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Zu allererst möchte ich mich bei meiner Frau Ezgi, meiner ganzen Familie und meinen Fre-
undinnen und Freunden für die permanente Unterstützung während der letzten Jahre be-
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Herrn Garracht möchte ich für den Prüfungsvorsitz danken und dafür, dass die Atmosphä-
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genehm war! Rainer Helmig und Bernd Flemisch waren zwar nicht Teil meines Prüfungsauss-
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Ševčı́k et al. [2018] with permission from Springer Nature, Copyright (2018).
d) Reprinted from McDonald et al. [2022] with permission from Elsevier,
Copyright (2022) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.6 Schematic sketch of a permeameter experiment with a constant head and
upwards flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.1 Structure and objectives of this dissertation. . . . . . . . . . . . . . . . . . 38

XII



List of Tables

2.1 Calcium carbonate polymorphs . . . . . . . . . . . . . . . . . . . . . . . . 26

A.1 Metadata of contribution I . . . . . . . . . . . . . . . . . . . . . . . . . . 62
A.2 Metadata of contribution II . . . . . . . . . . . . . . . . . . . . . . . . . . 76
A.3 Metadata of contribution III . . . . . . . . . . . . . . . . . . . . . . . . . . 96

XIII





Nomenclature

Selected Acronyms

ACC amorphous calcium carbonate
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Abstract

Motivation: Biomineralization refers to microbially induced processes resulting in min-
eral formations. In addition to complex biomineral structures frequently formed by marine
organisms, like corals or mussels, microbial activities may also indirectly induce mineral-
ization. A famous example is the formation of stromatolites, which result from biofilm ac-
tivities that locally alter the chemical and physical properties of the environment in favor of
carbonate precipitation. Recently, biomineralization gained attention as an engineering ap-
plication. Especially with the background of global warming and the objective to reduce CO2

emissions, biomineralization offers an innovative and sustainable alternative to the usage of
conventional Portland cement, whose production currently contributes significantly to global
CO2 emissions. The most widely used method of biomineralization in engineering appli-
cations, is ureolytic calcium carbonate precipitation, which relies on the hydrolysis of urea
and the subsequent precipitation of calcium carbonate. The hydrolysis of urea at moderate
temperatures is relatively slow and therefore needs to be catalyzed by the enzyme urease to
be practical for applications. Urease can be extracted from plants, for example from ground
jack beans, and the process is consequently referred to as enzyme-induced calcium carbonate
precipitation (ECIP). Another method is microbially induced calcium carbonate precipita-
tion (MICP), which uses ureolytic bacteria that produce the enzyme in situ. EICP and MICP
applications allow for producing various construction materials, stabilizing soils, or creating
hydraulic barriers in the subsurface. The latter can be used, for example, to remediate leak-
ages at the top layer of gas storage reservoirs, or to contain contaminant plumes in aquifers.
Especially when remediating leakages in the subsurface, the most crucial parameter to be
controlled is its intrinsic permeability.

A valuable tool for predicting and planning field applications is the use of numerical simula-
tion at the scale of representative elementary volumes (REV). For that, the considered domain
is subdivided into several REV’s, which do not resolve the pore space in detail, but represent
it by averaged parameters, such as the porosity and permeability. The porosity describes the
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ratio of the pore space to the considered bulk volume, and the permeability quantifies the
ease of fluid flow through a porous medium. A change in porosity generally also affects
permeability. Therefore, for REV-scale simulations, constitutive relationships are utilized to
describe permeability as a function of porosity. There are several porosity-permeability re-
lationships in the literature, such as the Kozeny-Carman relationship, Verma-Pruess, or sim-
ple power-law relationships. These constitutive relationships can describe individual states
but usually do not include the underlying processes. Different boundary conditions during
biomineralization may influence the course of porosity-permeability relationships. However,
these relationships have not yet been adequately addressed.

Pore-scale simulations are, in principle, very well suited to investigate pore space changes
and their effects on permeability systematically. However, these simulations also rely on
simplifications and assumptions. Therefore, it is essential to conduct experimental studies
to investigate the complex processes during calcium carbonate precipitation in detail at the
pore scale. Recent studies have shown that microfluidic methods are particularly suitable
for this purpose. However, previous microfluidic studies have not explicitly addressed the
impact of biomineralization on hydraulic effects. Therefore, this work aims to identify rel-
evant phenomena at the pore scale to conclude on the REV-scale parameters, porosity and
permeability, and their relationship.

Contributions: This work comprises three publications. First, a suitable microfluidic
setup and workflow were developed in Weinhardt et al. [2021a] to study pore space changes
and the associated hydraulic effects reliably. This paper illustrated the benefits and insights of
combining optical microscopy and micro X-ray computed tomography (micro XRCT) with
hydraulic measurements in microfluidic chips. The elaborated workflow allowed for quanti-
tative analysis of the evolution of calcium carbonate precipitates in terms of their size, shape,
and spatial distribution. At the same time, their influence on differential pressure could be
observed as a measure of flow resistance. Consequently, porosity and permeability changes
could be determined. Along with this paper, we published two data sets [Weinhardt et al.,
2021b, Vahid Dastjerdi et al., 2021] and set the basis for two other publications.

In the second publication [von Wolff et al., 2021], the simulation results of a pore-scale nu-
merical model, developed by Lars von Wolff, were compared to the experimental data of
the first paper [Weinhardt et al., 2021b]. We observed a good agreement between the exper-
imental data and the model results. The numerical studies complemented the experimental
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observations in allowing for accurate analysis of crystal growth as a function of local velocity
profiles. In particular, we observed that crystal aggregates tend to grow toward the upstream
side, where the supply of reaction products is higher than on the downstream side. Crystal
growth during biomineralization under continuous inflow is thus strongly dependent on the
locally varying velocities in a porous medium.

In the third publication [Weinhardt et al., 2022a], we conducted further microfluidic experi-
ments based on the experimental setup and workflow of the first contribution and published
another data set [Weinhardt et al., 2022b]. We used microfluidic cells with a different, more
realistic pore structure and investigated the influence of different injection strategies. We
found that the development of preferential flow paths during EICP application may depend
on the given boundary conditions. Constant inflow rates can lead to the development of
preferential flow paths and keep them open. Gradually reduced inflow rates can mitigate
this effect. In addition, we concluded that the coexistence of multiple calcium carbonate
polymorphs and their transformations could influence the temporal evolution of porosity-
permeability relationships.
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Zusammenfassung

Motivation: Biomineralisierung bezeichnet den Prozess, bei dem Minerale durch Akti-
vitäten lebender Organismen gebildet werden. Neben komplexen biomineralischen Struktu-
ren, wie sie beispielsweise von Meeresorganismen wie Korallen oder Muscheln häufig ge-
bildet werden, können mikrobielle Aktivitäten auch zu einer ungerichteten Mineralisierung
führen. Dies ist beispielsweise der Fall bei der Bildung von Stromatolithen, bei der die Akti-
vitäten von Biofilmen lokal die chemischen und physikalischen Eigenschaften zugunsten der
Kalkausfällung verändern. Darüber hinaus gewann Biomineralisierung als ingenieurtechni-
sche Anwendung in den letzten Jahren an Bedeutung. Insbesondere vor dem Hintergrund
der globalen Erwärmung und der Zielsetzung, die CO2-Emissionen zu reduzieren, bietet die
Biomineralisierung eine innovative und nachhaltige Alternative zu konventionellem Port-
landzement, dessen Herstellung derzeit erheblich zu den globalen CO2-Emissionen beiträgt.
Im Hinblick auf ingenieurtechnische Anwendungen ist die am weitesten verbreitete Metho-
de die ureolytische Calciumcarbonatausfällung. Diese beruht auf der Hydrolyse von Harn-
stoff und der anschließenden Ausfällung von Calciumcarbonat. Die Hydrolyse von Harn-
stoff bei moderaten Temperaturen ist relativ langsam, kann aber durch das Enzym Urease
katalysiert werden, welches z.B. pflanzenbasiert, in Form von gemahlenen Jack-Bohnen hin-
zugegeben werden kann. Dies wird als enzymatisch induzierte Calciumcarbonatausfällung
(ECIP) bezeichnet. Eine weitere Methode ist die mikrobiell induzierte Calciumcarbonat-
ausfällung (MICP), bei der ureolytische Bakterien zum Einsatz kommen, die das Enzym
in situ produzieren. EICP und MICP Anwendungen können unter anderem zur Herstellung
von verschiedenen Baumaterialien, zur Stabilisierung von Böden, oder zur Verminderung
von Strömungen im Untergrund verwendet werden. Letzteres kann z.B. zur Erhöhung der
Dichtigkeit der Deckschicht von Gasspeicherreservoirs oder zur Eindämmung von Schad-
stofffahnen in Grundwasserleitern eingesetzt werden. Insbesondere bei der Sanierung von
Leckagen im Untergrund ist der wichtigste zu kontrollierende Parameter die intrinsische Per-
meabilität.
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Ein nützliches Werkzeug zur Vorhersage und Planung von Feldanwendungen ist die nu-
merische Simulation auf der Skala repräsentativer Elementarvolumina (REV). Um effizi-
ent großskalige Anwendungen simulieren zu können, wird deshalb die Porenraumgeometrie
nicht im Detail aufgelöst, sondern mit über das REV gemittelten Parametern, wie der Poro-
sität und der Permeabilität beschrieben. Die Porosität beschreibt das Verhältnis von Poren-
raum zum Gesamtvolumen und die Permeabilität ist ein Maß für die Durchlässigkeit eines
porösen Mediums und kann somit als Reziprokwert des Fließwiderstands gesehen werden.
Eine Veränderung der Porosität bringt im Allgemeinen auch eine Veränderung der Permea-
bilität mit sich. Deshalb haben sich für REV-skalige Simulationsanwendungen konstitutive
Beziehungen bewährt, mit denen die Permeabilität in Abhängigkeit der Porosität beschrieben
werden kann. In der Literatur gibt es verschiedene Porositäts-Permeabilitäts-Beziehungen,
wie zum Beispiel die Kozeny-Carman Beziehung, Verma-Pruess, oder einfachere Power-
Law Beziehungen. Diese konstitutiven Beziehungen können einzelne Zustände beschreiben,
jedoch werden in der Regel die zugrundeliegenden Prozesse nicht mit einbezogen. Beispiels-
weise können unterschiedliche Randbedingungen während der Biomineralisierung den Ver-
lauf von Porositäts-Permeabilitäts-Beziehungen beeinflussen. Diese Zusammenhänge sind
jedoch bisher noch nicht ausreichend untersucht worden.

Porenskalige Simulationen eignen sich grundsätzlich sehr gut, um Porenraumveränderungen
und deren Auswirkungen auf die Permeabilität systematisch zu untersuchen. Diese Simu-
lationen beruhen jedoch ebenfalls auf Vereinfachungen und Annahmen. Deshalb ist es un-
erlässlich, experimentelle Untersuchungen durchzuführen, um die komplexen Prozesse wäh-
rend der Calciumcarbonatausfällung im Detail und auf der Porenskala zu untersuchen. Jüng-
ste Studien haben gezeigt, dass die Methoden der Mikrofluidik hierfür besonders geeignet
sind. Die Auswirkungen der Biomineralisierung auf die hydraulischen Auswirkungen sind
jedoch in den bisherigen Arbeiten nicht ausreichend berücksichtigt worden. Ziel dieser Ar-
beit ist es deshalb, relevante Phänomene auf der Porenskala zu identifizieren, um daraus
Rückschlüsse auf die REV-skaligen Parameter, Porosität und die Permeabilität, und deren
Beziehung ziehen zu können.

Beiträge: Diese Arbeit beinhaltet insgesamt drei Publikationen. Zunächst wurden in Wein-
hardt et al. [2021a] ein geeigneter mikrofluidischer Aufbau und Arbeitsablauf entwickelt,
um die Porenraumveränderung und die damit einhergehenden hydraulischen Auswirkungen
zuverlässig untersuchen zu können. In diesem Beitrag wurden die Vorteile und Erkenntnisse
verdeutlicht, die durch die Kombination von Lichtmikroskopie und mikro-Röntgencomputer-
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tomographie (micro XRCT) mit hydraulischen Messungen in mikrofluidischen Chips entste-
hen. Dies ermöglicht eine quantitative Analyse der Entwicklung von Calciumcarbonatkris-
tallen in Bezug auf ihre Größe, Form, und räumliche Verteilung, während ihr Einfluss auf den
Differenzdruck als Maß des Durchströmungswiderstands beobachtet werden kann. Aus die-
sen Messdaten wiederum können die Porositäts- und Permeabilätsänderung bestimmt wer-
den. Mit diesem Beitrag wurde der Grundstein für die beiden weiteren Publikationen gelegt
sowie zwei Datensätze veröffentlicht [Weinhardt et al., 2021b, Vahid Dastjerdi et al., 2021].

In der zweiten Publikation [von Wolff et al., 2021] wurden die Simulationsergebnisse eines
porenskaligen numerischen Modells, entwickelt von Lars von Wolff, mit den experimentel-
len Daten aus dem ersten Beitrag [Weinhardt et al., 2021b] verglichen. Dabei wurde eine gute
Übereinstimmung zwischen den experimentellen Daten und den Modellergebnissen festge-
stellt. Die numerischen Untersuchungen ergänzten die experimentellen Beobachtungen da-
hingehend, dass sie genaue Analysen des Kristallwachstums in Abhängigkeit von lokalen
Geschwindigkeitsprofilen ermöglichen. Insbesondere beobachteten wir, dass die Kristallag-
gregate tendenziell zur stromaufwärts gelegenen Seite hin wachsen, wo die Versorgung mit
Reaktionsprodukten höher ist, als auf der stromabwärts gelegenen Seite. Das Kristallwachs-
tum während der Biomineralisierung unter kontinuierlichem Zufluss ist also stark von den
lokal variierenden Geschwindigkeiten in einem porösen Medium abhängig.

Im Rahmen der dritten Publikation [Weinhardt et al., 2022a] wurden weitere mikrofluidi-
sche Experimente basierend auf dem experimentellen Aufbau und Arbeitsablauf des ersten
Beitrags durchgeführt und ein weiterer Datensatz veröffentlicht [Weinhardt et al., 2022b].
Dafür wurden mikrofluidische Zellen mit einer anderen, realistischeren Porenstruktur ver-
wendet und der Einfluss unterschiedlicher Injektionsstrategien untersucht. Es hat sich her-
ausgestellt, dass die Entwicklung präferentieller Fließwege während der EICP-Anwendung
von den vorgegebenen Randbedingungen abhängt. Konstante Zuflussraten können zur Ent-
wicklung von präferentiellen Fließpfaden führen und diese offen halten. Durch eine schritt-
weise reduzierte Zuflussrate, kann dieser Effekt abgeschwächt werden. Darüber hinaus wur-
de festgestellt, dass die Koexistenz von mehreren Calciumcarbonatpolymorphen und deren
Transformationen die zeitliche Entwicklung der Porositäts-Permeabilitäts Beziehungen be-
einflussen können.
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1 Introduction

Biomineralization refers to processes that lead to the formation of minerals generated by
living organisms [Ahlstrom, 2011]. The agglomeration of multiple crystals to complex struc-
tures is typical for biominerals. Complex biomineral structures are primarily known for
oceanic organisms such as corals or shells [Meier, 2017]. In such cases organisms pro-
duce minerals as part of their metabolism and control the mineralization process. In other
cases, microbial activity can induce mineralization by changing local physical and chemi-
cal conditions of the environment. In natural environments, popular examples would be the
formation of stromatolites. The activity of biofilms locally alkalinizes the environment and
consequently causes the dissolved calcium carbonate to precipitate leading to the genesis of
these ancient stromatolites. Also in the human body, microbial activity can induce miner-
alization which potentially leads to severe diseases like infection- or kidney stones [Hobbs
et al., 2018, Espinosa-Ortiz et al., 2019]. As demonstrated, the study of biomineralization is
a broad field that draws attention to various scientific disciplines. Besides the occurrence in
natural environments, one can also use biomineralization for various civil and environmental
engineering applications.

Figure 1.1: Naturally occuring biomineralization: a) and b) scleractinians (stony corals) (reprinted
from Drake et al. [2020]); c) stromatolites at Hamelin Pool, Western Australia (reprinted
from Allen [2016])



2 1 Introduction

1.1 Biomineralization and its engineering applications

With the background of global warming and the overall aim of reducing CO2 emissions,
biomineralization offers the potential to supplement the use of conventional Portland cement,
which currently contributes significantly to the global CO2 emissions [Nething et al., 2020,
Andrew, 2019]. For this purpose, ureolysis-induced calcium carbonate precipitation has been
extensively studied and proven to be useful for various engineering applications. It relies on
the hydrolysis of urea and the subsequent precipitation of calcium carbonate. The resulting
overall reaction equation is given in Equation 1.1, while further details are elaborated in
Section 2.3.3:

CO(NH2)2 +2H2O+Ca2+ −−⇀↽−− 2NH+
4 +CaCO3 ↓ (1.1)

The hydrolysis of urea (CO(NH2)2) at moderate temperatures is relatively slow but can be
catalyzed by the enzyme urease. One way to achieve targeted precipitation at desired loca-
tions is to use the enzyme urease directly, for example, after extracting it from Jack Bean
meal. This is referred to as enzymatically induced calcium carbonate precipitation (EICP).
Another technique is to rely on microbes expressing the enzyme urease in situ at the desired
locations, which we refer to as microbially induced calcium carbonate precipitation (MICP).
The term biomineralization in the context of engineering application in this thesis refers
to these two techniques. A short overview of possible applications, categorized into con-

struction material, ground improvements, environmental remediation and hydraulic control

is presented in the following.

