(Yasuhara et al., 2012) and the treatment of hydrocarbon contaminated sands (Singh
et al., 2021), EICP is still not routinely deployed, partly this is because we do not have
the necessary understanding of 3D pore-scale precipitation. We therefore cannot
predict, control or exploit the distribution of CaCO3; through time and space using
different injection strategies.

Large scale geological sequestration of carbon dioxide (CO,) is an essential
component in tackling climate change (Krevor et al., 2023) and we need at least
another 10,000 CO: injection wells globally by 2050 (Ringrose & Meckel, 2019). At
present there are only 26 projects worldwide, most of which only have CO:
injection/storage to enhance oil recovery. Key challenges preventing more
widespread development include the need to prevent CO, leakage to atmosphere or
into groundwater (Chedburn et al., 2022), managing injection into heterogeneous
natural rocks, and converting existing hydrocarbon extraction systems for CO
injection and storage. Enzyme induced carbonate precipitation (EICP) is a technique
that could be used to create spatially targeted impermeable barriers in the subsurface
and seal leakage pathways around wellbores (Nemati, 2003), and therefore a key tool
in controlling injection of and preventing leakage of geo-sequestered CO; (and H,).

EICP involves injection of two reagents i a solution of ureolytic enzyme (usually called
the enzyme solution i ES) and a solution of urea and calcium (usually called the
cementing solution 7 CS), both of which have low viscosity. On mixing, calcium

carbonate precipitates following Equations 1 to 4.
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For optimal permeability reduction an ideal EICP treatment would achieve well mixed
fluids and homogenous precipitation of large volumes of CaCOs. By controlling the
injection points and the spatial and temporal evolution of the mixing profile in the
sample, it should be possible to control where in the sample precipitation occurs, and
therefore how the permeability of the sample changes.

To fully develop deployable EICP strategies we need experimental data for how
mixing occurs in the pore structure, how this mixing controls when and where CaCOs3
precipitates, and a numerical model that can predict this behaviour in subsurface
systems. Previous studies have observed bulk permeability reductions in soil (Nemati
et al., 2005) and fractured rocks (Peng et al., 2020) but have not quantified the spatial
and temporal evolution of the precipitation, or the pore-scale distribution of CaCOQOs,
therefore numerical modelling of this system remains challenging and largely

unvalidated.

Here we exploit high speed laboratory X-ray computed tomography (XCT) to visualise
and quantify the spatial and temporal distribution of CaCQOs3, capturing precipitation
dynamics, flow path migration and the evolving porosity (Dobson et al., 2016; Godinho
et al., 2019; Menke et al., 2018). We measure crystal volume and position relative to
pore throats and grain contacts and validate numerical models for permeability, flow
velocity and fluid mixing behaviour in the pore structure of the experiments. This is
carried out with the aim of gaining a fundamental understanding the EICP process

sufficient to design up-scaled injection strategies.
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3.3 Materials And Methods

3.3.1 In situ observation of enzyme induced carbonate precipitation

The enzyme solution (ES) was prepared from 12 g/L urease active jack bean meal
(Fisher Scientific), and syringe filtered (<0.45um) after 30 mins homogenisation. Jack
bean meal was used as it is 70i 90% less expensive and has lower urease activity
(1500 U/g) than purified urease sources, allowing a slower reaction rate that has been
shown to lead to more compact and harder CaCO3z (Chunxiang et al., 2009). The
cementing solution (CS) was made by dissolving 4M urea and 2.67M calcium chloride
in deionised water. The CS pH was adjusted to 6.89 using 4M HCI prior to injection to
delay the immediate onset of precipitation (after Minto et al. (2017), Cheng et al.
(2018)).

Custom made 3D-printed (5 mm diameter, 0.39 cm?® volume) flow cells (Figure 3.1)
were filled with quartz sand (Sigma Aldrich, silica content <= 100 %, particle size
range of 21071 297 um), with a porosity of 39%. The columns were saturated with a 3
g/L NaCl solution to simulate a subsurface brine, and mounted into a Tescan UniTOM
XL lab scanner (University of Warwick, WMG). 1.5mL of the CS and ES were injected
simultaneously at 0.5 mL/min through the two inlet ports (Figure 3.1) equating to ~6
pore volumes/min. The ES enters the sample at a single central feed point surrounded
by the 4 CS feed points (Figure 3.1b). After 3 minutes of injection (18 pore volumes),
the flow is stopped and XCT data collected.
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Figure 3.1 Experimental setup, analysis and modelling (a) 3D printed flow cell
(b) inlet configuration showing urea/calcium chloride (red) and enzyme (blue) entry
points (c) vertical slice through entire sand pack volume d 3D rendering of CFD
modelling volume e imaging window captured during sequential scans showing
sub-volume 1 (red), sub-volume 2 (blue)

All XCT data were collected at 40kV and 15W/375uA, with 1440 projections/scan (205
ms exposure time). 12 scans were acquired over a 1-hour period with each scan
lasting 5 minutes. Each scan was started immediately after the previous scan
completed. Crystal growth was continuous over the scanning period so there will be
a difference in the sample structure at projection 1 and at projection 1440. This
difference will mean some blurring of the data. 5 minutes per scan ensured this
difference was minimised and scans could be reconstructed with minimal blurring
artefacts, while still seeing CaCOs growth that was measurable. The proprietary
Tescan reconstruction code generated 3D datasets with 8.156um resolution (voxel
edge length). Image processing and analysis was completed in Avizo® (v2022.2,
ThermoFisher) and the full workflow shown in Appendix Fig. Al.

3.3.2 Image analysis

The sample was not moved between scans but to ensure perfect spatial alignment
through time the data were registered (Studholme et al.,, 1999), and an edge
preserving denoising anisotropic diffusion filter (Bernard et al., 2011) applied. A post
reconstruction beam-hardening correction was also applied to each dataset.
Segmentation was completed using the histogram based Auto Thresholding Avizo

module (Otsu, 1979) to remove human bias in processing datasets where the bulk
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greyscale values are changing through time as precipitation occurs (Appendix Fig.
Al). This segmentation generated binary map of the pore phase was inverted to
generate a binary map of the solid phases. The similarity of the attenuation
(greyscale) prevented the segmentation of the CaCOs from the quartz. The quartz
does not change through time and there is no CaCOs; at t=0. CaCOs volume was
calculated by subtracting the t=0 scan (quartz only) from the segmented quartz +
CaCOs in later scans (Figure 3.2). The porosity was determined by calculating the

volume fraction of the non-solid phase relative to the entire cylinder volume.

* Pore area fraction

* CaCO:; area fraction

10 minutes
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— Filtered data Subtraction of solid Segmented CaCO:s

phase from time=0 scan

Figure 3.2 Segmentation of solid phases and calculation of CaCO 3 by
subtraction of t=0 (quartz only) from t=n (quartz + CaCO  3)

The volumes and positions of the crystals were measured from the binary maps of
CaCOs. We use the term crystal to mean each individual object in the binary map,

although some may be crystal clusters if we could image at higher resolution.