Construction material

Very promising applications of ureolytic biomineralization can be found in the construction
sector. For example, it has been successfully applied for the fabrication of construction ma-
terial and reparation of buildings [Wu et al., 2021]. Research on the so-called bio-bricks is,
meanwhile, technically relatively mature. The company Biomason, founded in 2016, focuses
on bio-brick research and now offers various types of bio-bricks for the construction indus-
try. In addition, more research has been conducted to improve performance like compressive
strength, for instance, by adding fiber supplements [Li et al., 2020]. Other researchers fo-
cused on rather unconventional methods to improve cost-effectiveness and environmental
impact. For example, Lambert and Randall [2019] grew the world’s first bio-brick from
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human urine instead of chemical urea in order to reduce the production costs [Wu et al.,
2021]. Furthermore, Nething et al. [2020] developed a 3D printing method allowing the
manufacturing of more complex spatial structures. For that, sand and urease active powder
were selectively deposited within a container. After supplying and draining the mineraliza-
tion solution, the solidification of the sand was limited to the desired locations resulting in
a complex and geometrically stable structure [Nething et al., 2020]. Nevertheless, biomin-
eralization can be applied not only to the fabrication of new building materials but also to
repair existing materials, for example, by remediating cracks in concrete. As an alternative
to conventional methods of repairing cracks with sealants or adhesive chemicals, biominer-
alization has shown promising results in improving the durability of cementitious building
materials and restoration of stone monuments [Joshi et al., 2017]. An exciting and promis-
ing application is the concept of self-healing concrete. Bacterial cells, along with calcium
ions, nutrients, and other supplements, are added to the concrete mixture. The spores of the
bacteria survive in the solidified concrete and get activated when rainwater enters potential
cracks in the concrete. The subsequent biomineralization fills the occurring cracks in the
concrete. However, the necessary compounds could diminish the original strength of the ma-
terial. Therefore more efforts and investigations are needed to employ self-healing concrete
commercially [Lee and Park, 2018, Joshi et al., 2017].

Soil stabilization

The increased demand for infrastructure and building land engander suitable soil sites to
become increasingly scarce. Biomineralization has become increasingly relevant as a po-
tential alternative to chemical grouting in order to improve the soil strength and other prop-
erties [Terzis and Laloui, 2018, Rahman et al., 2020]. Similar to the construction material,
in the case of improving the soils for construction, the precipitated calcium carbonate acts
as a cement to bond loose material. It can be employed, for example, to mitigate fugitive
dust emissions, which is a significant environmental issue in arid or semi-arid environments
[Hamdan and Kavazanjian, 2016]. Much effort has also been put into analyzing and optimiz-
ing the resulting mechanical properties using column and large-scale experiments [Whiffin
et al., 2007, van Paassen et al., 2010, Yasuhara et al., 2012, Al Qabany et al., 2012] and it
was reported that mineralogy, particle size distribution, shape, and texture can influence the
resulting strength of the treated soils [Umar et al., 2016]. With regards to sustainability and
cost efficiency, Rahman et al. [2020] analyzed the use of biomineralization for the applica-
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tions in pavement construction. They concluded that MICP at the current stage is neither a
cost-effective nor an environmentally friendly alternative to conventional methods, at least
for pavement constructions. However, regarding the increased interest in this technology and
efforts to improve it, it seems to have potential in their opinion [Rahman et al., 2020].

Figure 1.2: Engineering applications of biomineralization: a) Bio-brick made from human urine
(reprinted from Lambert and Randall [2019] with permission of Elsevier, copyrigth 2019);
b) 3D printed bio-cemented spatial structure (reprinted from Nething et al. [2020]); c) bio-
cemented sand (reprinted from van Paassen et al. [2010] with permission of the American
Society of Civil Engineers, Copyright 2010); d) Fracture sealing using MICP (reprinted
with permission from Cuthbert et al. [2013], Copyright 2013 American Chemical Society)

Environmental remediation

Besides improving the mechanical properties of porous material, biomineralization also of-
fers possibilities for environmental remediation applications, such as the immobilization of
radionuclides and metals [Phillips et al., 2013]. A possible alternative to conventional reme-
diation technologies, calcium carbonate-based co-precipitation of radionuclides like stron-
tium or toxic metals like copper and arsenic is an option for a long time immobilization
[Dejong et al., 2013, Pacheco et al., 2022, Rajasekar et al., 2021]. Proudfoot et al. [2022]
for instance, recently studied the feasibility of MICP treatment in mine waste piles to re-
duce metals and acid leaching. Their laboratory assessments show the general feasibility of
mitigating toxic metal releases into the environment.

Hydraulic control

Another promising application is to locally control and reduce the permeability of porous
media. Hydraulic barriers can be created in order to prevent leakages of contaminants into
aquifers [Phillips et al., 2013]. Cuthbert et al. [2013] applied MICP in order to reduce the
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permeability of fractured rocks. In a field experiment, they achieved a significant reduction
in the transmissivity of a single fracture. Moreover, in geologically stored carbon dioxide,
mitigation strategies need to be considered to seal high permeable regions of the caprock
to ensure the site’s long-term safety. Due to the low viscosity of the cementation solutions,
E/MICP treatment has the potential to be practical alternatives to conventional sealing tech-
nologies. Conventional sealing technologies often imply cement usage, resulting in higher
viscosities of the injected fluids. Higher viscosities can prevent adequate penetration of small
pore spaces and potentially hinder the proper sealing of microfractures [Phillips et al., 2013,
Dejong et al., 2013]. Furthermore, the unconventional oil and gas development implicates
the environmental risk of fluid leakage in the near-wellbore environment, where E/MICP
could be applied to remediate unintentional leakage pathways [Phillips et al., 2016, Cuth-
bert et al., 2013]. Recently Kirkland et al. [2021] demonstrated in a field-scale experiment
the successful application of MICP to remediate leaky wellbores. However, they pointed
out that long-term seal integrity in the context of CO2 storage scenarios still needs further
investigations.

Summary

The effect of the engineering application of biomineralization in porous material can be sum-
marized as follows. The induced calcium carbonate precipitation implies an alteration of the
pore space resulting in the bonding of loose material and a reduction of porosity. This conse-
quently affects mechanical and hydraulic properties like the Young modulus, shear modulus,
or compressive strength and the permeability of porous media. Obviously, in the application
of biomineralization in the construction sector, the mechanical properties are the key param-
eters to consider and optimize, while it is mainly the permeability for leakage mitigation
scenarios. However, when realizing any of those applications, the transport of the reactive
cementation solutions is strongly dependent on the changing permeability during the appli-
cation. Consequently, considering the change of porosity and permeability is crucial when
planning and conducting MICP or EICP treatments in any engineering application. There-
fore a fundamental process understanding regarding the relationship between porosity and
permeability is essential.
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1.2 Numerical modeling of biomineralization

Subsurface flow and transport coupled to biogeochemical reactions relates extremely com-
plex processes which are still challenging to model [Koch et al., 2021]. Yet, for tasks like site
characterization, improvement of process understanding and sensitivities, feasibility studies,
risk assessment, or quantification of uncertainties, numerical modeling is an essential tool
for planning and conducting field applications in the subsurface. Large-scale implementation
of such projects often imply involvement of different stakeholders and competitive interests,
which need to be communicated at the science-policy interface [Scheer et al., 2021]. Re-
cently, much effort has been put into the development of numerical models for calculating
and predicting field applications of M/EICP [van Wijngaarden et al., 2011, Ebigbo et al.,
2012, Hommel et al., 2015, Nassar et al., 2018, Cunningham et al., 2019]. For that purpose,
these models are required to be able to calculate large domains in the range of several meters
to kilometers. This implies averaging of pore-scale information into bulk properties, like
permeability and porosity described by the concept of a representative elementary volume
(REV) (see Section 2.1 for definitions). The focus of improving these REV-scale models has
been mainly on the kinetics of the biomineralization processes [Landa-Marbán et al., 2021,
Hommel et al., 2015, 2020]. In parallel to the development of the numerical models, nu-
merous experimental studies were performed in order to investigate kinetic parameters under
different conditions [Cuthbert et al., 2012, Lauchnor et al., 2015, Mitchell et al., 2019, Feder
et al., 2021]. Besides detailed information about chemical reaction kinetics, these REV-scale
models inherently rely on upscaled porosity-permeability relationships. Even though several
approaches are available in the literature to correlate the change of porosity to a correspond-
ing change of permeability, like Kozeny-Carman, Verma-Pruess, or simple power-law rela-
tionships (see Section 2.4 for their definitions), it remains unclear in what way exactly pore
space alteration influences the hydraulic response. For example, varying initial and operating
conditions could lead to differences in the corresponding relationships. In order to under-
stand and reveal the essential mechanisms leading to such variations, detailed knowledge
on the pore-scale is necessary [Hommel et al., 2018]. It is obvious and undeniable that the
REV-scale is the appropriate scale to model field-scale applications of MICP or EICP, where
computational demands can become a limiting factor. However, it is the pore-scale where the
morphological changes occur and from where we, consequently, need to derive new insights.

Also for that purpose, numerical simulation can be valuable. Numerical pore-scale and pore-
network models are very useful for a general process understanding in the context of pore
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space alterations and the resulting hydraulic effect [Zhang and Klapper, 2014, Qin et al.,
2016, Minto et al., 2019, Sabo and Beckingham, 2021, Jung and Meile, 2021]. They al-
low for a very systematic analysis of specific processes but still imply simplifications and
assumptions. Therefore, experimental investigations on the pore-scale are indispensable to
enhance our understanding of the relevant processes during biomineralization affecting the
porosity and permeability of a porous medium.

1.3 Microfluidic investigations of biomineralization

During the last 35 to 40 years, microfluidics has been increasingly utilized to study the be-
havior of fluids in porous structures in various research areas, including applications in life
science, chemistry, or fluid mechanics, to only name a few [Karadimitriou and Hassanizadeh,
2012]. This short review gives an overview of microfluidic investigations during the past few
years that aimed at studying the behavior of biomineralization in the context of engineering
applications of EICP and MICP. The following studies were carried out right before or in
parallel to our work and used state-of-the-art microfluidic cells either made out of glass or
Polydimethylsiloxane (PDMS) (see Section 2.5 for details).

Wang et al. [2019a] showed successfully the use of a microfluidic chip made out of PDMS to
improve the understanding of MICP on the pore scale. With optical microscopy, they could
observe the bacteria distribution within the pore structure and monitor forming precipitates
in narrow pore throats and open pore bodies during a staged injection strategy. In two follow-
up studies [Wang et al., 2019b, 2021], they were able to observe the formation of irregularly
shaped precipitates which may subsequently dissolve and reprecipitate into regularly shaped
precipitates and argued with Ostwald ripening in the context of calcium carbonate precipita-
tion. According to the theory of Ostwald, ACC is the first phase to precipitate but is unstable
and consequently transforms into more stable polymorphs like calcite or vaterite (see Sec-
tion 2.3.2 for details on the chemistry of calcium carbonate). In Wang et al. [2022] they
identified the injection strategy to be crucial for the resulting size of the precipitates. Lower
injection rates of the cementation solution led to larger crystals and with respect to their
motivation, to better soil improvements in terms of soil strength.

In the work of Zambare et al. [2020], the mineralogy of MICP was studied using single-
cell drop-based microfluidics. A microfluidic device made of PDMS was used to generate
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droplets containing single ureolytically active bacterial cells. Mineral precipitation was stud-
ied using Raman spectroscopy to differentiate polymorphs of calcium carbonate. They found
that the ratio of ACC to vaterite decreases over time, and from other experimental methods
like fluorescence microscopy and dispersive X-ray Spectroscopy (EDX), they inferred the
additional presence of calcite. This study generally confirms the hypothesis of Wang et al.
[2019b, 2021] that polymorph transitions during MICP occur mainly from ACC to vaterite
and calcite.

Xiao et al. [2021] also investigated pore-scale characteristics during the process of MICP
using a microfluidic cell with a homogeneous pore structure made out of PDMS. However,
in contrast to the studies mentioned above, Xiao et al. [2021] visualized the MICP process
under continuous flow conditions. Injecting the bacterial suspension and the cementation so-
lution simultaneously from two separate inlets into the cell, they focused on the transversal
mixing of bacteria and chemicals across the pore structure. They found that precipitation
started in the lower part of the cell into which bacteria suspension was injected. While pre-
cipitation continues and the permeability is reduced locally, the flow direction shifts, and
precipitation also occurs in the upper part of the cell. Due to the observation of partial clog-
ging, the formation and shifting of flow channels, they hypothesized that the mixing of the
cementation solution and bacterial suspension increases as precipitation continues. More-
over, they observed irregularly shaped, rhombohedral, and spherical precipitates during their
experiments. From Raman spectroscopy analysis, they concluded that the irregular-shaped
precipitates are ACC, the rhombohedral are calcite, and the spherical ones are in the transi-
tion from vaterite to calcite. In a subsequent study, Xiao et al. [2022] additionally studied the
influence of the CaCl2 concentration in the cementation solutions on the transversal diffu-
sion at a quiescent state. Instead of the homogeneous pore structure consisting of uniformly
distributed pillars used in their previous study, they implemented sand grains into the micro-
model this time. They found that lower CaCl2 concentrations led to a more homogeneous
distribution of precipitates and concluded that increased CaCl2 hindered the bacterial diffu-
sion. Moreover, their observations indicate that the surface of the sand grain particles does
not offer preferential nucleation sites at the quiescent state.

Kim et al. [2020] used micromodels made out of borosilicate to investigate EICP during a
sequential injection of the reactive solutions. They analyzed the size distribution of the pre-
cipitates intending to estimate kinetic parameters and compared the results to a simplified
kinetic model. For that, certain shapes have been assumed to derive the volume of the pre-
cipitates based on their 2D projections, captured during optical microscopy imaging. They
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showed that their comparison between the experimental results and their kinetic model was
significantly affected by the assumed shape approximation of the precipitates.

In summary, there have been various studies regarding pore-scale phenomena of biomineral-
ization (MICP and EICP). The research goals range from fundamental process understanding,
kinetic aspects of the precipitation process, and mixing of the reactive solutions to the op-
timization of injection strategies concerning the enhancement of soil strength. One crucial
aspect that has been addressed in almost all these studies is the importance of the polymor-
phous nature of calcium carbonate, or more precisely, the coexistence of ACC, vaterite, and
calcite and their transformation from one into the other. However, none of these recent exper-
imental studies explicitly focused on the impacts on the hydraulic responses, more precisely
on the REV-scale parameter permeability. Therefore, the pore-scale effects of biomineraliza-
tion leading to a change of the REV-scale properties porosity and permeability are still not
fully understood yet.

1.4 Objective and structure of the thesis

From the previously described engineering applications of biomineralization, ranging from
construction material and soil stabilization to hydraulic control and environmental remedia-
tion, porosity and permeability alteration during the treatment is crucial to consider. While
REV-scale models are essential tools to support field applications, they rely on porosity-
permeability relationships. Recent studies have shown that microfluidics is a suitable ex-
perimental technique for exploring pore-scale characteristics during the biomineralization
process. However, the effect of biomineralization on the hydraulic responses has still not
yet been fully understood. This current lack of knowledge motivated our work on porosity
and permeability alterations during biomineralization in porous media. Therefore, we aim to
observe and interpret phenomena on the pore-scale during mineral precipitation to conclude
on the REV-scale properties, porosity, and permeability.

In Chapter 2, the theoretical background for this work is outlined. This includes general
definitions of the considered scales in porous media, the fundamentals of flow and transport
phenomena, and geochemical reactions. Moreover, various concepts for determining the
permeability of a porous medium are outlined, and an overview of microfluidic methods is
given. Furthermore, the three contributions and their objectives are summarized in Chapter 3.
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The corresponding publications are provided in Appendix A-C. Finally, in Chapter 4, we
present our conclusions, limitations and perspectives for possible further research.



2 Theoretical background

This chapter provides an overview of the fundamentals for this work and serves as a general
theoretical framework, providing the relevant terms and definitions. This chapter is subdi-
vided into four sections: At first, porous media are defined, and the considered spatial scales
in the context of subsurface processes are given in Section 2.1. Secondly, Section 2.2 de-
scribes the background of flow and transport in porous media, including the pertinent proper-
ties of a porous medium, the pore- and REV-scale description of flow, and the relevant trans-
port mechanisms. Thirdly, geochemical fundamentals in the context of biomineralization are
given in Section 2.3. These include some basic terms and definitions of chemical reactions,
the chemistry of calcium carbonate, and the mechanisms of induced calcium carbonate pre-
cipitation. Subsequently, in Section 2.4, various approaches to determine the permeability
are outlined, ranging from the original experiments of Henry Darcy and classical constitu-
tive relationships and finally to porosity-permeability relationships for altered porous media.
Finally, in Section 2.5, the background of microfluidics as the science for investigating fluid
interactions in microchannels is provided, by giving an overview of different micromodel
fabrication methods and of measurement and visualization techniques.

2.1 Porous media and their scales of consideration

A porous medium is a solid material that includes void space. This is probably the most
intuitive and general definition of a porous medium and would include things like a hollow
cylinder or a solid block with a few isolated pores. In this work and field of research, we want
to define a porous medium related to fluids flowing through it. For that, a better definition
would be to describe it as a solid matrix with connected void space (pore space) inside and a
relatively high specific surface [Bear, 1972]. Examples are filter paper, sand filters, sponges,
diapers, and even the canvases of oil paintings, to only name a few. The research presented
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here focuses on the geoengineering application of biomineralization which can be employed
but is not limited to subsurface processes, e.g., in soils, aquifers, or other geological forma-
tions. Such subsurface processes can be observed and studied on different spatial scales at
different levels of detail.