The pore network morphology was determined at t=0 using a separation based on a
Random Walk Distance Map (Baum et al., 2019) and the pore volume, geometry and
coordination numbers measured for every pore and the pore throat locations
identified. The sand grains do not move but the volume and geometry of the pores

will change due to precipitation and hence the number and location of pore throats
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could change. We therefore use the pore throc
applying the segmented ti 0 pore network as ;
map (see Figure B1). This mapping of properties over time onto a consistent geometry

allows guantification in the change in volume and geometry at the pore scale. The

location of the pore throats, their area and geometry at t=0 was extracted from the

Local H-Maxima output (see Figure B1) and the distance of every point within the pore

network to the nearest throat calculated using a Distance Map. The distance of each

crystal of CaCOgs to the nearest pore throat was then extracted from a Label Analysis

applied to the distance map output masked by the CaCOs 3D location map (See

Figure B1 for details). At each time point the permeability of the pore network was

calculated using the Absolute Permeability Simulation available within the XLab

Simulation package of Avizo.

A second Random Walk Distance Map was applied to the inverted pore network at
t=0, and the volume, surface area, sphericity, and coordination number (i.e. number

of solid-solid contact points) of the quartz grains measured using a Label Analysis.

By integrating the pore geometry and CaCOs3 3D location maps with the outputs of the
permeability simulation, we can also determine the mean velocity of the flow in each
pore, through each pore throat, and at each crystal location during the initial injection
phase. Pore and CaCOs; analysis and Absolute Permeability Simulations were also
performed on 2 smaller sub volumes selected from different regions of the sample
(Figure 3.1).
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a)

Figure 3.3 4D Image processing workflow:  (a) binarized solid regions, (b)
connected pore space, (c) separated pores by random walk distance map, (d)
separated grains, (e) output streamlines from absolute permeability simulation, (f)
pore network model

3.3.2.1 Uncertainty in the image analysis

The small volume of the CaCOs crystals (542 um?® (a single voxel) to 4.5x108 pm?,
mean = 6766 um?3) and the common formation of crystal clusters is the main source
of uncertainty in quantitative data. The partial volume effect comes from defining any
irregular particle as a group of voxels. The greyscale values of voxels that intersect
the surface of the particle will be proportional to the relative volume of particle and
surrounding media within the voxel. As the segmentation process will include or
exclude a voxel based on that greyscale value, the binarised (segmented) data will
locally (at the voxel scale) over or under estimate the location of the particle surface.
For CaCOs crystal clusters this may be further complicated as the internal voxels can
also have both particle and pore fluid within them. The value of the uncertainty on any
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individual particle and any particle population can be calculated (Lin et al., 2015). The
pores and sand grains are all large relative to the voxel size (mean volume of 4180
and 18200 voxels respectively) so the uncertainty cannot be seen when plotted on

the size distributions.

The other potential source of uncertainty is the combination of spatial and temporal
resolution. We see no evidence of crystal motion during the experiment, nor for
nucleation and growth away from the sand grain surfaces; but the resolution of the
images means very small crystals may not be captured. However, crystals are
observed to form on all sides of sand grains with no clear preference for the upper
surface, suggesting that nucleation primarily occurs directly on the grain surfaces
rather than in the solution, followed by settling on the tops of grains. Each 3D
acquisition takes 4 minutes, 55 seconds with a scan started every 5 minutes so the
data reconstruction could be affected by the change in CaCOsvolume during a scan.
However, we can see measurable differences in crystal volume between time points
and find minimal blurring artefacts in the data that would suggest an individual data
set is significantly impacted by crystal growth. We therefore assume any effect is
captured in the partial volume effect in the reconstructed data.

3.3.3 Modelling of fluid mixing

Fluid mixing was simulated with the computational fluid dynamics software
OpenFOAM with a domain extending from inlet to the top of the dynamic imaging
window (Figure 3.1) and injection parameters that replicate experimental conditions
in which the four outer inlets injected CS (density=1234 kg m3, viscosity=2.1157x10
6 Pa.s), while one central inlet injected ES (density=998 kg m™, viscosity=1x10° Pa.s).
The mesh was generated from a full sample scan with a voxel edge length of 13.768
um; however, this resolution was computationally prohibitive for dynamic flow
simulations. Down-sampling by a factor of 2 resulted in a voxel edge length of 27.536
pum, which balanced computational efficiency with sufficient resolution to capture flow
behaviour while enabling feasible simulation times. A mesh independence verification
was conducted by comparing Absolute Permeability Simulations for the original
(13.768 pm) and down-sampled (27.536 pm) meshes. This sensitivity analysis on
permeability showed that while down-sampling did alter the simulated permeability
value (18%), it did not significantly alter flow path dynamics (Appendix Fig. B1). The
code used to convert voxel data into a mesh readable by OpenFOAM, with

appropriate boundary patches, was written as an ImageJ script implemented in Fiji
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(Schindelin et al., 2012), following the methodology outlined in Section 3.5 of Willems
et al. (2021).

Within OpenFOAM, the twoLiquidMixingFoam solver was used to model injection and
subsequent density driven flow of the miscible ES and CS. The solver employed
second-order spatial discretization schemes for key terms, ensuring accurate
representation of flow dynamics. Temporal discretization was handled using the first-
order implicit Euler method for stability in transient simulations. A detailed list of

parameter settings and schemes is provided in Table B1 (Appendix B).

The focus was placed on adjusting density and viscosity parameters, as these were
critical for capturing mixing behaviour, while all other parameters were retained from
the validated twoLiquidMixingFoam tutorial. The post-injection flow phase was also
modelled to account for the density driven mixing during crystal formation.

3.4 Results

3.4.1 Quantification of EICP in 4D

Data were collected across 12 time points during crystallisation (no injection). Over
the period we see the CaCO; content increase steadily. Small crystals form initially,
before larger ones grow preferentially in a distinctive cone-shaped region in the centre

of the column/imaging region (Figure 3.4).
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Full Volume 20 0.0250 54.85
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50 0.0302 49.86
65 0.0318 49,12
Sub-volume 1 20 0.0280 63.14
35 0.0400 50.58
50 0.0455 45.61
65 0.0498 42.77
Sub-volume 2 20 0.0254 51.92
35 0.0269 51.48
50 0.0266 51.66
65 0.0271 50.93

Figure 3.4 CaCOgs precipitation over time:  (a) Spatial distribution of CaCO3 over
time with crystals coloured with red representing the largest and blue the smallest
volumes (b) Graph of permeability/time/volumetric % CaCOs for the full volume
(black), highly precipitated sub-volume 1 (red), and low precipitation sub-volume 2
(blue) (c) Simulated Permeability and Vol. Fraction CaCOs for the Full Volume and
Sub-volumes at Selected Time Points During EICP.
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The injection points are lower than the imaging window (Figure 3.1) and it was
therefore anticipated, due to the miscibility of the two fluids, that sufficient mixing
would have occurred beneath this to promote uniform crystallization across the
imaging region. The simulated permeability across the red sub-volume 1, where ~5%
CaCOs eventually formed, is reduced much more rapidly than the blue sub-volume 2

or the whole domain.

Figure 3.4c summarizes simulated permeability and vol. fraction of CaCOp for the full
imaging volume and sub-volumes 1 and 2 at 20, 35, 50 and 65 minutes, highlighting

localized effects of CaCOF precipitation on hydraulic properties.

3.4.2 Porosity evolution during EICP

During the first 20 minutes of the reaction the vertical distribution of CaCOs is relatively
homogenous. However, as the reaction progresses the volume fraction of CaCOs
increases gradually from inlet to outlet (Figure 3.5). Once nucleated the crystals
formed in the lower portion of the column (< 5 mm) do not exhibit a large increase in
volume over time, while the crystals formed towards the outlet continue to grow larger.
To quantify porosity evolution in the flow direction, we plot the 2D percentage of

CaCOs; from the base of the imaging region (near-inlet) to the top of it (Figure 3.5).
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Figure 3.5 Distribution of CaCO 3 over time with: (a) Column depth i The inset
images are at 65 minutes and approximately 0.4mm (left) and 6.1mm (right) from
the bottom of the dynamic imaging window with CaCOs; coloured red, (b) radial and
axial CaCOgs distribution (red) over time

While the evolution of CaCOs; distribution is explored relative to column height in
Figure 3.5a, the 3D distribution of CaCO3 can be more effectively visualized by plotting

the average radial and axial concentration for each individual pixel (Figure 3.5b). The
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main precipitation zone forms a cone-like shape, with the highest concentrations of
CaCOs occurring centrally and towards the outlet. The position of precipitated CaCOs3
relative to quartz grain surfaces, as determined by random walk distance map, is

explored in Figure 3.6.

6 /
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Figure 3.6 Crystal locations relative to quartz grain surfaces as determined

by random walk distance map : (a) random walk distance map with near grain
surfaces coloured blue and open pores (red), (b) box plots of the mean distance of
new CaCOs; (grown between scans) to quartz grain surfaces for each time point, (c)
zoomed in view of XCT data showing how crystals form over time, (d) schematic of
CaCOs growth into open pores, (e) schematic of CaCOs growth at grain contact
points and (f) crystals coloured by distance map value over time with colouring as

per (a).
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Unlike MICP, where cells tend to attach at grain contact points before acting as
nucleation sites for crystal growth (I.e. the solution immediately around them becomes
supersaturated with respect CaCOs) (Minto et al., 2017), we observe many small
crystals nucleating throughout the column, before growing out into open pores on
existing CaCOs; (Figure 3.6f). This precipitation mechanism (schematically
represented in Figure 3.6d) appears to be more dominant than CaCOs growth at grain
contact points (Figure 3.6e). The mean distance map values for CaCOs; that then
forms between scans (Figure 3.6b) shows a subtle upward trend in crystals growing
towards open pores over time rather than continued grain surface growth. By
colouring CaCOs crystals by their mean distance map value (Figure 3.6f) we see that
the crystals that grow towards open pores (l.e. warmer colours) are primarily found
within the main precipitation band. The continued growth in this region is therefore on
pre-existing CaCO:s.

3.4.3 Absolute p ermeability evolution and mixing during EICP

Absolute permeability refers to the ability of a porous material to transmit a single-
phase fluid and is characterized by a constant coefficient that relates fluid flow and

material parameters in Darcy's law (Eq. (6)):

<

(6)

Where the global flow rate that goes through the porous medium is represented by Q,
which is measured in units of m%/s. The cross-sectional area of the sample through
which the fluid flows is represented by A and is measured in m2. The dynamic viscosity
of the fluid flowing through the sample is represented by p and is measured in Pa.s.
The pressure difference applied acrosst he sampl e is represented
measured in units of Pa. L represents the length of the sample in the direction of flow
and is measured in m. Permeability, k with units in m?, is therefore a function of the
pore geometry and connectivity within the sample and a bulk value of permeability
can be obtained for the entire sample by experimentally measuring pressure drop for

a given flow rate, as is typically done for cylindrical cores in a core holder.

Permeability can also be estimated numerically based on XCT derived pore geometry
and connectivity together with simulated fluid flow and pressure drop across samples
of any shape or size without limitations imposed by core holder design or pressure
sensor resolution. In this study, Avizo XLab Simulation module was used for the

determination of the absolute permeability with the added benefits that flow paths are

78



Chapter 3

also calculated and, rather than a single bulk measure of permeability, multiple

permeabilities can be calculated for different regions of the sample.

In addition to simulation of the initial (pre-EICP) pore geometry, permeabilities were
also calculated at different time points during the static EICP reaction period to
understand how the precipitating CaCO3; and evolving pore geometry was shaping
the hydraulic properties. The results of permeability/porosity and permeability/time

calculations are shown in Figure 3.4.

By running absolute permeability simulations at each time point, the output velocity
field can be used to visualize and quantify the effect that each individual crystal would

be having on flow at that particular instance in time (Figure 3.7):
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Figure 3.7 The effect of enzyme induced CaCO 3 on flow: (a) crystals are
coloured by volume, (b) their effect on simulated flow velocity relative to t=0 and,
(c) with crystals coloured white, and pore space coloured bythef | ow vel o
minus the flow velocity at t=0 from flow simulations.
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The location of the extracted sub-volumes is shown in the Fig. 3.1e. While the initial
permeability of sub-volume 1 (61.4 Darcy) is higher than that of sub-volume 2 (46.4
Darcy), it experiences a 37.1% reduction in simulated permeability over the course of
the experiment. There is negligible (0.8%) reduction in permeability within the blue
sub-volume 2. The full imaging volume experiences an intermediate reduction
(11.4%) as a result of both regions. Flow is diverted to the column's peripheries as
crystals form in the central region, shown by the red areas of the pore space in Fig.
3.7ci 65 minutes. We hypothesize that ES and CS were mixed sufficiently within sub-
volume 1 to induce rapid CaCOs precipitation and the altering of flow paths (Figure
3.8), but that fluid mixing was limited within sub-volume 2, resulting in less
precipitation. This is explored further in section 3.4.3.1.

Overall, these
observations  suggest
that the impact of EICP
on porosity and
permeability in sand is
highly dependent on the
spatial distribution of
CaCO;. As expected,

regions with high crystal

Flow direction

growth experience a

greater reduction in

permeability compared

crystal growth.