For geoengineering applications in the subsurface, we can categorize spatial scales into the
following categories [Hommel et al., 2018]:

• molecular scale: Pico- to nanometers

• pore scale: Micro- to millimeters

• REV scale (representative elementary volume-scale): Millimeters to meters

• field scale: Meters to kilometers

The most appropriate scale for analyzing processes is a matter of the necessary level of detail
and, consequently, depends on the process itself. However, there is always a trade-off be-
tween the level of detail and the size of the considered system. Figure 2.1 gives an overview
of the different spatial scales in the context of engineered biomineralization in porous me-
dia, ranging from pikometer (10−12m) to kilometer (103m). Individual molecules and their
interactions can be described in exact detail on the molecular scale. Theoretically, most of
the relevant processes, like biomineralization or fluid flow, can be explained and described
by molecular interactions. However, it is not expedient to describe such processes on the
molecular scale for most engineering applications. It is often more feasible to average over a
sufficient number of similar molecules to analyze a more extensive system, assuming matter
is continuous in space and time. With this continuum approach, averaged quantities, like
temperature or density, can be defined. In the case of a porous medium, the pore geometry
is described by differentiating the solid matrix and the void space while resolving the exact
pore geometry. This microscopic consideration is referred to as the pore scale. When us-
ing the example of biomineralization, one can still describe the chemical reaction and the
corresponding pore space alteration, even though the molecules themself are averaged as a
continuum. The continuum description, of course, needs upscaling assumptions and conse-
quently reduces the level of detail. The next step would be to average over several pores
and solids within a porous medium, defined as a representative elementary volume (REV).
On the REV scale the pore-scale properties, like the exact pore geometry, are represented
by average quantities of an REV, such as porosity and permeability (also see Section 2.2.1).
When it comes to geoengineering applications, for example, the remediation of leakages in
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Figure 2.1: Relevant scales in the context of engineered biomineralization in porous media. From
left to right: CO2 injection into the subsurface with biomineralized caprock (field scale);
domain discretized into REV’s with averaged quantities (REV scale); fully resolved pore
geometry including various grains and biominerals (pore scale); individual molecules rep-
resenting precipitation and dissolution (molecular scale). The scaling bar on the bottom
roughly maps the unit of length to the categorized spatial scales.

the subsurface, the considered spatial domain comprises several meters or kilometers. In or-
der to describe these applications on the field scale, we can use numerical simulation tools
representing the subsurface subdivided into multiple REV’s, as illustrated in Figure 2.1.

We have to keep in mind that choosing the spatial dimension of a scale is often an arbitrary
decision, and the transition between scales is fluent [Weishaupt, 2020]. However, this cate-
gorization of scales is essential when describing relevant processes - either resolve them in
detail or average them to effective quantities concomitant with a loss of accuracy. In this
work, we look at the pore scale, intending to draw conclusions for the description on the
REV scale.

2.2 Flow and transport in porous media

In this section, flow and transport mechanisms in porous media are explained. At first, we
describe the relevant properties of a porous medium before outlining the pore- and REV-scale
descriptions of flow in porous media and their mathematical formulations. Furthermore,
transport processes, namely diffusion, advection, and dispersion, are defined.
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2.2.1 Porous medium properties

As described in the previous section, the focus of this work is related to subsurface processes
where examples of porous media are soils, aquifers, or other geological formations. In the
context of biomineralization, we want to focus on the alternating pore space and the corre-
sponding flow resistance of the porous medium. In terms of REV-scale parameters, this refers
to porosity and permeability. In Figure 2.2 a porous medium is schematically illustrated on
the pore and the REV scale: At the pore scale, the shapes of the grains and pores are fully re-
solved. The calcium carbonate precipitates evolve during the treatment of biomineralization
and thus lead to a change of the solid matrix and consequently reduce the pore space.

Considering a porous medium as an REV requires averaging of pore-scale characteristics
over a sufficiently large domain and introducing averaged properties like porosity and perme-
ability. The correct size of the REV depends on the considered property. The size of an REV
should, on one hand, be large enough to average out microscopic inhomogeneities, and on
the other hand, be small enough to represent macroscopic inhomogeneities. In other words,
the REV should be homogeneous concerning the characteristic quantities, which should not
change significantly when changing the size of the considered domain, as illustrated in Fig-
ure 2.2 on the right [Helmig, 1997]. One crucial quantity is the porosity φ which is a dimen-
sionless number and defined as the fraction of volume of the pores Vpore to the total volume
Vtotal of an REV:

φ =
Vpore

Vtotal
(2.1)

Another important REV-scale property of a porous medium is the intrinsic permeability. It
is a measure of the ease of fluid flowing through a porous medium or the reciprocal of the
resistance of a porous medium to fluid flow. In Darcy’s law, permeability relates the pressure
gradient to the flow velocity, which is more precisely described in the next section.
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Figure 2.2: REV concept on the example of calcium carbonate precipitataion in porous media. Right:
REV size, for an exemplary averaged quantity (after Weishaupt [2020] and Helmig
[1997]).

2.2.2 Pore- and REV-scale description of flow in porous media

Reynold’s Number

An important dimensionless number for describing the flow regime in porous media is the
Reynold’s number (Re) which is defined as:

Re =
inertial forces
viscous forces

=
v ·L
ν

, (2.2)

with the velocity, v, the characteristic length, L, and the kinematic viscosity of the fluid, ν .
High Re’s indicate turbulent flow conditions, while lower Re’s specify laminar flow regimes.
Re’s tend to be very small in typical subsurface applications, meaning that viscous forces
dominate over inertial forces. Under creeping flow conditions (Re < 1), the inertial forces
can be neglected.

Pore-scale description (Navier-stokes-equations)

The flow through a porous medium can be described mathematically on the pore scale or
on the REV scale based on mass and momentum balance equations. Fluid flow on the pore
scale can be formulated with the Navier Stokes equations. Assuming an incompressible and
newtonian fluid, the continuity equation (Equation 2.3) and the momentum balance (Equation
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2.4) can be formulated as the following:

∇ · (v) = 0 (2.3)

∂v
∂ t

+∇ · (vvT) =− 1
ρ

∇p+ν∇
2v+ f (2.4)

The continuity equation implies the conservation of mass, meaning that mass can neither
vanish nor be produced. For an incompressible fluid, the continuity equation results in the
divergence of the velocity being equal to zero within one control volume. The momentum
equation consists of the advective term ∇ · (vvT), the pressure term − 1

ρ
∇p and the shear

term ν∇2v, while (∂v
∂ t ) depicts the change of the velocity in time. The advective term can be

neglected under the assumption of creeping flow conditions (Re < 1), which is often referred
to as the Stokes equations. f represents an additional volume force which could be gravity or
an additional drag term.

The 3D domain could be simplified as quasi-two-dimensional when describing flow in mi-
crofluidic cells with a high aspect ratio between the width w and the height h. We can account
for the friction caused by the upper and lower wall with an additional drag term, fdrag assum-
ing a parabolic velocity profile between the walls. The additional drag term can be formulated
as [Weishaupt, 2020]:

fdrag =−
(
12µ/h2)v2D, (2.5)

for v2D representing the height averaged velocity.

With the Navier-stokes-equations, the exact flow field can be described, while no-slip condi-
tions at the wall of the pores define the boundary conditions. In the case of precipitation, the
pore morphology changes. Consequently, the local boundary conditions on the pore walls
alter such that the local velocity profile changes.

REV-scale description of flow (Darcy’s law)

When giving up on precisely describing local pore geometries, a porous medium can be de-
scribed using an REV approach, assumed that the size of the considered REV is sufficiently
large so that the characteristic quantities do not change when changing the size of the av-
eraging volume (see Section 2.2.1). If that is the case, flow through a porous medium can
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mathematically be described by Darcy’s Law, which is a simplified momentum balance valid
under creeping flow conditions (Re < 1) and can be formulated as:

v =−k
µ
(∇p−ρg), (2.6)

with µ and ρ being the dynamic viscosity and the density of the fluid. The intrinsic per-
meability, k, relates the potential gradient (∇p−ρg) and the resulting Darcy-velocity v. In
some cases, the gravity term can be neglected, for instance, when applying Darcy’s Law in
microfluidics, where the flow is usually horizontal, and volumes and dimensions are tiny.
There are different possibilities to determine the intrinsic permeability of a porous medium.
Experimental methods and constitutive relationships exist to determine the permeability of a
porous medium. Some of them are summarized in Section 2.4.

2.2.3 Transport processes in porous media

When discussing transport processes in porous media, we again need to clarify on which scale
we describe the phenomena. In our case, we look at the pore and REV scale as defined in
Section 2.1. On the pore scale, solute transport can be described by advection and diffusion,
while additionally, dispersion needs to be considered for the description on the REV scale.

Diffusion

Molecular diffusion refers to the random thermal motion of molecules. For example, when
the concentration of solutes within a liquid is unevenly distributed, statistically, more molecules
move from locations with high concentrations to regions with low concentrations. At the pore
scale, where the liquid phase is considered to be a continuum and solutes are described with
the concept of concentrations, this leads to the transport of solutes driven by a concentration
gradient (∇c). Mathematically, the diffusive flux can be described by Fick’s Law:

j =−D∇c (2.7)

The molecular diffusion coefficient (D) strongly depends on the type of solute and the tem-
perature.
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Advection

Another transport process contributes when the liquid phase moves relative to the reference
system, namely advection. It refers to the transport of a solute by the bulk movement of the
fluid phase.

j = cv (2.8)

Dispersion

Since the exact pore geometry is not resolved on the REV scale, the concept of dispersion
needs to be introduced. Fluctuations of the velocity field due to the heterogeneous nature
of a porous medium on the pore scale lead to dispersion. It is a scale-dependent process
describing the solute spreading in the lateral and longitudinal direction of the averaged fluid
flow. Phenomenologically it is similar to diffusion, and thus, for REV-scale modeling, often
incorporated into the diffusion coefficient.

Péclet number

In order to characterize transport processes, the dimensionless Péclet number (Pe) can be
used. It is defined as the ratio of the advective to the diffusive transport rate.

Pe =
advective transport rate
diffusive transport rate

=
vL
D

, (2.9)

with the bulk velocity, v, the diffusion coefficient, D, and the characteristic length, L. For
low Pe’s (Pe < 1), the solute transport is diffusion-dominated, and for high Pe’s (Pe > 1), it
is advection-dominated.

2.3 Geochemical reactions

This section presents the theoretical background regarding the relevant mechanisms in geo-
chemistry. First, we explain general terms and definitions of chemical reactions and the
chemistry of calcium carbonate before discussing the reactions and processes involved dur-
ing induced calcium carbonate precipitation.



2.3 Geochemical reactions 19

2.3.1 Terms and definitions of chemical reactions

Mass action law and dynamic equilibrium

Chemical reactions are, in general, initiated by the accidental collision of molecules that
have the potential to react. Each chemical reaction tends to reach equilibrium. Depending
on the considered time scale, some reactions reach a dynamic equilibrium very fast and,
therefore, can be assumed to be equilibrium reactions. The dynamic equilibrium describes
the state during a reversible reaction where reactants and products transition at the same rates.
Consequently, the resulting activities of reactants and products stay constant. Equation 2.10
illustrates such an exemplary chemical reaction, where Ai represents the reactants, B j the
products and k−/+ the rate constants of the partial processes [Möller, 2015].

v1 A1 +v2 A2 + ...vm Am
k+−−⇀↽−−
k−

vm+1 B1 +vm+2 B2 + ... (2.10)

The law of mass action describes the relationship between the activities of the reactants and
the products during a dynamic equilibrium. The equilibrium constant Keq is defined as:

Keq =
[B1]

vm+1 [B2]
vm+2 ...

[A1]
v1 [A2]

v2 ...
(2.11)

while the brackets denote the corresponding activities, meaning the effective-reactive con-
centrations of a substance. In ideal systems, activities can be simplified to the concentrations
of the reactants and products, respectively. For simplicity, we refer to concentrations in-
stead of activities in the following. The equilibrium constant depends on various factors, like
phase composition, temperature, or pH value. Phase equilibrium can often occur in nature,
for instance, in evaporation-condensation, adsorption-desorption, or dissolution-precipitation
reactions [Möller, 2015].

Solubility and precipitation

Precipitation can be defined as the process when solutes in a solution solidify. A standard
method to induce precipitation is to mix two solutions of soluble salts that react, and one
or more of the products is a precipitate. Since dissolution-precipitation reactions can gener-
ally be considered as equilibrium reactions [Möller, 2015], an exemplary reaction equation
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is given in 2.12, where AαBβ (s) describes the solid substance, A(aq) and B(aq) indicate
the solutes respectively. The equilibrium constant Keq in Equation 2.13 can be formulated
analogously to Equation 2.11. Since the term [AαBα(s)] denotes the concentration of AB in
the pure substance AB, it is constant and the solubility product can therefore be defined as
in Equation 2.14. For very sparingly soluble salts, the equilibrium concentrations of salt in a
solution can be calculated from the solubility product as described in Equation 2.15.

AαBβ (s)−−⇀↽−− αA (aq)+βB(aq) (2.12)

Keq =
[A]α [B]α

[AαBα(s)]
(2.13)

Ksp = [A]α [B]α = Keq[AαBα(s)] (2.14)

ceq =

(
Ksp

α
α

β
β

)1/(α+β )

(2.15)

According to Mullin [1993] precipitation very often refers to fast crystallization. Precip-
itation processes are widely used as laboratory techniques and are prevalent for industrial
and geoengineering applications. Besides the three basic steps of crystallization processes,
namely supersaturation, nucleation, and crystal growth, precipitation includes two essential
subsequent steps: agglomeration and ageing.

Supersaturation, nucleation and growth:

As mentioned precipitation-dissolution reactions can often be assumed to be in equilibrium,
however, this depends on the time and spatial scales that are considered. The equilibrium
concentration of a salt in aqueous solution could be exceeded without directly causing pre-
cipitation. This consequently results supersaturation of the solution which is often defined as
the ratio of the concentration in a solution, c to the equilibrium concentration ceq:

S =
c

ceq
(2.16)

Supersaturation describes a non-equilibrium, and thus, a metastable state, and is a measure
for the driving force to cause nucleation. We can differentiate between two different types of
nucleation: homogeneous and heterogeneous nucleation. Homogeneous nucleation describes
how small nuclei form directly out of the solution without any initial nucleation seeds. This
requires generally higher supersaturation states compared to heterogeneous nucleation. Het-
erogeneous nucleation, in contrast, is defined as the nucleation at an interface with another
phase, like the surface of dust, bubbles, grains, or other particles suspended in the solution
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[Nebel, 2008]. Once there are nuclei of the considered substance present, these crystals can
grow during the state of supersaturation. The growth of the crystals in aqueous solutions
strongly depends on the availability of preexisting crystals, the concentrations, the tempera-
ture, and the agitation of the system [Mullin, 1993].

Agglomeration and aging:

Since precipitation usually refers to a relatively fast crystallization of the solutes, agglomera-
tion and aging play an important role, especially for induced calcium carbonate precipitation.
Tiny particles in liquid suspension tend to cluster together since interparticle collision may
result in a permanent attachment if the particles are small enough. This results in agglomer-
ations of small particles [Mullin, 1993]. Aging processes during and after the precipitation
can occur, while we consider ripening and phase transformation as relevant during biominer-
alization. Ostwald ripening in the context of precipitation refers to the process where larger
particles grow at the expense of small particles. This process can be explained by the ten-
dency of the solid phase to adjust itself to achieve a minimum total surface free energy.
Besides ripening, phase transformation can also occur within time. Minerals might be poly-
morphous, meaning that different polymorphs of the same mineral exist. A substance ca-
pable of exhibiting crystallinity sometimes precipitates as a metastable, possibly amorphous
form. According to Ostwald’s rule of stages, the initial precipitation as a metastable phase is
followed by a phase transformation to other more stable polymorphs of the considered sub-
stance. Calcium carbonate can occur as different polymorphs, which is further described in
Section 2.3.2. Phase transformation during engineered biomineralization can be an essential
aspect to consider.

Chemical reaction kinetics

In the context of biomineralization, as we employ it, besides precipitation, also the hydrolysis
of urea plays an essential role. The hydrolysis of molecules is a chemical reaction where
water breaks down chemical bonds. The urea hydrolysis can be considered a relatively slow
reaction at moderate temperatures. However, the enzyme urease can catalyze the reaction
increasing the reaction rate by several orders of magnitude. Still, in contrast to equilibrium
reactions where the reaction takes place relatively fast, for the hydrolysis of urea, kinetics
need to be considered, which are explained in the following, categorized into general kinetics,
temperature dependency and enzyme kinetics.
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General kinetics:

As an example of a chemical reaction where kinetics need to be considered, an arbitrary
dissociation reaction is given in Equation 2.17 where a substance AB dissociates into A
and B. The right arrow indicates that the reaction mainly occurs in one direction, and a
corresponding reaction quotient, Qr, can be defined as in Equation 2.18. In contrast to the
definition of the equilibrium constant, Keq in Equation 2.11, the concentrations of A, B and
AB are not expressed as equilibrium concentrations. Qr describes the state of the chemical
reaction, and in case the chemical reaction reaches equilibrium, the reaction quotient is equal
to the equilibrium constant (Qr = Keq) [Möller, 2015].

AB −→ A+B (2.17)

Qr =
[A][B]
[AB]

(2.18)

The reaction order of a chemical reaction is determined by the number of reactants whose
concentrations affect the reaction rate. In this exemplary simple case, the rate law can be
written as:

−d[AB]
dt

=
d[A]

dt
=

d[B]
dt

= kr[AB] = r, (2.19)

with kr being the rate coefficient and r being the reaction rate. Since the reaction rate only
depends on the concentration of AB to the power of one ([AB]1), the example reaction is a
first-order reaction. The integration of such a first-order reaction over time is relatively simple
and the concentrations of the reactants and the reaction rates can be determined explicitly for
a given reaction rate coefficient:

∫ [AB]

[AB0]

1
[AB]

d[AB] = k
∫ [A]

[A0]
dt (2.20)

[A] = [A]0 e−kt (2.21)

Temperature dependency (Arrhenius equation):

Chemical processes are generally temperature-dependent and usually faster at higher tem-
peratures. The Arrhenius equation describes quantitatively the relation between the reaction
rate coefficient, kr, and the temperature, T :

kr = a0e
(
−EA

RT

)
, (2.22)

with EA being the activation energy, R the molar gas constant, and a0 a pre-exponential
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factor, representing the probability of a chemical reaction [Bisswanger, 2017]. However,
when deriving empirical relations from experimental observations, the parameter a0 and EA

are often fitted to the experimental data by lumping the activation energy and the gas constant
together as one parameter.

Enzyme kinetics (Michaelis-Menten theory):

In biochemistry, catalytic reactions play a crucial role. Enzymes are proteins that act as
catalysts, which accelerate chemical reactions without undergoing any changes themselves.
The Michaelis-Menten mechanism can describe a typical enzymatically induced reaction.
The reaction steps can be described in their most simple steps as the following:

E+S −−⇀↽−− ES −→ E+P, (2.23)

with E being the enzyme, S the substrate, and P the product of the overall reaction. In the
first step, the substrate, S, forms with the enzyme, E, an enzyme-substrate-complex, ES.
Consequently, the reaction product, P, is formed, and the enzyme is released without being
modified. Assuming steady-state condition regarding the formation and break down of the
enzyme-substrate-complex (d[ES]/dt = 0), the reaction rate can be defined as the following
according to the Michaelis-Menten theory:

r =
rmax[S]

Km +[S]
(2.24)

with r being the reaction rate, rmax the maximum reaction rate, and Km the Michaelis constant,
indicating the substrate concentration at which half of the maximum reaction rate is reached.
Figure 2.3 shows exemplarily the reaction rate over the substrate concentration according to
Equation 2.24. In case the substrate concentration is much larger than the Michaelis-Menten
constant ([S] >> Km), the reaction can be approximated to be zero-order, meaning that the
reaction rate is independent of the substrate concentration. In the case that the substrate
concentration is smaller than the Michaelis-Menten constant ([S] << Km), the reaction can
be approximated to be first-order. Additional mechanisms during enzyme reactions, like
product inhibition, inactivation of enzymes, etc., could also affect the kinetics, complicating
the reaction rates’ mathematical descriptions. However, these cases go beyond the scope of
this dissertation. In the presented work, the conditions allow for describing the hydrolysis of
urea as a first-order reaction.
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Figure 2.3: Examplary plot according to the Michaelis-Menten equation (Equation 2.24)

Dahmköhler Number

Geochemical reactions in the subsurface often occur in aqueous, flowing solutions. Reactive
transport describes processes where solutes are transported with the flow and simultaneously
react. In such cases, the dimensionless Damköhler numbers are essential to characterize the
importance of each mechanism by relating the reaction rates to the transport processes of the
solutes. Two separate Dahmköhler numbers exist, one regarding advective and one regarding
diffusive transport:

DaI =
reactionrate

advectivemass transport rate
=

kr Lcn−1
0

v
(2.25)

DaII =
reactionrate

diffusivemass transport rate
=

kr L2 cn−1
0

D
(2.26)

Here, kr is the reaction rate coefficient, L is the characteristic length scale, D is the binary
diffusion coefficient, c0 is the initial concentration, and n indicates the reaction order. In
the case DaI < 1, the chemical reaction is slower than the advective transport, meaning that
the reaction controls the system. This is referred to as reaction-controlled. In contrast for
DaI > 1, the system can be considered as transport-controlled [Hommel et al., 2018].

2.3.2 Chemistry of calcium carbonate

Two essential aspects of calcium carbonate need to be considered in biomineralization: Cal-
cium carbonate is the calcium salt of the carbonic acid, and it occurs as different polymorphs.
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Figure 2.4: Bjerrum plot of the diprotic carbonic acid; pKa,1 = 3.76 and pKa,2 = 10.38

Both of these aspects are discussed in the following.

Carbonic acid is a weak diprotic acid and consequently dissociates from H2CO3 into HCO–
3

and CO2 –
3 depending on the pH value. The two dissociation steps with their corresponding

logarithmic acid constants pKa,1 and pKa,2 are shown in the following two equations [Möller,
2015]:

H2CO3 +H2O −−⇀↽−− HCO3
−+H3O+ pKa,1 = 3.76 (2.27)

HCO3
−+H2O −−⇀↽−− CO3

2−+H3O+ pKa,2 = 10.38 (2.28)

The logarithmic acid constants are defined as the negative decadic logarithm of the dissocia-
tion constant (pKa =− log10 Ka). Figure 2.4 illustrates the equilibria of the carbonic acid in a
diluted aqueous solution. The concentration ratios of the three compounds at equilibrium are
plotted over the pH value of the solution for the given pKa values. The pKa values correspond
to the pH value where the concentrations of the corresponding compound are equal. It is of
particular importance that at low pH values, nearly no CO2 –

3 is present in the solution. Since
the presence of carbonate ions (CO2 –

3 ) is essential for calcium carbonate to precipitate, the
pH value of the solution can be important to consider in processes of biomineralization.

Six different polymorphs of calcium carbonate exist: calcite, aragonite, vaterite, monohy-
drocalcite, ikaite, and amorphous calcium carbonate (ACC). The thermodynamical stability
increases from ACC to calcite [El-Sheikh et al., 2013]. Three are anhydrous crystalline
polymorphs: calcite, aragonite, and vaterite. Another phase is ACC, which is, according to
the theory of Ostwald, the first phase to crystallize [Nebel, 2008], while Rodriguez-Blanco
et al. [2011] claimed that the formation of crystalline calcium carbonate polymorphs during
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Figure 2.5: SEM images of calcium carbonate polymorphs: a) calcite; b) vaterite; c) aragonite; d)
amorphous calcium carbonate (ACC). a)-c) Reprinted from Ševčı́k et al. [2018] with per-
mission from Springer Nature, Copyright (2018). d) Reprinted from McDonald et al.
[2022] with permission from Elsevier, Copyright (2022)

biomineralization often occurs via ACC, as a meta-stable precursor. Two main difference
between the polymorphous phases of calcium carbonate are their crystal shapes and density,
which are listed in Table 2.1 for calcite, aragonite, vaterite and ACC respectively.

Table 2.1: Calcium carbonate polymorphs
mineral calcite aragonite vaterite ACC
crystal shapes rhombohedral acicular spherical irregular
density [g/cm3] 2.71 2.93 2.65 2.18

2.3.3 Induced calcium carbonate precipitation

As described in Chapter 1, biomineralization occurs in natural systems but can also be used
as an engineering option with various objectives. Within the scope of this work, we focus on
geoengineering applications relying on induced calcium carbonate precipitation (ICP). The
driving process for ICP is the hydrolysis of urea. This irreversible and slow reaction can be
enhanced by temperature and is referred to as thermally induced calcium carbonate precipita-
tion (TICP). Moreover, urea hydrolysis can be catalyzed by the enzyme urease, which occurs
in different plants [Krajewska, 2009]. Using plant-based urease - in this case, from jack beans
- is referred to as enzymatically induced calcium carbonate precipitation (EICP). Other than
plant-based urease, ureolytic bacteria, like Sporosarcina pasteurii, can also express the en-
zyme urease. ICP by ureolysis through urease produced by living bacteria is referred to as
microbially induced calcium carbonate precipitation (MICP). In the work presented here, the
focus is mainly on EICP. Urea (CO(NH2)2) reacts with water to form ammonia (NH3) and
inorganic carbon (Equation 2.29). Depending on the pH value, inorganic carbon dissolved
in water occurs as carbonic acid (H2CO3), bicarbonate (HCO–

3 ) and carbonate (CO2 –
3 ) (see



2.3 Geochemical reactions 27

Equations 2.30, 2.27 and 2.28). Ammonia in aqueous solutions acts as a weak base by taking
up a proton and producing hydroxide (Equation 2.31). In circumneutral environments, am-
monium (NH+

4) and bicarbonate are the dominant products of the hydrolysis [Mitchell et al.,
2019]. Produced hydroxide (OH– ) increases the pH value and shifts the equilibrium towards
carbonate ions. The additional presence of calcium ions allows calcium carbonate to pre-
cipitate (Equation 2.32). The overall reaction, including the hydrolysis of urea and calcium
carbonate precipitation, is summarized in Equation 2.33.

CO(NH2)2 +2H2O urease−−−→ 2NH3 +H2CO3 (2.29)

H2CO3 −−⇀↽−− HCO−
3 +H+ −−⇀↽−− CO3

2−+2H+ (2.30)

NH3 +H2O −−⇀↽−− NH+
4 +OH− (2.31)

Ca2++CO2−
3 −−⇀↽−− CaCO3 ↓ (2.32)

CO(NH2)2 +2H2O+Ca2+ −−⇀↽−− 2NH+
4 +CaCO3 (2.33)

Various factors can affect the reaction rate of ureolysis. For example, besides the activ-
ity of the urease enzyme and the concentration of urea, the pH value, the temperature, or the
ammonium concentration (product) can influence the reaction. As described earlier, enzyme-
catalyzed reactions can, in general, be described by the Michaelis-Menten equation (Equation
2.24), which describes the correlation of the reaction rate to the substrate (urea) concentra-
tion, dependent on the maximum reaction rate and the Michaelis-Menten constant. The max-
imum reaction rate and the Michaelis-Menten constant can depend, for instance, on enzyme
activity, temperature, and pH value. These dependencies can be determined experimentally
with batch experiments as, for example, done in Lauchnor et al. [2015]. The results of Lauch-
nor et al. [2015] indicated only a slight pH dependency using suspended bacterial cells as the
source for urease. They concluded that neither the pH value in the range between 6-9 nor the
ammonium concentration up to 0.19 mol/L significantly affect the ureolysis rate.

Feder et al. [2021] investigated the effect of temperature on the enzyme activity of plant-
based urease in the range between 20◦C and 80◦C. On the one hand, increased temperatures
usually accelerate the chemical reaction. However, on the other hand, elevated temperatures
inactivate the enzyme urease. With a combined first-order urea hydrolysis and first-order
enzyme inactivation model, they were able to describe the temperature dependency of the
ureolysis. Hommel et al. [2020] successfully employed this first-order kinetic reaction model
by implementing an Arrhenius-type equation in a numerical REV-scale model for EICP ap-



28 2 Theoretical background

plications. The first-order reaction kinetics has also been used in this work to determine the
reaction rate depending on the concentration of Jack Bean meal, the concentration of urea,
and the temperature.

2.4 Determining permeability of porous media

Henry Darcy, a French engineer, published his most famous contribution in 1856. It in-
cludes the well-known law named after him, Darcy’s law, already described in Section 2.2.2.
Darcy’s law can be demonstrated with a constant-head permeameter experiment, as illus-
trated in Figure 2.6. A column packed with a porous material, like sand, is connected to
an inlet and outlet reservoir with constant hydraulic heads. The difference between the hy-
draulic head of the inlet and outlet, ∆h, induce flow through the column. As already observed
by Darcy [1856], under creeping flow conditions (Re < 1), the darcy velocity, vf is propor-
tional to the gradient of the hydraulic heads, approximated by ∆h

∆s and the proportionality
constant can be defined as the hydraulic conductivity, kf. With that, Darcy’s Law can be
formulated in its original form as:

vf =−kf
∆h
∆s

. (2.34)

The hydraulic conductivity depends on the properties of the porous medium and of the fluid.
In order to solely describe the property of the porous medium, the intrinsic permeability, k

was introduced, which is defined as:

k = kf
µ

ρg
, (2.35)

with the dynamic viscosity µ and the fluid density ρ . With that, the intrinsic permeabil-
ity can be determined experimentally using a permeameter, as firstly described by Henry
Darcy. For convenience we refer in the following to the intrinsic permeability simply as
the permeability. Since the permeability is a proportionality constant, it can also be deter-
mined the other way around by applying a constant flow and measuring the gradient of the
hydraulic head. Further experimental methods to determine the permeability exist, such as
the falling-head method, where the hydraulic head of the inlet reservoir decreases over time.
The sample’s permeability can be calculated by relating the hydraulic head to the elapsed
time. Directly in the field, the permeability can be estimated with pumping tests: A well
extracts water at a controlled rate while the water tables in one or more observation wells are
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Figure 2.6: Schematic sketch of a permeameter experiment with a constant head and upwards flow

monitored. One can differentiate between long-term pumping tests, where stationary con-
ditions are reached, and short-term tests, where instationary draw-downs of the water tables
are evaluated. Besides these rather laborious determinations of the permeability, constitutive
relationships exist, which allow deriving the permeability based on other quantities that are
easier to determine.

2.4.1 Classical constitutive relationships for permeability

Generally, the exact pore geometry governs the permeability of a porous medium which
is usually challenging and not practical to determine. Therefore, more accessible quanti-
ties, such as the characteristic grain sizes, porosity, or representative pore geometries, have
been used to determine the permeability [Hommel et al., 2018]. In the following, we give
a short overview of important constitutive relationships regarding the determination of the
permeability, namely the relationship after Hazen, Kozeny-Carman, Hagen-Poisseuille and
the Cubic Law.

Hazen:
Hazen [1892] proposed one of the first relationships to derive the hydraulic conductivity
kf of sand from the characteristic particle diameter d10 and an empirical constant cH. The
particle diameter, d10, refers to the maximum diameter of the finest 10% of the grains in the
considered sand.

kf = cHd2
10 (2.36)

Kozeny-Carman:

The porosity of a porous medium is relatively easy to determine and therefore used very
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often to determine the permeability, especially in numerical REV-scale models. One of the
most common porosity-permeability relationships is the Kozeney-Carman equation. It was
originally published by Kozeny and modified by Carman [Kozeny, 1927, Carman, 1937].
Applying Darcy’s law, the original equation can be reformulated to estimate permeability
directly. In that case, the permeability k is a function of the characteristic particle diameter
Dp, the sphericity Φs and the porosity φ (Equation 2.37). Equation 2.38 expresses the per-
meability with the tortuosity τ and the specific surface area S, instead of Φs and Dp [Hommel
et al., 2018]:

k =
Φ2

s D2
p

180
φ 3

(1−φ)2 (2.37)

k =
φ 3

τ(1−φ)2S2 (2.38)

Hagen-Poisseuille:

Another method of estimating permeability is based on Hagen-Poisseuille’s law. This law is
valid for flow in small tubes and is often used to estimate the flow through individual pore
throats in a network of pores. By assuming constant fluid density and a cylindrical geometry,
Hagen-Poiseuille’s law can be derived from the Stokes equation and relates the pore radius,
r, the dynamic viscosity, µ , and pressure gradient, approximated by ∆p/L, to the flow rate,
Q. Consequently, the permeability of a capillary can be determined by additionally using
Darcy’s law and assuming a circular cross-sectional area, πr2 [Hommel et al., 2018]:

Q =
πr4∆p
8µL

⇒ k =
r2

8
. (2.39)

Cubic law:

Analogously to Hagen-Poisseuilles’ law, the Cubic law can be derived from the Stokes equa-
tions for laminar flow between two plates with the width, w and the distance between the
plates, h. Consequently, a representative permeability can be defined accordingly (Equation
2.40). The cubic law is commonly used to estimate permeabilities in fractured systems with
highly conductive fractures [Hommel et al., 2018]:

Q =
wh3∆p
12µL

⇒ k =
h2

12
(2.40)
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2.4.2 Porosity-permeability relationships for altered porous media

Pore space alteration of porous media, as occurring during EICP or MICP, are usually con-
comitant with permeability alterations. For describing such processes, porosity-permeability
relationships have proven to be practical for applying them in numerical REV-scale simula-
tions. These relationships consequently follow the general equation:

k
k0

= f (φ ,φ0). (2.41)

The alternating permeability, k normalized to its initial value, k0 can be expressed as a func-
tion of the alternating porosity φ and its initial value, φ0. A great variety of such relationships
exist, which are summarized and evaluated in Hommel et al. [2018]. In the following, only
a few of them, namely those of Kozeny-Carman, Verma-Pruess and the power law are pre-
sented which are considered to be the most relevant in terms of REV-scale modeling of EICP
and MICP.

Kozeny-Carman type:
As described previously, the Kozeny-Carman equation was initially proposed for porous me-
dia of rigid and unchanged geometries and generally does not consider alterations of porosity
due to precipitation. However, this relationship is frequently used to describe evolving pore
spaces and permeabilities. The following equation can be derived to relate the alternating
permeability to changes in the porosity, assuming the sphericity and characteristic particle
diameter in Equation 2.37 to remain constant:

k
k0

=
φ 3(1−φ0)

2

φ 3
0 (1−φ)2

, (2.42)

Verma-Pruess type:
A slightly different approach has been proposed by Verma and Pruess [1988] which has been
employed in numerical REV-scale modeling of MICP, for instance, in Ebigbo et al. [2012]
and Hommel et al. [2016]. In this equation, the empirical parameter, critical porosity φcrit,
is introduced, which refers to the complete clogging of the porous medium below a specific
porosity. It assumes that below a critical porosity, the remaining pores are not connected
anymore, leading to the impermeability of the porous medium (k = 0). The exponent η is
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another empirical parameter that, for instance, can be fitted to experimental data.

k
k0

=


(

φ−φcrit
φ0−φcrit

)η

if φ > φcrit

0 otherwise
(2.43)

Power Law:
Another popular, relatively simple approach is the power-law relationship. It can be seen as
a degenerated case of the Verma-Pruess type with a critical porosity of zero. According to
Hommel et al. [2018] it can be considered as a default first choice when modeling transport
through an evolving porous medium. Since it only has one parameter, η , that can be fitted to
observations, it makes the resulting porosity-permeability relationships easily comparable to
other studies. Despite its advantage, the power law is often criticized for not accurately rep-
resenting complex processes that change the pore structures and necessarily remains overly
simplistic.
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2.5 Microfluidics

Microfluidics can be defined as the science investigating fluid interactions in microchannels
and also refers to the technology to fabricate the corresponding flow cells, named micromod-
els or microfluidic cells. Micromodels generally have very small features, ranging from tens
to hundreds of micrometers, thus, in the context of porous media, allowing for investigations
on the pore scale (also see Section 2.1). Microfluidics provides an ideal platform for study-
ing fundamental processes in various research fields, ranging from subsurface engineering
applications to biological engineering technologies [Gerami et al., 2019, Karadimitriou and
Hassanizadeh, 2012]. According to Gerami et al. [2019], the interest in microfluidics has
been dated since the 1950s, while the publications on microfluidics in the last 30 years have
rapidly increased. With increasing interest, the experimental setups and fabrication methods
are continuously evolving. Some of the recent fabrication and visualization techniques are
described in the following.
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2.5.1 Fabrication of microfluidic cells

One of the first micromodels was reported by Chatenever and Calhoun [1952] who used two
parallel transparent glass plates with a single layer of glass beads in between, shaping the
pore space. Since then, the manufacturing processes of micromodels have been continuously
improving. Materials for modern fabrications of micromodels mainly include silicon, glass,
and polymeric materials using various manufacturing techniques, which are, for example,
summarized in Karadimitriou and Hassanizadeh [2012] and Gerami et al. [2019]. In the
following, a short overview of the ones considered the most relevant for this work, namely
optical lithography, wet etching and soft lithography is given, while recent developments
regarding the manufacturing of microfluidic devices that include geomaterials are presented.