Figure 3.8 Streamlines of flow paths across high
precipitation sub -volume 1 over time

3.4.3.1 Simulation of fluid mixing

The distinctive cone-shaped crystal region can be better understood by simulating the
mixing of CS and ES within the sample. We also simulate the fluid behaviour after
flow cessation during imaging. Three mechanisms hinder uniform mixing in the pore
space. Firstly, the smaller cross-sectional area of the central inlet (0.486 mm?), used
for injecting ES, when compared to the four outer inlets used for injection of CS (0.760
mm?) results in a higher flow velocity, which leads to an initial cone-like geometry to

the enzyme fluid field (Figure 3.9a). Secondly, the higher kinematic viscosity of CS
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physically inhibits further mixing. Thirdly, when flow stops, density driven currents
cause CS to settle at the sample's lower part, reducing the available surface area for
diffusion of urea and calcium ions, but improving advective mixing (Figure 3.11b). The
observed fluid flow behaviour is shown in Figure 3.9. Note that the simulation was

carried out in 3D and mesh generated as described in section 3.2.
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Figure 3.9 Cross sectional view of enzyme and cementing solution mixing
during (a) flow of 15s, at which point the injection reaches a steady state, and (b)
the static period when crystallization occurred.

The simulations were repeated, to assess if a lower concentration of cementing
solution would improve fluid mixing due to a reduced difference in density and
viscosity between CS and ES. This entailed adjusting the fluid properties (kinematic
viscosity and density) of the CS in the model to correspond with those of a) a 2M urea,
1.33M CaCl; solution, and b) water. The outcomes of these simulations are shown

alongside the initial simulation of the experimental setup in Figure 3.10.
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Water b) 4M:2.67M 2M:1.33M Water

Flow at 1.0 mL/min

I mm

Water d) 4M:2.67M 2M:1.33M

Figure 3.10 Mixing of fluids under different  urea:CaCl, cementing solution
concentration s. (a) 5s of flow, (b) 15s of flow, (c) 10s after flow cessation, (d) 20s
after flow cessation

In the early stages of flow (5s) the breakthrough of CS to the top (outlet) boundary is
earlier for water than the more concentrated CS. The injection flow rate is the same
in all examples therefore as CS concentration increases, the proportion of the porosity
occupied by the CS also does. This is due to the gravitational effect of the denser
solution fApoolingo t oduang flosv ard tp@entiallg Viscdus
displacement. After 15s the flow is turned off to simulate the no flow period in which
crystals formed. From this point we observe density driven flow forcing CS downwards
into an inverse cone shape. The resultant enzyme field (light blue) closely resembles

the geometry of the observed crystallization (Figures 3.471 3.7).

To better quantify these different flow mechanisms, we monitor the standard deviation

and mean of the CS field over time to track the evolution of mixing (Figure 3.11).
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Figure 3.11 Mixing of fluids under different cementing solution
concentrations . (a) mean CS over time (b) standard deviation over time

The standard deviation (std_dev) is a measure of the spread from the average CS
value. A lower std_dev represents more elements closer to the mean value, and
therefore better mixing. The slight drop in std_dev once CS reaches the outlet
boundary (3i 5s), is due to CS branching radially inwards towards the centre of the
cylinder (Figure 10ai b), which encourages better mixing. After this point (~7.5s), the
std_dev and mean values stabilise under all CS conditions. When flow is turned off at
15s there is a relatively larger drop in std_dev for run-1 and run-2 than run-3,
suggesting that density driven flow is promoting mixing, particularly towards the
bottom of the flow cell (Figure 3.10d). The inset boxes (Figure 3.11b) show that the
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difference in std_dev between the 4M:2.67M and water cases reduces from 0.0128
at 15s to 0.0091 at 40s.

In summary, reducing CS concentration is unlikely to change the observed
crystallization geometry (Fig. 3.10d, 4M:2.67M to 2M:1.33M), but is more likely to
reduce the volume of precipitated material through lack of available COs? and/or Ca?*

ions.

3.5 Discussion

3.5.1 Comparison with previous permeability measurements and

simulation

Our finding that crystal growth primarily extends out into open pores rather than
concentrating at grain contact points suggests that a larger volume of CaCOs; is
required with this EICP injection strategy to achieve a similar reduction in permeability
as MICP in a similar porous media and at the same CaCO3 vol% (Konstantinou et al.,
2023). However, permeability reduction following MICP is often due to biomass
formation, which is not a permanent plugging agent (Nemati et al., 2005). Further, the
urease enzyme is more likely to penetrate smaller pore throats due to its nanoscale
proportions (~9 nm) and is therefore more suited for applications in microfractures
and where a greater treatment extent is required, for instance sealing leakage

pathways around a CO; storage injection well.

We have demonstrated that CaCOs; precipitated after a single EICP cycle is sufficient
to divert flow during subsequent cycles, thereby shifting precipitation to less well-
treated regions. Consequently, we anticipate that precipitation will become more

homogeneously distributed in porous media over repeated cycles.

3.5.2 Implications on future treatment strategies

Through targeted mixing across a salt gradient (e.g. by perforating injection casing at
different depths and injecting CS through the upper perforation and ES through the
lower one), we may be able to create subsurface barriers to flow using the described
methods. Mixing solutions directly within the rock rather than in the wellbore, surface,
or injection tubing reduces the risk of wellbore scaling and encourages better
penetration of injection solutions into the rock formation. Several single-phase
injection strategies, that allow mixing of CS and enzyme/bacteria prior to injection
have also been explored (Cheng et al., 2018; Cui et al., 2020; Yang et al., 2022).
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However, these approaches may face challenges, such as wellbore scaling, unless
water is injected between treatment cycles to mitigate this issue. Our findings indicate
that density currents, which form once flow is turned off, significantly influence mixing
behaviour and consequently the location of precipitated CaCOs. While the small
simulation volume used in this study is largely affected by the boundary walls of the
flow cell, our results align with previous studies on MICP in shallow submerged
conditions (X. Li et al., 2024), confirming that density driven flow controls the location
of CaCOs; precipitation. In a future paper, we will investigate larger-scale mixing
behaviour of the proposed EICP treatment strategy for near-wellbore environments
using numerical modelling. We will also compare this with single-phase injection
methods to assess their potential for achieving more homogeneous and widespread
precipitation. Additionally, future work will consider the impact of varying subsurface
conditions such as heterogeneity in permeability, temperature gradients, and varying
salinity levels, all of which could further influence the effectiveness of these treatment
strategies.

3.6 Conclusions

The study investigated the kinetics of enzyme induced CaCO; formation. High speed
XCT imaging allowed quantification of the distribution of CaCOs precipitates along the
diameter and height of the column over time. CFD modelling from the XCT data
enabled qualitative and quantitative analysis of fluid mixing and density driven flow at
experimental and theoretical urea/CaCl, concentrations. The main conclusions of the

study are:

1) Porosity Evolution: More precipitation occurs downstream from the injection
point, with limited precipitation in the inlet region due to poor mixing.
Precipitates form mainly within the enzyme fluid field rather than in the
cementing solution field, showing no obvious relationship with grain contact
points. After initial nucleation (within 20 minutes), crystals preferentially grow
on existing CaCOs.

2) Permeability Evolution:  Flow simulations indicate that overall permeability
reduction is low (-11%) within the full volume. However, in more highly
precipitated regions, a 37% reduction is possible within 65 minutes following
a single injection cycle. A mostly linear reduction in permeability is observed,

closely following the increase in CaCO3 precipitate volume percentage.
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3) Fluid mixing: CFD modelling indicates that the observed crystallization
geometry is influenced by density driven flow once injection ceases. Lower
concentrations of urea/CacCl; are unlikely to alter this observed geometry but
may reduce the volume of precipitated material, thereby affecting permeability
reduction.