Optical lithography:

Optical lithography, also known as photo-lithography, is a process mainly known from the
semiconductor industry [Thompson, 1983], but also used for the fabrication of microfluidic
cells regarding porous media research. The first step in a possible protocol for using optical
lithography, as we have employed it, is to print the designed pore structure on a transparency
referred to as the ”photomask”. Consequently, a silicon wafer coated with a thin photoresist
layer is covered with this transparency before exposing it to UV light. The photomask only
allows the UV light to interact with the transparent locations. Consequently, the photoresist
reacts with the UV light and becomes insoluble when exposed to the appropriate developing
agent. Therefore, the subsequent exposure to the developing agent dissolves the parts of the
photoresist which were not exposed to UV light. As a result, the desired features of the
pore structure remain. The completed wafer could either be used as a micromodel itself by
covering it with a glass slide or could be used as a master mold for the production process of
soft lithography.

Wet etching:

Wet etching is often used to fabricate micromodels made out of glass or other hard materials
by etching the pore structure directly into the material. Photolithography can be used to cover
the glass surface with a photoresist to establish a protective layer acting as a mask and limit
etching to the desired locations. In the case of chemical, or wet etching in glass, an acid
can be used as the etchant. The area covered with photoresist remains unaffected while the
uncovered areas are etched during an acidic bath. During this process, the time of the bath
determines the depth of the micromodel. Again, as a final step, a second glass slide with
holes for the inlet and outlet is used to seal the micromodel.
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Soft lithography:

Soft lithography is commonly used for the fabrication of polymer-based micromodels via
replica molding [Xia and Whitesides, 1998, Duffy et al., 1998]. At first, a master mold needs
to be created following the workflow of optical lithography, typically on a silicon wafer. From
the resulting master mold, multiple micromodels can be fabricated out of various polymers.
Poly-Di-Methyl-Siloxane (PDMS) is the most common polymer used in soft lithography,
which requires the following manufacturing steps: The silicon wafer is put into a petri dish,
and PDMS mixed with a curing agent is poured over it to create the PDMS slab with the pore
structure. After degassing and thermal curing, the PDMS slide is gently removed from the
wafer, and holes for the inlets and outlets are punched at the desired locations. Finally, the
PDMS slide can be covered either by a PDMS slab or a glass slide. Soft lithography is a very
cheap and convenient method since it allows to produce quickly, with little equipment, many
replicates from one master mold. Especially for precipitation experiments, this is very useful
since removing existing precipitates in such small micromodels can be very time-consuming
or even impossible and therefore limits the reusability of a micromodel. Moreover, PDMS
is transparent and therefore allows for easy visualization. Due to these advantages, it be-
came prevalent in many disciplines, including the pore-scale study of biomineralization as
reviewed in Section 1.3.

In this work, we utilized optical lithography to prepare the master mold and, consequently,
soft lithography to prepare our micromodels. Additionally, we used glass micromodels from
the company Micronit© which were manufactured by a wet etching process. Micromodels
that include geomaterials have not been employed in this work. However, they might be of
interest for future investigation. Therefore, some examples are summarized in the following.

Geomaterials:

Especially in the fields of hydrogeology and petroleum engineering, where surface chem-
istry becomes relevant, geomaterial microfluidics lately received increased attention [Gerami
et al., 2019]. For example, some studies used natural materials, like coal or limestones,
and applied laser etching on the surface to generate a fracture network [Gerami et al., 2017,
Jiménez-Martı́nez et al., 2020]. Another interesting fabrication method was developed by
Song et al. [2014]. They cut a calcite crystal into a thin wafer and coated it with beeswax.
Subsequently, the desired pore structure was laser-etched into the wax before exposing the
wafer to hydrochloric acid to etch the desired pore network into the calcite wafer. Another
possibility for mimicking natural surface properties in artificially created porous media is
functionalizing the surfaces. Wang et al. [2017] for example, coated the surface of a simple
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glass micromodel with a layer of calcium carbonate by introducing silane to subsequently
bind Ca2+ and CO2−

3 ions to the surface. Their method resulted in a uniform layer of CaCO3

nanocrystals on the surface. Besides glass, also PDMS surfaces have been successfully func-
tionalized with natural rock materials. Alzahid et al. [2018] developed a fabrication process
to attach sandstone and carbonate onto the PDMS surface. Their method includes plasma
treatment followed by the exposure of the mineral solution to bond the corresponding miner-
als to the PDMS surface. Nevertheless, all these described fabrication methods for geomate-
rial micromodels might still lead to discrepancies compared to natural systems, for example,
regarding the surface roughness. However, these innovative methods still offer the possibility
of generating micromodels representing natural surfaces more realistic than purely artificially
created ones.

2.5.2 Measurements and visualization

Microfluidics inherently implies using tiny volumes, which require exact fluid control sys-
tems and very accurate measurement and detection devices. In some applications, pressure
measurements are a crucial aspect to consider. On the one hand, some experiments require
elevated pressures of several bars, for instance, to study supercritical CO2. In such cases,
the microfluidic setup needs to be capable of withstanding such high pressures. On the other
hand, the precision of the sensors is essential to measure tiny pressure differences reliably,
for example, to monitor permeability changes during pore space alterations. However, the
corresponding experimental setup can be modified to accommodate the specific needs of the
desired applications [Karadimitriou and Hassanizadeh, 2012]. A significant advantage in mi-
crofluidics is the possibility of highly time-resolved imaging during the experiments. Since
micromodels are usually transparent, microfluidics provides an ideal platform for visual ob-
servation of flow at high temporal and spatial resolution [Gerami et al., 2019]. Some imaging
techniques are shortly described in the following, including transmitted and reflected light

microscopy, confocal microscopy, micro particle image velocimetry and micro XRCT.

Transmitted and reflected light microscopy:

Transmitted and reflected light microscopy are very often employed in microfluidics. In
the case of partially transparent micromodels, where one side of them is opaque, imaging
can only be done by reflection, thus reflected microscopy is commonly applied. For fully
transparent micromodels, both the reflected as well as the transmitted light microscopy can
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be employed [Gerami et al., 2019]. Besides standard, commercially available microscopes,
Karadimitriou et al. [2012] built a customized optical setup, utilizing a beam splitter to enable
the capturing of images with several cameras in order to visualize an elongated micromodel
at a relatively high resolution. We have also used a slightly modified version of this setup in
this work, as described in Weinhardt et al. [2021a].

Confocal and fluorescent microscopy:

Confocal microscopy can be used for 3D visualization of microfluidic experiments and al-
lows for very high resolutions (< 1µm/pixel) [Gerami et al., 2019]. For example Datta
et al. [2013] used confocal microscopy for a 3D visualization of a micromodel packed with
glass beads. Especially regarding microbiological investigations, confocal laser scanning
microscopy is relatively popular since it allows for example to visualize a green fluorescent
protein, expressed by engineered bacteria, as described in Connolly et al. [2013]. A similar
method has also been applied in the work of Zambare et al. [2020] to identify fluorescent
calcite crystals during biomineralization.

Micro particle image velocimetry (micro PIV):

Micro PIV is an optical diagnostic technique to derive velocity fields by tagging the fluid with
tracer particles. A particle’s average displacement during a given time interval is obtained by
the cross-correlation between two image frames. For applying PIV in microfluidics usually
fluorescent particles are used, which are excited by a pulsed laser that delivers an intense
illumination over a very short duration [Gerami et al., 2019]. de Winter et al. [2021] for
example, used confocal laser scanning microscopy to obtain the three-dimensional velocity
profile within a PDMS micromodel.

Micro X-ray computer tomography (micro XRCT):

Another non-destructive imaging technique is micro XRCT which allows 3D visualization
of micromodels using X-rays. In contrast to confocal microscopy, for example, the medium
does not necessarily need to be transparent to visible light. Therefore, in the case of biomin-
eralization, micro XRCT allows for a 3D visualization of calcium carbonate precipitates.
However, acquiring three-dimensional images of reasonable quality requires relatively long
scanning times which limits temporal resolution. In our work, we used three-dimensional
images of a microfluidic cell, which was scanned after the precipitation process, using the
micro X-ray computed tomography device developed by Ruf and Steeb [2020].



3 Objectives and Summaries of the

Contributions

In this chapter, the overall research goal is presented and the three contributions are sum-
marized. Figure 3.1 illustrates the context of this work, including the motivation, the re-
search goal, and the link between the individual contributions. As outlined in Chapter 1,
the overarching goal of this work is mainly aimed at geotechnical applications of biomin-
eralization where REV-scale modeling is an essential tool to assist, plan and optimize en-
gineering field-scale projects of EICP and MICP. These REV-scale models inherently rely
on porosity-permeability relationships for predicting and assessing the performance of ap-
plications. Both, the porosity and the permeability are averaged quantities representing pore
morphology alteration and their hydraulic effects on the REV-scale. However, it is the pore-
scale where processes occur and from where we expect to derive new insights relevant for
REV-scale modeling. Therefore, we can formulate the overarching goal as the following:

Research goal:
Identification of pore-scale characteristics during EICP treatment, that are important to

consider when modeling on the REV scale, with the focus on porosity and permeability.

In order to achieve this goal, we identified microfluidics as a very promising experimental
technique. Therefore, as the first step, a solid experimental setup and procedure needed to
be elaborated, which we addressed in the first contribution. Reliable pressure measurements
synchronized with optical microscopy and their 3D interpretations are the key points we con-
sidered. The elaborated workflow and generated data consequently set the basis for the other
two contributions. In the second contribution, we analyzed experimental data obtained from
the first contribution concerning crystal growth and its interaction with flow and transport. In
a combined experimental and numerical study together with Lars von Wolff, who developed
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Contribution 2:
Investigation of Crystal Growth in

Enzymatically Induced Calcite Precipitation
by Micro-Fluidic Experimental Methods and

Comparison

Contribution 3
Spatio-temporal distribution of

precipitates and mineral phase transition
during biomineralization

Contribution 1:
Experimental Methods and Imaging for Enzymatically Induced Calcite

Precipitation in a microfluidic cell

REV-scale modeling as an important tool for assisting and
planning of field applications of biomineralization

Remaining uncertainty for the description of porosity and permeability alterations

porosity-permeability relationships as an inevitable, but not
yet fully understood constitutive relation for REV-scale

models

Figure 3.1: Structure and objectives of this dissertation.

a mathematical model for EICP on the pore-scale, we drew essential conclusions regarding
the growth of individual precipitates during constant flow conditions. Finally, further experi-
ments have been performed with another, more realistic pore structure and varying injection
scenarios in the third contribution. We identified further processes during biomineralization
that affect the development of permeability due to the change in pore morphology. The ob-
jectives and findings of the individual contributions are summarized more comprehensively
in the following.

Contribution 1: Experimental Methods and Imaging for Enzymatically Induced

Calcite Precipitation in a microfluidic cell

Microfluidic experiments have become increasingly popular lately for investigating various
aspects of biomineralization (also see Section 1.3). Wang et al. [2019a], Zambare et al. [2020]
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and Kim et al. [2020] showed successfully the use of transparent microfluidic chips made out
of Polydimethylsiloxane (PDMS) or glass to characterize the precipitation behavior on the
pore-scale for MICP and EICP, respectively. These pioneering studies proved the general
applicability of using microfluidics to provide insights into the bacterial distribution, the ki-
netics of precipitation, and the time-dependent mineralogy of calcium carbonate. However,
since their work did not focus on quantifying the hydraulic changes due to the precipita-
tion, there was no need for pressure monitoring in their experimental setups. Furthermore,
in a prior study, we demonstrated that determining the permeability for microfluidic exper-
iments is not trivial. Comparing experimental results to various pore-scale simulations, we
demonstrated that the effect of the inlet and outlet channels could not be neglected [Wagner
et al., 2021]. This bias would become even more dominant during precipitation. Pursuing
our overall goal, we need to consider this when elaborating a new experimental setup and
workflow that enables us to reliably monitor and quantify the pore space alterations and the
corresponding hydraulic responses. So in Weinhardt et al. [2021a], we present experimen-
tal methods for investigating the time-resolved effects of growing precipitates on porosity
and permeability on the pore-scale using microfluidic flow cells made out of PDMS. Two
datasets were published along with this contribution: Weinhardt et al. [2021b] includes the
images obtained from optical microscopy, synchronized with pressure measurements, and
Vahid Dastjerdi et al. [2021] contains the micro XRCT scan of one micromodel at its final
state, after the precipitation process. The experimental workflow includes the design and
manufacturing process of the PDMS-based microfluidic cells, a suitable injection strategy,
and appropriate imaging techniques.

First of all, the microfluidic cell was designed to measure the pressure drop across the porous
domain of the flow cell without being influenced by precipitation in the inlet and outlet dis-
tribution channels. We implemented two additional pressure channels, one located directly
at the beginning of the porous domain and one on the outlet, respectively. During a continu-
ous injection of the reactive solutions, we can reliably measure the pressure drop across the
porous domain without being strongly influenced by precipitates before or after the domain.
The design of the pore structure itself was kept very simple: four pore bodies connected by
pore throats. Thus, it is not very representative for a porous medium but optimal for demon-
strating and validating the workflow, which consists of three stages: a) an initial permeability
measurement with deionized water at various flow rates, b) a continuous coinjection of the
reaction solutions to induce precipitation and c) a final permeability measurement again with
deionized water. Despite minor deviations due to a temporal shift between stage b) and
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c) where precipitation could continue, we could ”validate” our temporal pressure measure-
ments and the resulting permeability estimations. Regarding the observation of pore space
alteration, we used two imaging techniques, namely optical microscopy and subsequent mi-
cro XRCT for a 3D visualization of the precipitates at the final stage of the experiment. Op-
tical microscopy is an inexpensive method that allows for high temporal resolutions, though
it only captures the 2D projections of the three-dimensional precipitates. However, the 3D
scan of the precipitates at their final state allows us to find appropriate shape assumptions to
derive volume changes from 2D projections.

In brief, the elaborated workflow enables us to monitor and evaluate both the porosity and
permeability - highly time-resolved and reliably during the process of EICP.

Contribution 2: Investigation of Crystal Growth in Enzymatically Induced Calcite

Precipitation by Micro-Fluidic Experimental Methods and Comparison with

Mathematical Modeling

The successful application of EICP relies on the complex interplay between solute transport,
ureolysis, and precipitation. The flow conditions determine the transport of chemical sub-
stances. The continuous precipitation reaction associated with a change in pore morphology,
in turn, changes the local flow field. Therefore, biomineralization during a continuous inflow
of reactants is a strongly coupled process which we address in our second contribution by
combining microfluidic experiments and numerical pore-scale simulation. In microfluidic
experiments, measuring local concentrations of solutes is highly challenging due to the tiny
dimensions and minuscule volumes, at least with conventional methods. Therefore, the sec-
ond contribution is joint work with Lars von Wolff, who developed a phase-field approach
for modeling crystal growth on the pore-scale. It couples the Navier-Stokes equations and the
solute transport equation with the Cahn-Hillard evolution. The numerical model allows incor-
porating conceptual ideas for processes and mechanisms to improve process understanding
of the complex interactions of flow, transport, and pore space alteration due to precipitation.
Complementing experimental microfluidic investigations with numerical simulations allows
us to draw significant conclusions. In von Wolff et al. [2021], we address how the transport
processes, determined by fluid dynamics and the chemical reactions, influence crystal growth
during EICP. We used the experimental data obtained from the first contribution [Weinhardt
et al., 2021b] and analyzed the growth of the individual precipitates dependent on their loca-
tion within the pore structure.
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We found that the growth is strongly dependent on the local concentrations, determined by
the local flow conditions. We observed during constant flow boundaries in both, the experi-
ments and the simulation results that the precipitates tend to grow towards the upstream side,
where the supply of reactants is higher than on the downstream side of the precipitate. The
exact pore geometry determines flow in porous media, thus resulting in locally varying ve-
locities. In our simplified geometry, consisting of four pore bodies connected by pore throats,
velocities are higher in the throats compared to the bodies. We noted that the lower velocity
in the pore bodies led to a less pronounced growth towards the upstream direction compared
to crystals within the throats. We concluded that the interplay between the advective transport
around the individual aggregates and the diffusion towards the surface of existing precipitates
governs the growth of the precipitates. Moreover, we found a correlation between the growth
rate and the magnitude of the flow velocities. At high velocities, the growth is faster, leading
to increased growth in the pore throats and towards the center of the cell.

In brief, we identified mechanisms in the EICP-related growth of precipitates within this
combined experimental and numerical approach. This work contributes to a better under-
standing of the processes on the pore-scale, and we demonstrated that locally varying flow
velocities, not resolved on the REV-scale, affect the precipitation behavior.

Contribution 3: Spatio-temporal distribution of precipitates and mineral phase

transition during biomineralization affect porosity-permeability relationships

Calcium carbonate precipitation is a complex combination of nucleation, crystal growth, and
polymorphic transformations. Depending on the inflow conditions and the initial pore struc-
ture, we expect, besides the mineral phase transition also, variations in the spatial distribution
of the precipitates. Mineral phase transition and varying spatial distributions of precipitates
can affect the hydraulic responses or, in terms of the REV-scale parameters, the permeabil-
ity. However, it is the pore-scale where we need to investigate these phenomena to con-
clude on REV-scale properties. The third contribution [Weinhardt et al., 2022a] builds on
the first contribution. We used the existing datasets and employed the established workflow
to perform further experiments with a more realistic pore structure. The third contribution
comprehends the analysis of microfluidic experiments using two different pore structures,
a simple quasi-1D-structure and a more complex quasi-2D-structure and two different in-
jection strategies, a constant and a step-wise reduced inflow condition. We were able to
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identify relevant mechanisms during the EICP-treatment and drew meaningful conclusions
about porosity-permeability relationships.

In the quasi-1D-structure, consisting of linearly aligned pore bodies connected by pore
throats, the change of permeability is dominated by the location of the precipitates rather than
by the overall porosity reduction. Consequently, when trying to match porosity-permeability
data to a power-law relationship, the exponents are very high (30-100) and difficult to deter-
mine reliably. In contrast, for the quasi-2D-structure this local effect of a single pore-throat
clogging seems to have less pronounced effects on the overall permeability, which results in
smoother relationships and smaller exponents when fitted to a power-law (3-7). Furthermore,
at the beginning of the precipitation process, mainly small irregularly shaped precipitates
(hypothesized as ACC) formed and are likely to be transported with the flow. They tempo-
rally clog pathways resulting in a high permeability reduction at early times and power-law
exponents of around 10. In later stages, ACC seems to transform to vaterite or calcite. Con-
sequently, the resulting slope of the porosity-permeability relationship reduces, leading to
fitted exponents of the power-law between 3 and 5. Interestingly, preferential flow paths
can form and appear to persist under continuous flow conditions, while step-wise decreased
flow boundary conditions can mitigate this effect. However, preferential flow paths result in
a heterogeneous precipitation pattern identified on the pore-scale, leading to difficulties for
the correct definition of an REV. In this case, dual-porosity concepts could be justified when
modeling on the REV-scale.

To sum up, in this contribution, we identified that the initial pore structure, the imposed
boundary condition, and mineral phase transition could affect the spatial and temporal dis-
tribution of the precipitates, which can lead to difficulties describing their effects on the
REV-scale by porosity-permeability relationships.
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Outlook

This chapter presents the main conclusions of this work and consequently the limitations of
our methods. Finally, possible perspectives for future investigations are presented.

Conclusions

This dissertation addresses the current gap of knowledge regarding the hydraulic effects of
pore space alterations during biomineralization in porous media. We enhanced the process
understanding of EICP treatment by identifying important pore-scale characteristics focusing
on REV-scale porosity-permeability relationships. Here, we want to emphasize the evolution
and persistence of preferential flow paths and their relevance for the permeability evolution
during EICP treatment. As presented in Weinhardt et al. [2022a], the applied boundary con-
ditions seem to play a crucial role in the development of preferential flow paths. Such paths
directly impact the permeability and its temporal evolution, which, based on our observations,
are also related to the polymorphous nature of calcium carbonate. Amorphous calcium car-
bonate (ACC) has been reported to be a precursor during calcium carbonate precipitation and
will eventually, as time passes, be transformed into more stable crystalline phases like vaterite
or calcite. Particularly in the early stages of the precipitation process, we observed mainly
small, irregularly shaped precipitates, which were likely to be transported with the flow. We
assume them to be ACC implying that they have a lower density than vaterite and calcite. The
transport of these precipitates may lead to temporary clogging of pathways and, depending on
the boundary condition, may lead to the evolution of preferential flow paths. Our presented
work concludes that a boundary-dependent evolution of preferential flow paths concomitant
with polymorphous transformations can influence the REV-scale porosity-permeability re-
lationships during EICP treatment. From a modeler’s perspective, this may raise concerns
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regarding the applicability of conventional porosity-permeability relationships, above all, the
simple power-law relationship. According to Hommel et al. [2018], power-law relationships
are a default first choice in REV-scale modeling approaches and more complex laws are
only justified where detailed process knowledge is available. Therefore, the question arises,
whether or not our results provide the necessary detailed process knowledge to justify and
derive more complex approaches.

The answer to that question is Yes and No: First, the time-dependence and the resulting
heterogeneous precipitation pattern as a function of the boundary conditions complicate the
derivation of representative porosity-permeability relationships. One possible way to incor-
porate the evolution of preferential flow paths in REV-scale descriptions would imply the use
of dual-porosity approaches, as exemplary demonstrated in [Weinhardt et al., 2022a]. How-
ever, at the current state of research, we cannot claim that we will be capable of deriving
definite concepts with the presented approach since it is not yet clear to what extent the pref-
erential flow paths are attributed to the inherent bias of the quasi-2D setup. Clarifying that
would require additional experiments with higher spatial complexities, for example, in larger,
more realistic porous media, like sand or glass bead columns. These limitations regarding the
microfluidic experiments and their applicability to realistic field applications are discussed
more comprehensively in the following.

Limitations

As presented in this work, with microfluidics and their numerical interpretation we could
draw essential conclusions on the relevant mechanisms. However, microfluidics as we em-
ployed it might raise concerns regarding the applicability of the findings to real engineering
applications. The artificially created porous media have two essential differences compared
to realistic porous media, thus implicitly causing limitations. The most significant differ-
ences are related to the surface properties (glass/PDMS vs. natural rocks or soils) and the
reduced hydrodynamic complexity (quasi-2D vs. actual 3D). These limitations are discussed
in the following.

Surface Properties:

Microfluidics generally requires transparent flow cells to visualize the experiments with op-
tical microscopy, which is why microfluidic cells made of glass or PDMS are by now preva-
lent. The artificially created microfluidic cells usually consist of one type of material with
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homogeneous surface properties. On the one hand, this is an essential feature of microfluidic
investigations since it generally allows for systematic studies under well-controlled condi-
tions without being heavily influenced by uncontrolled and unknown local variations. On the
other hand, the surface properties of natural porous media may differ from artificially created
porous media and might likely be rather heterogeneous.

Hydrodynamic complexity:

The other substantial difference between the artificially created and natural porous media
is the hydrodynamic complexity governed by the pore geometry. Again, for visualization
purposes, the quasi-2D artificially created porous media in microfluidics are optimal but rep-
resent a simplified system compared to actual natural porous media. Even though we com-
pared pore structures of different complexities in the third contribution, the bias caused by
the bottom and top surface of the micromodels remains, regardless of the actual complexity
of the internal design. The additional surfaces of the bottom and top layer of the micro-
model potentially provide additional nucleation sites where precipitates can start growing,
leading to a typical and unavoidable artifact in microfluidics regarding precipitation experi-
ments. Moreover, the bottom and top surfaces of the microfluidic cells restrict the flow to a
quasi-2D geometry and introduce additional resistance to the flow. In pore-scale modeling,
the additional friction can be accounted for by introducing an additional drag term. However,
natural porous media usually show a more complex pore morphology due to their additional
dimension. Especially with regards to deriving porosity-permeability relationships, these, up
to now, unavoidable differences between natural and artificial porous media need to be con-
sidered when concluding from microfluidic experiments to actual applications in the field.

In summary, on the one hand, we are convinced that the increased complexity of a realistic
porous medium concerning hydrodynamic effects and varying surface properties will qualita-
tively not lead to fundamental differences. Therefore, from the perspective of a fundamental
process understanding, we identified and quantified relevant mechanisms that are also rel-
evant to consider in realistic porous media. However, on the other hand, we cannot claim
that we will be capable of deriving functional and all-encompassing porosity-permeability
relationships with microfluidic investigations. It is even questionable if such a ”magical for-
mula” actually exists since local pore space alteration may depend on various factors which
are hard to quantify and control. However, to deliver process understanding and to better ex-
plain observations in the field, with this elaborated workflow, we have been and will be able
to shed light onto processes on the pore-scale leading to variations of average quantities in
macroscopic considerations. Therefore, this work builds the basis for further investigations
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to better understand the relevant mechanisms regarding porosity and permeability alterations
by induced calcium carbonate precipitation.

Outlook

Potential perspectives include further pore-scale simulations based on the comprehensive
datasets generated during this work, the extension of the established workflow with addi-
tional experimental techniques, and more complex pore structures using microfluidic chips
(quasi-2D) or column (3D) experiments. Moreover, extending the work from EICP to MICP
experiments can be an exciting perspective for future work since, in contrast to EICP, MICP
additionally involves bacterial activity during the experiments.

Pore-scale simulations based on the provided datasets:

The central part of this work are the microfluidic experiments and their interpretations. Be-
sides the presented scientific articles, the comprehensive experimental datasets which were
published and well documented in DaRUS, the data repository of the University of Stuttgart,
are essential contributions to the scientific community [Weinhardt et al., 2021b, 2022b, Vahid
Dastjerdi et al., 2021]. In von Wolff et al. [2021], we showed the enormous benefit of com-
bining experimental and numerical investigations, as described in the previous chapter. Since
Weinhardt et al. [2022a] was a purely experimental study, additional numerical analysis based
on the published datasets could provide new insights. Different modeling approaches could
be compared and validated with the experimental datasets. The dataset [Weinhardt et al.,
2022b] allows for studying various pore space configurations by providing time-resolved op-
tical microscopy images along with differential pressure measurements during an evolving
pore morphology. In addition, the processed images, which can directly be used to generate
suitable computational grids for different simulation approaches, are given in the dataset. On
the one hand, relatively simple steady-state approaches of single-phase flow could be em-
ployed to calculate the velocity distribution inside the pore structure, similar to what we did
in Wagner et al. [2021] for one homogeneous geometry. A promising approach to efficiently
simulating microfluidic experiments is the pseudo-3D approach, described in Section 2.2.2,
which accounts for the friction caused by the bottom and top of the cell by implementing an
additional drag term dependent on the aperture. This approach could be compared to fully 3D
resolved Stokes simulations concerning the accuracy and computational effort for the case
that the apertures in the domain vary locally depending on the volume of the precipitates.
On the other hand, more complex approaches, like reactive transport models that allow for
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a changing pore morphology, can be applied analogously to what we did in von Wolff et al.
[2021]. Due to the larger domain, this would require highly efficient and parallelized solution
strategies to be capable of modeling the entire domain.

Extensions of the experimental methods:

A reasonable extension to the presented workflow could be using micro particle image ve-
locimetry (micro PIV) to resolve the local velocity field inside the pore structure. Although
this seems to be a promising technique, especially when comparing experimental results to
numerical pore-scale simulations, this method comes with an inherent challenge for applying
it to EICP or MICP experiments. It requires injecting fluorescent particles into the micro-
model. These particles could act as nucleation sites or could attach to existing precipitates and
therefore introduce bias to the system. Furthermore, calcite’s autofluorescent nature could
also interfere with the micro PIV measurements. On the contrary, one could take advantage
of the fluorescent signal of calcite to differentiate it from other, non-fluorescent polymorphs,
like ACC. Regarding the differentiation and identification of the various polymorphs, one
could additionally apply Raman spectroscopy to differentiate them.

More complex pore structures and surface properties:

As discussed earlier, the artificially created porous media we used are quasi-2D media with
relatively homogeneous pore structures and surface properties. This limited hydrodynamic
complexity and the homogenous surface of the microfluidic cells can be seen as a weak
point concerning the comparability to realistic porous media. However, the surface of PDMS
for instance can be modified (see Section 2.5). Also, the placing of sand particles into a
microfluidic cell has been lately tested [Xiao et al., 2022]. Incorporating these innovative
techniques into the existing workflow would allow studying the influence of different and
locally varying surface properties on biomineralization in porous media. Furthermore, the
system’s hydrodynamic complexity could be increased by designing and employing different
pore structures such as fractured porous media. Fractured porous media could be exciting
to study, especially with the background of applying EICP or MICP for leakage remediation
since preferential flow paths, in the form of fractures would very likely already exist. The
imposed boundary conditions could then be evaluated regarding their optimization to seal
fractures. For studying the sealing of fractures in cases where the interaction between the
fractures and the porous medium does not play a significant role, the quasi-2D nature of the
microfluidic cells is ideal. However, in other cases regarding biomineralization in porous
media, the bias due to the top and bottom surfaces remains. To overcome the bias of the
micromodels, we would need to change from quasi-2D to actual 3D samples. As a first step,
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sintered glass beads columns seem to be promising. Sintered glass beads can ensure a rigid
solid matrix that will not change during the precipitation. This allows for systematic analysis
when performing time-resolved tomographic imaging techniques, like nuclear magnetic res-
onance or micro XRCT measurements. Another step towards realistic porous media could
potentially be the use of sand columns or sandstone cores with either homogeneous or het-
erogeneous characteristics, possibly with fractures. These options would add complexity to
the system and be closer to real applications. However, we have to be aware that the addi-
tional complexity of the experiments inherently limits the precision and reproducibility of
data acquisition and complicates the interpretations of the obtained data. Therefore, in our
opinion, more complex column experiments do not replace microfluidic experiments, as we
have employed them, but complement them.

MICP experiments:

This work focused on EICP, and we extracted the urease enzyme from Jack Bean meal prior
to the microfluidic experiments. In contrast, MICP also includes bacterial activity during
the treatment, leading to potential differences, as bacteria could serve as additional nucle-
ation sites during the calcium carbonate precipitation. The established experimental work-
flow could also be employed to study MICP. With that, potential differences between these
techniques could be identified. This opens the door for understanding similarities as well as
describing effects of MICP and EICP on the pore-scale geometry and on upscaled REV-scale
parameters.
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1. Introduction
Induced calcite precipitation is an engineering option which can be employed for a targeted sealing of flow 
paths in the subsurface as it might be necessary in geological gas storage in the presence of conductive faults 
(Ebigbo et al., 2010; Hommel et al., 2013; Phillips, Gerlach, et al., 2013; Phillips, Lauchnor, et al., 2013), for 
creating barriers for groundwater and containment of subsurface contamination (Cuthbert et al., 2013), and 
for soil stabilization and improvement of the mechanical soil properties (Hamdan & Kavazanjian, 2016; van 
Paassen et al., 2010; Wiffin et al., 2007). There are different techniques to achieve targeted calcite precipita-
tion at a desired location. One of them is referred to as enzymatically induced calcite precipitation (EICP). 
Basically, EICP as we employ it here, relies on the dissociation of urea into carbon dioxide and ammonium 
catalyzed by the enzyme urease, which is extracted from jack-bean meal (JBM). In circumneutral environ-
ments regarding the pH value, ammonium ( 

4NH ) and bicarbonate are the dominant products of hydrolysis, 
see Equation 1 (Mitchell et al., 2019). However, carbon dioxide in aqueous solutions occurs as carbonic acid 

(H2CO3), bicarbonate ( 
3HCO ), or carbonate ( 2

3CO ), depending on the pH value. Since ammonia acts as a 
weak base by taking up a proton and producing hydroxide, it increases the pH value and shifts the equilibri-
um toward carbonate ions. The additional presence of calcium ions, in our case provided by adding calcium 
chloride, forces calcium carbonate to precipitate. According to van Paassen (2009), the release of a proton 
(H+) during the calcium carbonate precipitation buffers the production of hydroxide during the hydrolysis, 
see Equation 2. On the pore scale, precipitated calcium carbonate leads to changes in pore morphology, 
and on a larger scale, after averaging, this corresponds to changes in the effective quantities porosity and 
permeability,

Abstract Enzymatically induced calcite precipitation (EICP) in porous media can be used as an 
engineering option to achieve precipitation in the pore space, for example, aiming at a targeted sealing of 
existing flow paths. This is accomplished through a porosity and consequent permeability alteration. A 
major source of uncertainty in modeling EICP is in the quantitative description of permeability alteration 
due to precipitation. This report presents methods for investigating experimentally the time-resolved 
effects of growing precipitates on porosity and permeability on the pore scale, in a poly-di-methyl-siloxane 
microfluidic flow cell. These methods include the design and production of the microfluidic cells, the 
preparation and usage of the chemical solutions, the injection strategy, and the monitoring of pressure 
drops for given fluxes for the determination of permeability. EICP imaging methods are explained, 
including optical microscopy and X-ray microcomputed tomography (XRCT), and the corresponding 
image processing and analysis. We present and discuss a new experimental procedure using a microfluidic 
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by combining both light microscopy and XRCT with hydraulic measurements in microfluidic chips. This 
allows for a quantitative analysis of the evolution of precipitates with respect to their size and shape, 
while monitoring their influence on permeability. We consider this to be an improvement of the existing 
methods in the literature regarding the interpretation of recorded data (pressure, flux, and visualization) 
during pore morphology alteration.
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In contrast to EICP, the technology of microbially induced calcite precipitation (MICP) relies on microbes 
expressing the enzyme urease. While the basic mechanism of precipitating carbonates altering the pore 
morphology is similar as in EICP, the MICP technology is more complex in application; and in particular, 
the impacts on porous-media properties are even more challenging to model. MICP involves the growth of 
bacteria and biofilms that have also an influence on the evolving pore space, however not the same as the 
precipitated calcite. Biofilm is a soft matter and to some extent flexible to adapt to variable shear stress at 
variable flow velocity. In contrast, precipitated carbonates tend to be more rigid solids.

Recent models developed for MICP have focused on the reaction part and its kinetics (Bachmeier et al., 2012; 
Ebigbo et al., 2010; Hommel et al., 2015), while it is acknowledged that kinetics are often strongly coupled 
to hydraulic processes (Ebigbo et al., 2012; Hommel et al., 2016). It has been shown that MICP models can 
be successfully applied to field-scale application (Cunningham et al., 2019; Minto et al., 2019), although it is 
highly challenging to validate such models with appropriate and relevant experiments.

In this study, we aim at elaborating on the much-needed experimental evidence for a deeper understanding 
of the processes at the pore scale that alter pore morphology and eventually change effective parameters 
porosity and permeability. We envision to determine more thorough process-related knowledge on po-
rosity–permeability relations regarding EICP and MICP. We acknowledge that the Darcy scale (or REV 
scale), see for example, the respective definitions in Hommel et al. (2018), is the appropriate scale to model 
field-scale applications of MICP or EICP, where computational demands can become a limiting factor. 
However, it is the pore scale where the morphological changes occur and from where we, consequently, 
need to derive new insights. Therefore, we use microfluidics for analyzing EICP processes in the details of 
our interest.

Precipitation processes in microfluidic devices have been studied in the past with various objectives. In 
the work of Zhang et al. (2010), mixing-induced carbonate precipitation was investigated in a microfluidic 
cell made out of Pyrex glass and silicon with the dimensions of 2 cm × 1 cm. The process was observed 
by optical microscopy with a resolution of 1.62 and 0.65 μm/pixel. Yoon et al. (2012) performed pore-scale 
simulations based on these experiments. Wang et al. (2019) studied MICP in a microfluidic chip made out 
of poly-di-methyl-siloxane (PDMS) with the dimension of 1.5 cm × 1.5 cm, fabricated very similar com-
pared to the one that is used here. With a very high resolution of 0.65 μm/pixel, they were able to observe 
bacteria, as well as to capture qualitatively the shape of single crystals. In contrast, the experiments of 
Kim et al. (2020) were performed on a larger scale, observing the whole microfluidic chip over time with 
a resolution of 6.5 μm/pixel, during sequential injections of reactive solutions for EICP. The microfluidic 
chip was made out of glass and had the dimensions of 2.1 × 1.3 cm. Based on image processing, statistical 
analysis of the precipitates, more precisely the size distribution over time, was conducted and compared to 
a simplified kinetic model.