4) Multiple treatments: While only a single EICP treatment cycle was injected
here, the spatial evolution in permeability during that cycle suggests that flow
during subsequent cycles would take a different route through the porous
media. This could act to localise CaCOs precipitation in different regions during

each cycle with the result that treatment becomes more uniform over time.

In addition to this density driven mixing mechanism, other factors will also affect
mixing such as heterogeneity in permeability, and environmental conditions are likely
to influence treatment effectiveness and these were not explored. Nonetheless, this
work highlights the potential of combining high-speed XCT imaging with CFD
modelling to improve the understanding and optimization of EICP treatment
strategies. These findings have broader implications for environmental and
geotechnical applications, including carbon storage, hydraulic control, and ground
stabilization. Future studies should scale these methods to larger volumes, directly
compare alternative injection strategies, and evaluate the long-term stability of CaCOFf

precipitates under variable environmental conditions.
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3.7 Implications for permeability control and

treatment uniformity

Although these experiments were carried out under simplified, homogeneous
conditions, the pore-scale behaviour revealed here has direct implications for the
broader aims of the thesis. The time-lapse XCT and CFD analyses show that EICP
precipitation does not naturally propagate uniformly through a treated volume;
instead, its spatial pattern is governed by how the two injection fluids mix, and by the
density contrasts that evolve during and after injection. This finding addresses Ciritical
Challenge 1 by clarifying the mechanisms that initiate and localise CaCO3 formation,
but it also exposes the limitations of relying solely on co-injection if uniform treatment
or predictable permeability modification is required. The observation that subsequent
cycles may redirect flow as pore geometry evolves suggests new opportunities for
controlled permeability reduction (Critical Challenge 4) and for steering flow in ways
that could eventually enhance sweep efficiency in subsurface applications (Critical
Challenge 3).

These insights naturally lead to the next stage of investigation: whether biochemical
tuning and alternative injection strategies can reshape these mixing dynamics to

achieve more uniform, predictable, or application-specific precipitation patterns.
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Chapter 4. Developing physical and
biochemical levers for targeted

biocementation

Chapter 3 (Salter, Minto, Warnett, et al., 2025) showed that density driven mixing
fundamentally shapes the spatial distribution of CaCOs; during EICP, producing
precipitation patterns that follow reagent mixing fronts rather than filling the accessible
pore space uniformly. These results highlighted an important limitation for practical
biocementation: uniform mixing cannot be assumed even in simple, homogeneous
granular media, and without intervention, EICP may localise along density gradients

or cause premature pore blockage.

Chapter 4 tests how those constraints can be altered by examining two
complementary approaches:

1 Biochemical adjustment of the enzyme system to change reaction onset
and mixing behaviour; and
1 Modification of injection regimes (including single-phase vs. co-injection

and pulsating flow).
Together, these strategies address the key question arising from Chapter 3:

How can we transition from precipitation that passively follows mixing fronts to
precipitation that is shaped to achieve uniform treatment or application-specific

performance?

They also establish the framework required for Chapter 5, which applies these
optimised treatment strategies to larger specimens suitable for comprehensive

thermal, hydraulic, and mechanical testing.
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4.1 Visual comparison of precipitation across

enzyme sources

While jack bean urease is often used in laboratory EICP studies for its exceptionally
high activity (Salter, Minto, Warnett, et al., 2025), large-scale implementation may
depend on lower-cost, more readily available enzyme sources. Soybeans offer a
globally abundant alternative (Section 1.2.2.3), albeit with lower urease activity, while
also introducing other organic constituents through crude extraction.

Previous studies have shown that adding protein-rich materials, such as milk powder
or casein, can enhance the compressive strength of EICP-treated sand (Almajed et
al., 2019; Miyake et al., 2022). In MICP, bacterial cells provide natural nucleation
points for CaCOs (Gat et al., 2014); in cell-free systems, proteins may fulfil a similar
role. However, proteins may also affect the kinetics and pathways of precipitation,

potentially delaying calcite nucleation under certain conditions (Khanjani et al., 2021).

From an engineering perspective, this delay is highly desirable: if enzyme and
cementing solutions can be fully mixed before nucleation begins, the spatial
distribution of precipitation is governed solely by where the mixed fluid flows, rather
than by the mixing dynamics of two separate fluids. This has the potential to overcome
the mixing dilemma described in Chapter 3, enabling more uniform treatment and

improved performance.

To assess these effects, a ereeconduetsd, vatth
precipitation onset and crystal growth monitored over time. Three urease sources
were tested: commercial jack bean meal (JBM), ground jack bean (JBB), and ground
soybean (SB). Raw beans were milled, sieved to <212 um, and extracted with
deionised water (10 g/L for JBM and JBB; 100 g/L for SB) for 30 minutes, then rested
for 1 hour. Suspensions were centrifuged (6000 rpm, 8 min) and filtered (<1 um). For
SB extracts, 10 g/L calcium sulphate dihydrate was added after the initial mixing to

enhance coagulation.
Additional formulations included:

1 JBB + NFM: 10 g/L JBB with 8 g/L non-fat milk powder.
1 JBB + SB: 10 g/L JBB with 10, 20, or 30 g/L SB (no calcium sulphate) to vary

Soy organic content.
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The CS contained 2.0 M urea and 2.0 M CaCIF (Kai Xu, Ming Huang, Mingjuan Cui,
et al., 2023) mixed 1:1 with the enzyme solution immediately prior to use. Ureolytic
activity was measured via conductivity change during urea hydrolysis (Whiffin et al.,
2007), and lag period was estimated visually from simple test-tube precipitation trials
(Fig. 4.1). Additionally, optical density (OD600) was measured for each enzyme
mixture using a UV-Vis spectrophotometer at 600 nm to quantify suspended solids
(Table 4.1).

Table 4.1 Summary of EICP enzyme sources and organic additives with
corresponding initial solution properties and precipitation lag periods.

Solution Activity @ OD600 La(?n?ne;)i%d Initial pH

SB 3.4 0.313 180i 240 6.10

JBM 4.8 0.092 30i 60 7.08

JBB 2.8 0.068 15140 7.12

JBB + NFM 2.6 0.191 301 70 7.06
JBM + NFM 5.0 0.311 301 70 7.14
JBB + SB 10 g/L 3.5 0.398 201 90 6.78
JBB + SB 20 g/L 3.8 1.017 60i 105 6.74
JBB + SB 30 g/L 4.0 1.064 60i 105 6.76

aActivity = mmol of urea hydrolysed per minute

Visual observations from the EICP tube tests show clear differences in the onset of
dense CaCO:s precipitation across enzyme sources (Fig. 4.1).