As already mentioned above, it is very important to get reliable quantitative information on the change of 
pore volume, that is, porosity on the Darcy scale, and on the alteration of pore morphology. Optical micros-
copy and image processing can provide mainly 2D information with limited details in the through-plane 
direction. As a complement to optical microscopy, we used X-ray microcomputed tomography (XRCT) to 
acquire information also in the through-plane direction, with our primary focus being on the change in the 
hydraulic parameters, like permeability, due to the growth of precipitates. Therefore, it is necessary to be 
able to monitor the induced pressure drop across the flow network reliably, under various boundary-flow 
conditions. The experiments presented here combine the visual observation of crystal nucleation and 
growth over time with reliable pressure measurements under continuous flow conditions. We use XRCT 
analysis of the shape of the crystals in order to be able to correlate 2D images with 3D structures of the 
precipitated carbonates in an effective way. This new experimental approach that we present here will allow 
for more comprehensive studies on EICP, and perspectively also on MICP, and its particularly complex 
porosity–permeability relations.
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Furthermore, the results presented here can serve as a database for a comparison study of reactive transport 
simulations on the pore scale, including calcite precipitation.

Below, we introduce the materials and methods that are used, developed, and applied. This includes the 
production of the microfluidic cells by soft lithography, the experimental procedures for the EICP studies, as 
well as the imaging techniques. Subsequently, we present exemplary results on permeability determination 
from experiments and evaluate the imaging techniques. The discussion of the results puts a focus on the de-
velopment of methods and on a workflow that is adapted to the EICP application. Still, we are able to draw 
important conclusions for further studies toward a better understanding of porosity–permeability relations 
in porous media affected by EICP or MICP.

2. Materials and Methods
The set-up and the workflow of the microfluidic experiment, including the preparation of the chemical 
solutions, are described in detail below. Subsequently, the two imaging methods, optical microscopy and 
XRCT scanning, are described and the corresponding postprocessing of the images is explained.

2.1. Microfluidic Experiments

In the scope of this work, three experiments were conducted, in the following referred to as Experiments 
1–3. For each experiment, one microfluidic cell was produced, based on the same design. Essentially, they 
are three repetitions of identical experimental conditions, except for Experiment 2, which was cut short 
since clogging occurred during the precipitation. The set-up, experimental procedure, and image processing 
are explained in the following.

The microfluidic cells were produced by following the regular workflow of soft lithography (Karadimitriou 
et al., 2013; Xia & Whitesides, 1998). The designs of the pore-network geometry were generated with Auto-
CAD© and subsequently printed on an A4 transparency, with the pore space being transparent and the solid 
space being opaque. Such a transparency is commonly called a mask. These masks are employed in optical 
lithography with the use of SU8-2100 photoresist to produce photoresist spin-coated silicon wafers. After 
having followed the regular steps of photolithography, the photoresist features sticking out of the wafer had 
a height of 85 μm. These wafers were used in the production process of the actual microfluidic cells out of 
PDMS. A mixture of Dow Corning SYLGARD© 184 Silicone Elastomer base and the curing agent, at a mix-
ing ratio of 10:1, is poured into a petri dish with a wafer, so as to create the PDMS slab with the features of 
the flow network. An equal quantity of the mixture is also poured into another petri dish without a wafer, to 
create a blank slab which is used as the sealing one. After degassing and subsequent curing for 2 h at 68°C, 
the resulting PDMS slabs are carefully removed from the wafer and the petri dish. Holes (ø1.5 mm) for the 
inlet and outlet tubes are punched and the PDMS slabs are diced to fit the size of a standard glass slide for 
microscopy (26 mm × 76 mm). The bonding of the two PDMS slabs together and subsequently on a glass 
slide is done with the corona treatment described in Haubert et al. (2006). After another 24 h, the bonding 
is complete and the microfluidic cells are ready to be used in the experiments.

The reactive solutions were prepared as follows: Solution 1 contained 1 g urea with a molar mass of 60.06 
g

mol  and 2.45 g calcium chloride dihydrate with a molar mass of 147 
g

mol  mixed in 50 mL deionized water. 

The mass concentrations correspond to an equimolar concentration of 1/3 mol
L

. Both chemicals were pro-

vided by MERCK©. For Solution 2, the enzyme urease is extracted from JBM provided by Sigma Aldrich©. 
JBM (0.25 g) together with 50 mL deionized water are stirred at a constant temperature of 8°C. After 17 h 
of stirring, the solution is vacuum filtered twice with a 0.45 μm cellulose membrane to remove any JBM 
particles remaining. The concentrations we used to prepare the reactive solutions are based on similar 
investigations on EICP, like in the work of Kim et al. (2020) and Feder et al. (2020). From preliminary batch 
experiments, we know that right after mixing equal volumes of Solutions 1 and 2 the resulting pH value is 
around 7.
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The design of the microfluidic cell and its geometrical parameters are shown in Figure 1. The pore throats 
have a size of 125 μm and the pore bodies a diameter of 500 μm. This is comparable to the geometric features 
of previous studies, like in Wang et al. (2019) or Kim et al. (2020) where the size of the pore throats range 
from below 50 to 140 μm. The inlet at the bottom left is connected with two 2.5 mL glass syringes (S1, S2) 
guided by two, one for each, midpressure pumps CETONI neMESYS 100 N which generate the flow. The 
interface between the syringe pumps and a computer for the control of the whole process is a base module, 
CETONI BASE 120. The software QMixElements is used to operate the experiment via predefined scripts. 
The tubes, connecting the microfluidic cell with the syringes and the pressure sensors, have an inner diam-
eter of 0.5 mm and an outer diameter of 1.59 mm (1/16 in.) and are made of Teflon (poly-tetra-fluoro-eth-
ylene). The outlet is connected to a reservoir with a constant water table of 10 cm above the microfluidic 
cell. This induces a back-pressure in order to reduce the risk of bubble formation during the experiment. 
Air bubbles can lead to difficulties in image postprocessing, as shown in the work of Kim et al. (2020), and 
are likely to disturb the pressure measurements. The tubes for the outlet have an inner diameter of 0.75 mm 
to avoid clogging. P1 and P2 indicate the location of the Elveflow MPS0 pressure sensors with a range of 
70 mbar. The analog voltage signals of the pressure sensors are acquired and digitized with 16 bit using the 
CETONI I/O module at a rate of 1 Hz. By design, the inlet and outlet geometry was chosen to be bigger, so 
that they would not strongly affect the evolution of events inside the pore structure.

The pressure sensors are connected in parallel to the inlet and outlet channels, making sure that the 
pressure measurements are always taken under no flow (static) conditions. The inlet channels are large 
enough to be hydraulically connected to the pressure sensor during the whole precipitation process. 
Thus, it is possible to measure the pressure drop of the domain of interest (top right in Figure 1) without 
being compromised by precipitates in the inlet and outlet channels of the microfluidic cell. The porous 
domain in this work is defined as shown in Figure 1 on the right. Note that permeability in this work is 
defined arbitrarily (with assumptions for the dimensions used in Darcy’s law), since the objective of this 
work is to measure relative effects, and the value for permeability is only used a normalization factor. 
The domain is a cuboid with dimensions Dpore × H × Ldomain. Under the same concept, we only refer to 
porosity as “normalized porosity” due to the increased degrees of freedom in the selection of a reference 
domain.

Each experiment can be subdivided into three stages: (a) initial permeability measurement, (b) continuous 
injection of reactive solution, and (c) final permeability measurement, with the ambient temperature being 
23°C.

In the beginning of the experiment, the permeability is estimated by applying different flow rates (0.01–1.5 
L
s

) with deionized water only, and by measuring the pressure difference Δp = p2 − p1. Based on these 

measurements, the initial permeability of the porous domain can then be determined using Darcy’s law 

WEINHARDT ET AL.

10.1029/2020WR029361

4 of 11

Figure 1. Left: sketch of the microfluidic set-up including the porous domain (black); the inlet, outlet, and pressure 
channels (gray); the tubes (blue) connected to the syringe pumps (S1 and S2) and to the pressure sensors (P1 and P2); the 
flux is indicated with blue arrows. Right: porous domain and its dimensions.
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(Stage a). Afterward, the microfluidic cell is flushed with both reactant solutions at a high flow rate of 0.25 
L
s

 for 5 min. Urea–calcium-chloride solution is introduced from S1 and urease solution from S2, in order 

to fully saturate the microfluidic cell with the reactive solution. Consequently, the continuous injection of 

reactive solution starts: a constant flow rate of 0.01 
L
s

 for each syringe is applied for up to 5 h, resulting 

in a total flow of 0.02 
L
s

 and a forced mixing of the reactants in the inlet tube right before entering the 

microfluidic cell (Stage b). During this stage, precipitation is taking place and the pressure is continuously 
monitored at the inlet and outlet of the microfluidic cell in order to quantify the hydraulic effects of the pore 
space alterations. The flow rate was chosen to ensure creeping flow conditions (Re < 1). The characteristic 
length, in the calculation of the Reynold’s number, in this case is the height of cell H, since it is the smallest 

feature in the cell which makes it the dominant dimension. After precipitation, the system is flushed with 

deionized water at a constant flow rate of 0.02 
L
s

 for 20 min. Finally, another permeability estimation is 

conducted by applying flow rates from 0.005 to 0.03 
L
s

 with water only, while measuring the induced pres-
sure difference Δp = p2 − p1 (Stage c).

2.2. Imaging

During the experiments, the processes were observed using optical microscopy, and after the experiment the 
microfluidic cells underwent an XRCT scan with all the precipitates in place. The set-up and the subsequent 
image processing of these methods are described in detail in the following.

2.2.1. Optical Microscopy

The transparent nature of PDMS allows for the direct, real-time visualization of the processes taking place 
in the pore space by using transmitted light microscopy. For this purpose, a custom-made microscope has 
been developed, which is able to visualize samples with a resolution of 0.5–20 μm per camera pixel. In the 
Supporting Information, a sketch with all components is given. An extended version of this optical set-up 
can be found in Karadimitriou et al. (2012).

In order to analyze the images obtained from optical microscopy with respect to the porosity change and the 
crystal growth, the gray-scale images were processed with the software Matlab R2019b© (The Mathworks, 
Inc.) using a procedure briefly described in the following and illustrated in Figure S3. As a first step, a 
mask was created that defines the porous domain based on the initial image without any precipitates. This 
includes filtering, geometrical and morphological operations, and binarization methods. When comparing 
images at different time steps while precipitation is still taking place, it is important that they are geomet-
rically aligned. Even though the set-up, including the stage and the camera, is fixed, small changes of the 
position can occur. To overcome this issue, all subsequent images are registered to the initial image, before 
applying the above-mentioned methods to them. In the resulting binarized images, individual crystal aggre-
gates can be identified and the size of their 2D projection can be derived.

2.2.2. X-Ray Microcomputed Tomography

After the EICP experiment, the microfluidic cells were further investigated by means of XRCT imaging. The 
scan was performed in an open and modular XRCT device. More details about the set-up can be found in 
the work of Ruf and Steeb (2020) or in the supporting information. The microfluidic cell domain was cut 

out from the total 3D-scanned volume. With the resolution of 4.25 
m
px , the size of the XRCT-imaged area 

(after alignment) is 2,100 × 519 × 20 voxels in length, width, and depth of the porous domain, respectively. 
This corresponds to a domain volume of approximately 89 × 22 × 0.085 mm.

XRCT scanning was carried out for all three experiments. However, due to the vast amount of a second 
phase observed around the precipitates after the experiments and before the scans, which will be explained 
in Section 3.3, only the XRCT data set of Experiment 3 was further postprocessed.
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Image processing was performed again by using Matlab R2019b© (The Mathworks, Inc.). The raw images 
were imported to Matlab as a 3D data set. For facilitating the comparison with the 2D information, the im-
ages were transformed to achieve a 3D data set, in which the porous domain is aligned as it is in the micros-
copy images. Afterward, the images were filtered with a 3D median filter and segmented. Two methods, (i) 
of maximum entropy and (ii) Otsu (1979) thresholding, were applied to segment the images into four differ-
ent phases, including the PDMS, the pore space, the calcium carbonate precipitates, and a liquid-resembling 
phase surrounding some of the crystals. The particles smaller than 10 voxels, which are mostly noise, were 
removed from the 3D precipitates. The remaining connected components, referred to as crystals, were then 
investigated. A more detailed description of the image processing can be found in supporting information.

3. Evaluation of the Methods
We evaluate and discuss here the methods described in the previous sections by means of the three exper-
iments. At first, we describe the estimation of the permeability by evaluating the pressure measurements 
in comparison to the applied boundary-flow conditions. Subsequently, the potential of combining optical 
microscopy and XRCT scanning is pointed out.

3.1. Determination of Permeability

The permeability of the cell was determined (i) free from precipitates and (ii) with precipitates. It was es-
timated by applying various boundary-flow rates of deionized water while measuring the corresponding 
pressure drop (Stages a and c). By rearranging Darcy’s law and using the slope of the negative pressure drop 
over the flow rate spq, the intrinsic permeability k can then be calculated as


 ,domain

pq

L
k

As (3)

with A being the cross-sectional area (H × Dpore) and Ldomain the length of the domain as defined in Figure 1. 
For example, Figure 2 displays the measured negative pressure drop over the flow rate for Experiment 1. 
The applied flow rates in the case of the clean cells (before precipitation) show a wider range (up to 1.5 
L
s

) in order to overcome the relatively larger error for small pressure drops. In the case of the cells with 

precipitates, the permeability is expected to be significantly reduced, thus inducing higher pressure drops 
for the same boundary-flow conditions. This allowed us to employ lower flow rates in our effort to avoid 
detachment of the precipitates due to increased shear stresses, while still being able to measure the corre-
sponding pressures in a reliable way.

The boundary pressure is monitored continuously during the entire injection and precipitation period (Stage 
b). Under the reasonable assumption that the fluid viscosity remains constant throughout the duration of 
the experiment, the normalized permeability is the reciprocal of the normalized pressure drop (k/k0 = Δp0/
Δp), while the subscript “0” corresponding to the initial state of the system, before any precipitation.

For both Experiments 1 and 3, the permeability reductions obtained from the subsequent permeability 
measurement (Stage c) were slightly higher compared to the last measurement during the continuous in-
jection. We think the reason for this is the following. The solution with reactants in the inlet tube has to be 
flushed through the microfluidic cell before being able to continue with injecting water at different flow 
rates. This may result in further ongoing precipitation. Besides that, the injection of water could potentially 
mobilize small precipitates which are subsequently trapped at locations further downstream, as also report-
ed in Mountassir et al. (2014). Since the microfluidic cell from Experiment 2 was apparently clogged, the 
subsequent permeability measurement could not be performed. However, since we determine the initial 
and final permeability by injection of water at different flow rates, we are confident that this allows for 
verifying the continuous pressure measurement during the precipitation phase. This experimental protocol 
demonstrates that the continuous pressure-monitoring strategy as explained here allows for reliable deter-
mination of permeability reductions of up to 3 orders of magnitude. Figure 2 shows the negative pressure 
drop of Experiments 1–3 during the precipitation process (Stage b) and, additionally, the permeability esti-
mation of the initial and final states is given exemplarily for Experiment 1 (Stages a and c).
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3.2. Evolution Over Time as Derived From Optical Microscopy

The main advantage of using optical microscopy in this experimental procedure is the time-resolved visual 
observation of the precipitation process synchronized with continuous pressure measurements. This ena-
bles us to observe the nucleation and growth of the precipitates as well as their detachment and reattach-
ment (if occurring) during the continuous injection of the reactant solutions. An exemplary detachment–
reattachment process is shown in Figure S6.

After processing the images following the procedure in Section 2.2, the porosity change can be estimated, 
which is, in fact, essential for investigating porosity–permeability relations. Figure 3 shows the 2D porosity 
over time, normalized to its initial value. Experiments 1 and 2 show a similar trend of the reduction of the 
porosity over time, while in Experiment 3 the apparent decrease in pore volume is slower. Figure 3 shows 
that there are obviously less nuclei in the porous domain of Experiment 3. This lack of nucleation sites 
leads to a smaller decrease of the apparent 2D porosity over time. The nuclei seem to be spread randomly 
throughout the domain, but they could be influenced by small imperfections of the microfluidic cell itself. 
For example, small impurities of the elastomer base or curing agent, originating from the manufacturing 
process of the microfluidic cells, might cause these imperfections which can then result in a locally in-
creased roughness of the surface. These imperfections can then act as initiation points and are, therefore, a 
preferred location for heterogeneous nucleation.

From 2D microscopy, we can easily observe crystal growth over time. However, the actual volume change in-
cluding the third dimension can only be derived with further assumptions. In the work of Kim et al. (2020), 
the volume of individual crystals is estimated by assuming the shape of the crystals to be either cylindrical 
or semispherical. From the area observed by optical microscopy (A), an equivalent radius (req) is calculated:


 .eq

Ar (4)

The volume of individual crystals is then estimated based on the equivalent radius and the height of the 
microfluidic cell. However, in the work of Kim et al. (2020), the shapes are just hypothetical and have not 
been validated by three-dimensional imaging techniques. Following the same approach, other shapes like 
spherical or spheroidal shapes are potentially possible as well. In order to overcome these uncertainties, an 
additional XRCT scan has been performed in order to resolve the 3D structure of the precipitates.