90



Chapter 4

4 A\

JBB JBM|JBB JBB JBB
JBB| + |JBM| + + JBBY + +
NFM NFM[SB10 NFM ISB10

/

R 22 mins | ,/ 30 mins

. JBB | JBB | l . JBB JBB

JBB JBB JBB
JBB
NFM B1 0 NFM B1 0

- O o B =
- e S =
-

/.
40 mins 50 mins f i ‘ 82 mins
[~ A i

JBB | JBB m
+ + :SB + + § SB s

Vv

150 mins

.JBBlJBBl I l

— SBZO B30 -

—_—

JBB ! jJBB|  jJBM| : “|semM|JBE B i JBB JBB
BB + foem| T |+ =l +
NFM 510 , NFMSB10 NFM 5810
e

—
= d = Do = e

'." -\ v vYvla vvYyvy

-

180 mins—*/ 210 mins <0 240 mins | / 300 mins
1S P S

Figure 4.1 Onset of visible CaC Oz precipitation in tube tests for different
enzyme sources.
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All mixed enzyme-cementing solutions follow a similar progression: they are initially
clear, then gradually turn cloudy, and finally form dense CaCOs crystals that settle at
the bottom of the tubes. Lag period (Table 4.1) is defined here as the time between
mixing the CS and ES and the first obvious formation of dense CaCOs; at the bottom
of the tubes. There are clear differences in precipitation lag periods between enzyme
sources (Fig. 4.1). Soybean (SB) solutions exhibited the longest delay in dense
CaCO; formation (1807 240 min) despite having one of the highest ureolytic activities
(3.4 mmol min?), indicating that activity alone does not control precipitation onset.
Jack bean meal (JBM), with the highest measured activity (4.8), precipitated later than
ground jack bean (JBB), which had lower activity (2.8) but the shortest lag (157 40
min). The addition of non-fat milk powder and soybean curds (JBB + SB 101 30 g/L)
consistently extended lag periods, in some cases by more than an hour. These
observations indicate that the lag period between fluid mixing and visible CaCOs
precipitation is governed primarily by initial pH and buffering capacity, rather than
enzyme activity or turbidity (OD600).

4.2 Protein -mediated delays in EICP

While soybean urease-based EICP is increasingly explored as a low-cost bio-
cementation strategy (Shu, Yan, Ge, et al., 2022; J. Zhang et al., 2023), the influence
of co-extracted proteins and other organic constituents from the crude enzyme
preparation remains poorly understood. Such interactions could potentially introduce
protein-mediated effects that delay the onset of CaCOs precipitation (Khanjani et al.,
2021).

Monitoring pH during EICP provides a useful proxy for tracking urea hydrolysis and
the onset of carbonate precipitation and has been proposed as a control mechanism
for managing when and where precipitation occurs (Cheng et al., 2018; Yang et al.,
2022). In the present study, pH measurements were used to test whether the delayed
precipitation observed in visual experiments (Section 4.1) could be explained solely
by the pH evolution of the enzyme solution, or whether additional factors i such as
protein-mediated effects in crude soybean urease 1 contribute to the lag period.
Figure 4.2 presents the pH evolution of EICP using soybean urease under conditions

relevant to the experiments in this chapter and in Chapter 5.
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Figure 4.2 pH evolution of a soybean urease solution (100 g/L) mixed 1:1 with
equimolar urea and CaC I, (2M) over a 4-hour period with corresponding
images showing solution phase changes . Accompanying tube images show
changes in suspension appearance. Dashed lines indicate the five main phases
described in the text: (1) initial pH rise, (II) gradual pH decline, (ll) onset of visible
CaCOg3 precipitation, (IV) solid-liquid phase separation, and (V) continued
precipitation. Time stamps on images correspond to when samples were removed
for photography.

The pH trajectory during soybean EICP (Fig. 4.2) illustrates a multi-phase progression
consistent with urea hydrolysis and subsequent carbonate precipitation (Van
Paassen, 2009). During the initial phase (Phase I: ~01 10 minutes), pH rises rapidly
from ~6.5 to above 8.5. This increase reflects the enzymatic breakdown of urea into
ammonium (NH.*), hydroxide (OHY), and bicarbonate (HCOgs), as expected in

ureolytic systems (Equation 1, Section 1.2.1).

In Phase Il (~107 140 minutes), a gradual decline in pH is observed. This trend
suggests progressive consumption of carbonate species as CaCOs begins to
precipitate from solution. During this phase, the solution becomes increasingly
opaque, indicating the formation of suspended solids i likely amorphous calcium
carbonate (ACC) or other poorly crystalline intermediates. However, no distinct

crystals are visible to the naked eye, and the suspension remains relatively
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homogeneous. This suggests that while supersaturation is being approached or
indeed exceeded, nucleation of well-ordered CaCOs polymorphs is delayed. To
explore whether metastable phases such as ACC or vaterite contribute to this lag,

the evolving crystal morphology was examined using optical microscopy (Fig. 4.3).

. 100 mins
',f"~\\
4 \ o
ol 1 3
1 I .
\ ’
\\~-”l
° o
)
o . ol
-]
o » o
(6]
%
50 pm i T
eom—
| 120 mins - ®.° 190 mins’ ° Bie
R &o \ B4 © O e
) ‘e °© © ° 0O B OCSD (
"o . ot 8 @ foded
° = 0: o e & ? o (o]
° o o
° oo )
O (5] o O O ‘ '-jo ¢ ¢ o oo OO 8
g ® ° oo e 00 B o O
®.* ) o
¢ < Y
L . o o . ° »
)
© Q 00 o g o b °0 Q 2 @ 7o) e
° % kR o % c’O
» [} G ® (] o (@) o - O o o
oa - © ' B a° ma . - n
Figure 4.3 Optical microscopy images showing the progression of CaC O3

precipitation in soybean EICP over time  compared with a reference image
from Zehner et al. (2020) (top left). Zehner et al. (2020) observed a fine-grained
ACCl/vaterite network within minutes of mixing (red annotation), confirmed via
Raman spectroscopy. A similar microstructure is visible at 100 minutes in our
system (top right: red annotation), after which spherical CaCOg3 particles appear
and grow in size from 120 to 190 minutes. Scale bars = 50 um. A sped-up 42-
second video of the full 4-hour progression is available (See Appendix D1).
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Zehner et al. (2020) observed a dense network of fine-grained ACC/vaterite during
MICP just minutes after mixing, confirmed by Raman spectroscopy. In our soybean
EICP system, the red circled particles at 100 minutes (Fig. 4.3) show a highly similar
microstructure i a fine, opaque dispersion with no large crystals. This close visual
match suggests that the early-stage precipitate in soybean EICP may include
metastable ACC/vaterite-like material, although phase identity was not confirmed

directly in this study.

From 100 to 120 minutes, small spherical CaCOF particles begin to appear within this
suspension, coinciding with the steeper pH decline (Fig. 4.2). As time progresses to
190 minutes, these spheres grow to ~30 um in diameter and become more numerous,
while the dense fine-grained network progressively disappears. This transformation
is consistent with a dissolution-reprecipitation process, in which metastable or poorly
crystalline calcium carbonate phases transform toward more stable crystalline
CaCOs.Thi s behaviour foll ows Ostwaldoés Rule of
to the parent solution form first, then transition to the most stable polymorph. The
gradual lightening of the bulk liquid between 100 and 190 minutes supports this
interpretation, indicating a reduction in suspended metastable particles as larger

CaCOgs particles develop.

Phase separation in the bulk solution becomes visible at ~1407 160 minutes (Fig. 4.2),
overlapping with the main period of calcite growth. This separation is likely caused by
the settling of larger, denser CaCOs particles, which begin to form during this stage.
In contrast, the earlier ACC/vaterite-like fine-grained material may be sufficiently fine
to remain suspended, giving the appearance of a uniform dispersion. Notably, the
CaCO:s particles produced remain predominantly spherical (Fig. 4.3) i a morphology
often reported in soybean EICP systems (Liu et al., 2023; Kai. Xu et al., 2023) i which
may influence contact area between grains, and therefore both mechanical strength

and thermal conductivity in treated materials.

Soybeans are naturally rich in organic matter, containing ~40 wt% protein, ~20 wt%
fats, and a range of carbohydrates, minerals, and other phytochemicals (Medic et al.,
2014). Even after soaking and extraction, crude soybean urease solutions retain a
significant fraction of soluble proteins and other organic molecules. This contrasts with
other common urease sources such as purified jack bean urease, nutrient broth, or
bacterial cell suspensions, which have markedly lower concentrations of extraneous

organic material. Such compositional differences are likely to influence carbonate
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precipitation pathways, as proteins and other macromolecules can adsorb to growing

mineral surfaces, alter interfacial energies, and stabilise metastable phases.

These observations suggest that proteins and other organic components within the
crude soybean urease extract may be stabilising metastable or poorly crystalline
carbonate species and delaying the onset of crystalline CaCOs; nucleation, consistent
with previous observations that organic macromolecules can modulate polymorph
selection and transformation kinetics (Khanjani et al., 2021). By extending the
metastable phase, proteins may also modulate the transformation pathway from
poorly crystalline carbonate phases toward more stable crystalline CaCO; and
influence final particle morphology. From an engineering perspective, such a delay is
advantageous: if precipitation can be postponed until after fluid placement, the
resulting carbonate distribution will reflect the flow path of a single, well-mixed solution
rather than the mixing dynamics of two separate fluids. This has the potential to
improve treatment uniformity, reduce the risk of premature scaling in delivery systems,

and enhance material performance i aspects that are explored further in Chapter 5.

It should be noted that while the timing of these transitions (Fig. 4.3) is consistent with
the pH evolution (Fig. 4.2), factors such as gas exchange and local temperature
variation could introduce minor shifts. In addition, precipitation occurring within porous
media, where mineral surfaces provide nucleation sites and surface energy
constraints differ, may alter both the timing and pathways of phase transformations
compared to bulk-solution conditions. Future work incorporating in situ pH mapping
and Raman spectroscopy would provide a more definitive understanding of phase

identity and transformation dynamics in soybean EICP.

4.2.1 Effect of initial pH and extraction method on precipitation timing

The low initial pH of the soybean urease solution may also contribute to differences
in precipitation timing. Prior to mixing with urea and CaCl,, the urease solution had a
pH of 6.1 at 20 °C (see Table 4.1). This contrasts with alternative extraction methods,
such as those reported by Weng et al. (2024), where 30 % ethanol in water was used
instead of a salt-based coagulant, resulting in a higher soybean urease pH (~6.8).
The higher p H ma ymore adglessicetremeval loraderaturétion of
acidic proteins and other buffering species, potentially diminishing the protein-

mediated delay mechanisms observed in the previous section.
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While the lower initial pH likely contributes to the delayed onset of CaCOs

precipitation, the persistence of the effect even after pH has risen above neutral (Fig.
4.2) suggests that protein interactions remain a dominant factor in crystalline CaCO3;
nucleation inhibition. From an application standpoint, altering the extraction method
or coagulant chemistry could be used to tune the lag period before crystalline CaCOs3;
nucleation i shortening it where rapid precipitation is desired, or extending it to

maximise the distance and uniformity of fluid penetration within porous media.

4.3 Flow and precipitation behaviour in layered

porous media

Alongside biochemical controls, the physical structure of the porous medium exerts a
major influence on where and how biocementation develops. Most laboratory studies
rely on homogeneous sand packs, yet natural and engineered environments rarely
behave so simply. Subsurface formations, engineered backfills, and compacted
granular materials typically contain thin fine-grained interbeds, laminations and grain-
size contrasts that redirect flow, trap reagents, or block transport entirely. Even
millimetre-scale layers can create strong anisotropy in permeability and alter the

spatial progression of carbonate precipitation.

Fine layers therefore represent both a limitation (because they can inhibit transport,
particularly for microbial systems) and a design opportunity, since engineered
contrasts could potentially be used to steer flow or concentrate precipitation in
targeted regions. Previous studies have shown that very fine sand layers can restrict
the passage of bacterial cells and cause near-inlet clogging in MICP (Wang et al.,
2025). Whether enzyme-based EICP, and SB-EICP in particular, can infiltrate such

layers more effectively remains poorly understood.

Recognising that homogeneous systems cannot capture these behaviours; this
experiment uses a simplified coarse-fine-coarse configuration to test how stratification

alters flow and precipitation. The hypothesis is that:

1 Single-phase MICP will exhibit transport failure across the fine layer, leading
to upstream clogging and limited downstream precipitation; whereas
1 SB-EICP, with its nanometre-scale enzymes, will permeate the fine layer and

precipitate more uniformly across and beyond it.
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This experiment therefore addresses a key practical question: Can EICP overcome
grain-size barriers that routinely impede MICP, and could such layered systems be

exploited intentionally for targeted permeability control?

4.3.1 Sample Assembly

Layered samples were prepared in a coarse-fine-coarse configuration using a
polymineralic granitic sand packed into the same 6.6 mm-diameter 3D-printed flow
cell used in previous experiments (see Section 5.3.2.3 for full design details). A
schematic of the assembly method is shown in Fig. 4.4.

Filled in

Flow in

FI Il Sch i Representative vertical — m—
Flow Cell Schematic XCT slice (parallel to flow

Figure 4.4 Layered sample geometry used for XCT imaging and flow
simulations. (a) Schematic of the flow cell showing the imposed flow direction and
the coarse-fine-coarse packing sequence used to create a layered porous medium.
(b) Representative vertical XCT slice of the untreated sample (0 cycles), oriented
parallel to the flow direction, showing the central fine-grained layer (<100 pm)
embedded between coarser granitic sand fractions. Scale bar = 1 mm.
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The fine layer (<100 pm particles) was compacted to approximately 2 mm thickness
at the sample mid-height. A 3D-printed tamping rod with a 30° angled end was used
not to mimic natur al Aistratificationol
soils and rocks are rarely perfectly horizontal relative to the imposed flow direction

and often contain small irregularities or inclined boundaries.

Coarse layers were packed above and below the fine layer in two equal lifts with light
tamping. This approach was identical to the preparation of homogeneous samples
(Section 3.3), ensuring that the only intentional difference between the two sample
types was the presence of the fine layer. Minor variations in packing density between
layers are unavoidable and are representative of natural systems, but the use of the

same compaction method minimised additional flow artefacts.

All samples were vacuum-saturated with water prior to treatment to remove trapped

air and ensure consistent baseline permeability.

4.3.2 Reagent preparation & treatment protocol

MICP and EICP treatments were prepared to maintain the same overall reagent
molarity so that precipitation behaviour reflected transport differences rather than

chemical strength.

4.3.2.1 Soybean EICP (SB-EICP)

Soybean urease extract was prepared as described in Section 4.2 and used
immediately after clarification. The cementing solution consisted of 2.0 M urea and
2.0 M CacCl. dissolved in <12 q deionised water.

4.3.2.2 Single-phase MICP

A single-phase MICP formulation was selected to minimise premature clogging and
to improve the homogeneity of CaCOs distribution; limitations identified in Chapter 3.
Sporosarcina pasteurii (DSMZ No. 33) was cultured for ~24 h (see Section 5.3.1 for
full details), then centrifuged and resuspended in tap water to achieve ODeggo = 1.0.
The pH was adjusted to 4.81 4.9 using glacial acetic acid following Yang et al. (2022),
providing a short lag period before carbonate nucleation. Immediately prior to
injection, the cell suspension was combined with the cementing solution to produce

the same urea and CaCl, molarities as the SB-EICP system.
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This non-standard single-phase MICP protocol was used deliberately: the low-pH lag
extends the transport window and helps the mixture penetrate past the inlet before

reaction initiates, addressing one of the main limitations exposed in Chapter 3.

For both MICP and SB-EICP, the mixed reagent was injected into the flow cell
immediately after preparation at 1 mL min?, delivering a total of 5 mL per cycle.
Treatments were applied over seven cycles. The MICP sample became blocked at
this point and could not be treated further, whereas the SB-EICP sample remained
permeable and was subsequently treated for additional cycles. However, to ensure

strict comparability, only the first seven cycles were used in side-by-side analyses.

4.3.3 XCT Imaging and Analysis

XCT imaging was conducted on a Nikon XT H 225 system (University of Strathclyde)
to visualise carbonate precipitation in layered samples across multiple treatment
cycl es. Scans were acquired at 60 kV,
exposure,yi el ding a voxel size of 6. 0 epore
contrast while maintaining ~30% X-ray transmission through the sample centre.
Imaging was carried out after 0, 1, 2, 3, 6, and 7 treatment cycles, with samples left
for O6 h amingtmansure that mast precipitation had completed (see Fig.
4.1).

Pre- and post-treatment volumes were registered to the initial scan, enabling direct
voxel-wise comparison of structural evolution. Datasets were denoised using a non-
local means filter, and CaCO; was segmented using the Otsu-based auto-
thresholding protocol (Chapter 3). This workflow produced fully 3D time-series
volumes showing the progressive development of precipitation within, across, and
beyond the fine-grained layer. No grain rearrangement was detected during
treatment, indicating that changes in greyscale reflect true mineral growth rather than

sample disturbance.

For flow analysis, a long subvolume (275 x 275 x 1100 voxels) was extracted from
each timepoint. This geometry was chosen so that a single domain spanned the inlet
region, the entire fine layer, and the outlet region, while remaining small enough for
repeated permeability simulations. Absolute-permeability simulations were then run
on the segmented pore space within this subvolume in Avizo, and the resulting
velocity-magnitude field was calculated for both the untreated and treated states. The

full processing workflow used for the layered samples is shown in Fig. 4.5.
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Figure 4.5 XCT processing, segmentation, and simulation workflow used to
guantify precipitation patterns and flow alteration in layered biocementation
experiments. Raw XCT datasets were converted to 16-bit, cropped, spatially
registered, and subjected to comparative filter testing; non-local means filtering was
selected to maximise noise suppression while preserving grain boundaries. Auto-
threshold segmentation produced porosity volumes for absolute-permeability
simulation and inversion of solids (sand + CaCQs). CaCOs; was isolated by
subtracting the untreated scan (t = 0) from subsequent time points. Two classes of
subvolumes were extracted: (i) cubic subvolumes (200 x 200 x 200 voxels) to
compare permeability within and outside the fine layer, and (ii) long subvolumes
(275 1T 275 1 1100 voxel s) s p avelociymmlysts.h
Output velocity fields were combined with CaCOs3 label maps to identify where
precipitation most strongly altered pore-scale flow pathways, forming the basis for
the comparisons between SB-EICP and single-phase MICP.

The difference in velocity magnitude between the treated and untreated simulations

was computed voxel-wi s e t o g e nvelacity tfiedd whidh evereggthen used to
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create velocity-change maps. Under the applied fixed-pressure boundary conditions,
these maps reveal where flow was locally slowed or accelerated by precipitation

across the layered structure.

To |ink these hydrodynamic changes-vethéity ect | vy

field was used as the greyscale input to the Label Analysis and Label-to-Attribute

modul es (see Chapt e rvel&iyfieldBigh themsegmented §aCO4 e

a mean local change in velocity was calculated for each individual calcite label,
yielding CaCOs-label maps. This step quantifies which crystal clusters are most
strongly associated with local flow reduction or rerouting, rather than simply

visualising where calcite is present.

Average CaCOg; distributions were obtained by projecting the segmented calcite
volume along the flow direction using the Z-project function in ImageJ (Willems et al.,
2021). By combining information from all slices, this representation emphasises
where precipitation preferentially accumulates relative to the fine layer, rather than
focusing on individual pore-scale features (Fig. 4.6).
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Figure 4.6 Comparison of SB -EICP and single -phase MICP in a layered
coarse -fine -coarse sand column after seven treatment cycles. Top row (SB-
EICP): XCT cross-section through the layered sample (left), segmented CaCOs
shown in yellow (middle), and projection of CaCOs3; along the flow direction (right).
Precipitation occurs within the fine layer and extends both upstream and
downstream into the coarse regions, indicating effective transport across the
permeability contrast. Bottom row (single-phase MICP): Corresponding XCT cross-
section, segmented CaCOQOs;, and projected calcite distribution. Precipitation is
strongly localised near the inlet, with limited penetration into or beyond the fine
layer, consistent with early pore blockage and restricted downstream transport.
Flow direction is indicated on the right.

In the SB-EICP sample, CaCOs; precipitation is distributed across the fine layer and
extends into both upstream and downstream coarse regions, indicating that the
reactive fluid continues to access new pore space over repeated treatment cycles.
This spatial pattern suggests that partial throat occlusion progressively redirects
subsequent injections through adjacent pathways, enabling precipitation to develop

across the full layered system over multiple cycles.

The higher concentration of CaCO3; observed within the fine layer under SB-EICP is

consistent with mechanisms identified in Section 4.1, including increased available
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