3.3. 3D Structure of Precipitates Derived From XRCT Scan

In order to examine the shape of the crystal aggregates, the XRCT images are segmented and studied follow-
ing the procedure as described in Section 2.2.2.
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Figure 2. Left: negative pressure drop over flow rate for the cell at initial state and at the final state, after the 
precipitation—exemplary for Experiment 1; the slope spq is used to estimate the permeability based on Equation 3; 
right: negative pressure drop during the precipitation phase of Experiments 1–3.
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One of the advantages of 3D imaging is the information it offers with respect to volume. Thus, the main 
purpose of performing an XRCT in this study is to support and complement the 2D information from optical 
microscopy imaging with the information on spatial extents in the third dimension. This is required for a 
reliable quantitative estimation of the porosity change in the 3D porous domain. For the figures from XRCT 
to be comparable to microscopy, the ideal case would be to preserve the final state of the crystals at the end 
of the experiments as accurately as possible.

After rinsing with deionized water and drying the cell when the experiment was concluded, it was ob-
served that there was a second phase surrounding some of the precipitates. This phase had different X-ray 
attenuation properties, leading to distinctly different intensities of the gray values in the acquired images. 
In view of the fact that this second phase appears to be of unknown composition, we considered it not 
relevant for this work to further define its identity. Hence, in an attempt to be more compatible with the 
microscopy images, this second phase is removed from the XRCT data set. This is explained in more detail 
in the SI.

The investigation, with the focus being mainly on the shape-defining properties of the crystals, equipped 
us with the 3D structure of the crystal aggregates including their volume, surface, and distribution in the 
cell’s depth. Figure 4 shows 2D projection of the microfluidic domain, including the shape of five crystal 
aggregates obtained from the XRCT scan, and demonstrates the opportunity that XRCT offers to determine 
the distribution of the aggregates in the depth of the cell. This information provides clues about the location 
of the nucleation point and to what extent they are attached to the walls of the flow cell as well. This is of 
great importance when studying EICP on the pore scale, since attachment and potential detachment of the 
aggregates strongly influence the process. Since we are able to resolve the 3D structure of the precipitates, 
we can use this to complement the optical imaging, for example, by evaluating different shape assumptions 
as mentioned in Section 3.2.
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Figure 3. Top: processed images from optical microscopy of Experiments 1–3. Black indicates the crystals after 3 h and 
10 min. Gray indicates the further development until the final states for Experiments 1 and 3; bottom left: normalized 
2D porosity over time; right: crystal growth in the first pore of Experiment 2; gray indicates the growth within a period 
of 100 min.
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4. Discussion/Applicability for Further Investigations
As explained in Section 1, we consider this study being in the context of finding specific porosity–permea-
bility relationships for EICP in porous media, and, perspectively, also for MICP where biofilms, additionally 
present in the pore space, render the problem even more complex. As a porous medium, we used flow cells 
made of PDMS, while we are aware of the possibility that the porous material and its surface may have an 
influence on the precipitation process, in particular on the generation of nucleation points due to locally in-
creased roughness, surface charge, etc. This is definitely an aspect that we plan to consider in future studies.

What we have developed and presented above is an experimental strategy that we propose for assessing 
pore-scale alteration observed during EICP in microfluidic cells. We note here that the main achievement of 
this study is the experimental procedure rather than results for the envisioned porosity–permeability rela-
tions. The latter will be shown along with further experimental data and interpretations in a separate study. 
The requirements guiding us in designing the experimental procedure include a reliable determination of 
pore space alteration which can be resolved also in time. In other words, our demand is to assess the when, 
where, and what in the processes taking place regarding EICP with as much quantifiable data as possible. 
The cell design, the measurements, and the imaging techniques can be discussed in this context.

Regarding the design of the cell, we put an emphasis on a strongly simplified porous medium which allows 
for a detailed analysis of the shape of precipitated crystals. We note that this cell design due to its qua-
si-1D structure is probably not the best representative for deriving porosity-permeability relations in porous 
media. But the design is optimal for demonstrating and validating our workflow and, of course, it has to 
be changed and adapted to required complexities in future studies. Another important aspect for the cell 
design is the evaluation of pressure at the desired locations, that is, without being strongly influenced by 
precipitates in the inlet and outlet channels or tubes. With the designed pressure channels, we have found 
a satisfactory solution to this problem.

The continuous pressure measurements during injection and precipitation (Stage b) were necessary for 
the temporal resolution of the process. They were validated by permeability determination via injection of 
deionized water at varying rates, both before the injection (and precipitation) and after its stop. This implies 
a small temporal shift due to the required changes in the set-up, during which precipitation in the cell may 
go on and further change the pore space and the permeability. Yet, we could see that this effect is minor and 
the “validation” of the continuous pressure monitoring can be considered successful.

WEINHARDT ET AL.

10.1029/2020WR029361

9 of 11

Figure 4. 2D projection of the microfluidic cell (top) and 3D structure of five crystal aggregates, obtained from the XRCT scan. XRCT, X-ray microcomputed 
tomography.
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While the pressure information is important for concluding on permeability changes, imaging is the cru-
cial part for the quantification of changes in pore morphology and pore volume. We have applied optical 
microscopy and, as a subsequent 3D characterization technique, XRCT scans. Similar to our approach with 
respect to the measurement of the pressure drop, we have here with the optical microscopy an approach 
of continuous monitoring during the injection and precipitation, while we use XRCT scans to prop up the 
2D information from microscopy. Optical microscopy allows for observing changes of the pore structure 
synchronized with the continuous pressure measurements, but it does not resolve the structure of the pre-
cipitated solids in the third dimension.

We have mentioned that the microscopy images can be usefully complemented with the help of information 
from the XRCT scans. The XRCT scans, though costly and only a posteriori to perform unless maybe at a 
synchrotron tomography beamline, are able to resolve the third dimension. The shapes of the crystals can be 
examined and it enables finding reasonable approximations for volumes derived from 2D projections and, 
consequently, a better quantification of the changes in the pore space due to precipitation. This means that 
throughout our future experiments more value can be attributed to information from cheap and continuous 
optical microscopy. However, the XRCT scans require preparations; the cells need to be flushed, dried, and 
moved to the scanner. Thus, it is likely that there occur some discrepancies between the “final” state of 
the injection/precipitation experiment and scanned state. Time-resolved scanning during the experiment 
would require to apply for beam time in a synchrotron, which implies certain limitations. It is worth not-
ing that the perfect experimental XRCT technique for a microfluidic cell, in which the aspect ratio of the 
depth relative to the other dimensions is small and is considered as flat, would be laminography (Gondrom 
et al., 1999). Nevertheless, we were able to derive beneficial information out of the XRCT set-up as it is 
already available to us.

The experimental procedure we propose in this study can be applied for more realistic designs of the porous 
domain, where flow has more degrees of freedom to bypass clogging, in order to derive realistic porosity–
permeability relations. These relations are crucially important when modeling reactive transport during 
EICP or MICP including precipitation on the REV scale.

The provided data include the segmented XRCT scan, as well as the segmented images of microscopy. Based 
on these data, pore-scale simulations can be validated.

Data Availability Statement
The data sets will be available in the Data Repository of the University of Stuttgart (DaRUS). Two data sets 
are separately published: images of optical microscopy together with the log data, including flow rates and 
pressure measurements, can be found in Weinhardt et al. (2021). The XRCT data set is published in Vahid 
Dastjerdi et al. (2021).
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Abstract
Enzymatically induced calcite precipitation (EICP) is an engineering technology that 
allows for targeted reduction of porosity in a porous medium by precipitation of calcium 
carbonates. This might be employed for reducing permeability in order to seal flow paths or 
for soil stabilization. This study investigates the growth of calcium-carbonate crystals in a 
micro-fluidic EICP setup and relies on experimental results of precipitation observed over 
time and under flow-through conditions in a setup of four pore bodies connected by pore 
throats. A phase-field approach to model the growth of crystal aggregates is presented, and 
the corresponding simulation results are compared to the available experimental observa-
tions. We discuss the model’s capability to reproduce the direction and volume of crystal 
growth. The mechanisms that dominate crystal growth are complex depending on the local 
flow field as well as on concentrations of solutes. We have good agreement between experi-
mental data and model results. In particular, we observe that crystal aggregates prefer to 
grow in upstream flow direction and toward the center of the flow channels, where the vol-
ume growth rate is also higher due to better supply.

Keywords EICP · Micro-fluidics · Phase-field model · Reactive transport · Pore scale 
simulation

1 Introduction

Enzymatically induced calcium carbonate precipitation (EICP) is an engineering technol-
ogy that employs enzymatic activity for altering geochemistry, thus resulting in precipita-
tion of calcium carbonate. This is mostly due to hydrolysis of urea and catalyzed by ure-
ases, which are widespread enzymes in soil bacteria and plants (Kappaun et al. 2018). In 
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this study, we focus on EICP via ureolysis by the enzyme urease extracted from ground 
seeds of the Jack Bean Canavalia ensiformis, which are known for their high urease con-
tent. Urease catalyzes the hydrolysis reaction of urea ( (NH2)2CO ), resulting at typical envi-
ronmental conditions in the products bicarbonate (HCO−

3
) and ammonium (NH+

4 ) , i.e.,

The products of ureolysis, HCO−
3
 and NH+

4  , dissociate depending on pH. In the presence of 
calcium ions ( Ca2+ ), this results in calcium carbonate ( CaCO3 ) precipitation:

This yields the overall reaction

EICP offers an engineering option to precipitate calcium carbonate in situ, and by that to 
alter porous medium parameters such as porosity and permeability as well as the strength 
and stiffness of the porous medium. Hence, EICP can be used similarly to other methods 
of inducing mineral precipitation, such as, e.g., microbially induced calcium carbonate pre-
cipitation (MICP), to seal high-permeable leakage pathways. This has been demonstrated 
for MICP in various studies, (Cunningham et al. 2019; Phillips et al. 2016; Cuthbert et al. 
2013; Phillips et al. 2013,[28]).

Applications for soil stabilization are described in (Whitaker et al. 2018; Mujah et al. 
2017; van Paassen et  al. 2010), for coprecipitation of heavy metals in (Lauchnor et  al. 
2013; Mitchell and Ferris 2005), or for building or monument restoration in (Minto et al. 
2018). EICP itself has already been applied for dust control (Hamdan and Kavazanjian 
2016),[41], soil strengthening (Neupane et  al. 2013), or to modify permeability (Nemati 
and Voordouw 2003).

Successful sealing results from a complex interplay between the transport of chemicals 
and urease, determined by fluid dynamics, the ureolysis as well as the precipitation reaction 
leading to clogging and thus a change in the transport-determining porous medium proper-
ties. Numerical modeling can employ conceptual ideas for these individual processes and 
mechanisms, and account for complex interactions between different processes. As such 
it improves process-understanding, optimizes experimental and field setups, and predicts, 
e.g., the outcome of the application of EICP.

Field-scale applications require a Darcy-scale approach to be able to account for the 
large domain sizes. The Darcy-scale models of EICP or MICP, e.g., (Hommel et  al. 
2020; Minto et al. 2019; Cunningham et al. 2019; Nassar et al. 2018; van Wijngaarden 
et  al. 2016; Hommel et  al. 2018) currently rely on simple parametrizations of the 
effects of precipitation on porous-medium properties, such as permeability. Especially 
for the sealing applications of EICP or MICP, the correct prediction of permeability 
is of outstanding importance. To improve on the simplistic relations currently used to 
describe the change in porous-medium Darcy-scale properties due to EICP or MICP, the 

(1)
(NH2)2CO + 3H2O

urease
���������������������→ NH+

4
+ H2NCOO

− + 2H2O ⟶ 2NH+
4
+ HCO−

3
+ OH−.

(2)NH3 + H+
⇌ NH+

4
,

(3)H2CO3 ⇌ H+ + HCO−
3
⇌ 2H+ + CO2−

3
,

(4)Ca+
2
+ CO2−

3
⇌ CaCO3 ↓.

(5)CO(NH2)2 + 2H2O + Ca+
2
⇌ 2NH+

4
+ CaCO3 ↓.
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pore-scale needs to be considered, as here Darcy-scale properties can be observed and 
described as changes in geometry.

This is experimentally possible due to advances in imaging technologies and their 
use, e.g., (Blunt et  al. 2013; Wildenschild et  al. 2013). From a modeling perspective, 
there are different approaches to the challenge of describing calcite precipitation at the 
pore scale. One can introduce a calcite volume fraction and determine by a threshold 
value whether to allow fluid flow (Yoon et  al. 2012). A different idea is to determine 
the evolving surface of precipitated calcite. Of various suitable methods (Molins et al. 
2020), the most straightforward is to describe the surface as a free boundary problem. In 
such sharp-interface models (van Duijn and Pop 2004), the interface between pore space 
and precipitated calcium carbonate evolves in time and gets characterized by its move-
ment in normal direction. This approach requires a constant remeshing of the pore space 
available for flow, or more sophisticated methods of tracking the boundary, e.g., (Ray 
et al. 2019; Molins et al. 2012).

As an alternative, a diffuse-interface approach can be used. Phase-field models 
employ an additional order parameter to indicate the current phase. This order param-
eter is smoothed out between different phases, leading to a small diffuse transition 
zone. Such models have been previously used to account for both dissolution and pre-
cipitation, e.g., (van Noorden and Eck 2011; Redeker et al. 2016; Bringedal et al. 2020; 
Rohde and von Wolff 2020), as well as MICP without and with electrodiffusion, (Zhang 
and Klapper 2010) and (Zhang and Klapper 2011), respectively. Phase-field models are 
widely used to model interface dynamics, for the related issue of dendritic growth see 
(Takaki 2014) for a review.

In this study, we develop a phase-field model for EICP based on (Bringedal et al. 2020; 
Rohde and von Wolff 2020). For the reactions, we adopt simplifying assumptions of 
a constant ureolysis rate, calculated for the experimental conditions of (Weinhardt et  al. 
2020) based on the ureolysis kinetics of (Hommel et al. 2020). The precipitation process is 
assumed to be an equilibrium reaction, therefore crystal growth will be limited by the dif-
fusion of ions to the crystal interface from the aqueous bulk liquid, which is oversaturated 
due to ureolysis.

Experimental and modeling investigations complement each other. The very small 
dimensions of the experimental setup do not allow for reliable measurements of local con-
centrations. Only minuscule volumes would be available for analysis and the volume of 
the inlet and outlet structures as well as the tubing are much larger than the volume of the 
region of interest.

Using complementary modeling, detailed concentration distributions, crystal growth 
rates and growth directions within the region of interest can be predicted reliably. The dis-
tribution of crystal aggregates and their growth over time is a measure available in both 
the experiment and the numerical simulation, allowing for a validation of the developed 
model by comparison of the model predictions with the experimental data. Note, that the 
developed model does not have any additional calibration parameters; the model estimates 
the calcite oversaturation due to enzymatic ureolysis in the inlet region using the jack bean-
meal (JBM) extract ureolysis kinetics of (Hommel et al. 2020).

In this study, we show that the developed model reproduces the following observations 
of pore-scale experiments:

• Crystal aggregates grow faster on their upstream side than on their downstream side, 
leading to a shift of the center of mass in the upstream direction.

• Crystal aggregates grow faster in places of high flow velocity.
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The study shows that our approach of diffusion-limited crystal growth reproduces the pat-
terns observed in the experiments such as preferential growth toward the higher concentra-
tion gradient on the upstream side or in advection-dominated flow in pore throats. Perspec-
tively, within a multi-scale approach, pore-scale models might inform Darcy-scale models 
what relation to use for predicting the change in Darcy-scale hydraulic properties and how 
to parameterize those relations.

2  Micro‑Fluidic Experiments

2.1  Experimental Setup and Procedure

In this section, the micro-fluidic experiment is briefly described. More detailed informa-
tion about the procedure and the setup can be found in the previous work of (Weinhardt 
et  al. 2020). The micro-fluidic cells were produced by following the standard workflow 
of soft lithography (Karadimitriou et al. 2013; Xia and Whitesides 1998). The design of 
the micro-fluidic cell is shown in Fig. 1 and consists of an inlet channel, an outlet channel, 
and the actual domain of interest, which is a series of four identical circular pore bodies 
connected by rectangular pore throats. The details of the channels connected to the pres-
sure sensors are not pictured here since the pressure measurements have been analyzed in 
detail in (Weinhardt et al. 2020) and are not in the focus of the present study here. There 
are two syringe pumps which induce the flow: Syringe 1 ( S1 ) is filled with an urea/calcium-
chloride solution with equimolar concentrations of 1/3 mol∕L . Syringe 2 ( S2 ) is filled with 
a solution extracted from a 5 g∕L JBM suspension by filtering through a 0.45 � m cellulose 
membrane. The reactive solutions mix in the T-junction, before entering the micro-fluidic 
cell via an inlet tube of the length 10 cm and an inner diameter of 0.5 mm.

The whole system was initially saturated with deionized water. The inlet tube, the inlet 
channel, the porous domain and the outlet channel were subsequently saturated with the 
reactant solutions. The pressure sensors end up in a dead end. Therefore, there is no flow 
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Fig. 1  Schematic sketch of the micro-fluidic cell and its dimensions: It includes the inlet and outlet tubes 
(orange) connected to the inlet and outlet channels. The domain of interest consists of four pore bodies con-
nected with pore throats. A part of it is shown enlarged in the bottom of the figure. The blue arrows indicate 
the flow direction of the reactive solutions, induced by the syringe pumps S

1
 and S

2
 , filled with urea calcium 

chloride solution and filtered JBM suspension respectively. Sketch based on (Weinhardt et al. 2020)
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in the channels connected to the pressure sensors. Once the micro-fluidic cell was saturated 
with the reactive solutions, a constant flow rate of 0.01 �L/s was applied at both syringes 
for 5 h. The flow direction is indicated with blue arrows in Fig. 1. The transparent nature 
of polydimethylsiloxane (PDMS) allowed the direct visualization of the processes taking 
place in the pore space by using transmitted light microscopy. A description of the micro-
scope used can be found in the work of (Karadimitriou et al. 2012). In Table 1, the concen-
trations of the reactive solutions, as well as the flow rates are summarized. The ambient 
temperature was 23◦C throughout the experiment.

2.2  Kinetics of Urea Hydrolysis

The hydrolysis of urea can be assumed to follow a first-order kinetic reaction with respect 
to the concentration of urea curea (6) (Feder et al. 2020; Hommel et al. 2020). In this case, 
the reaction rate ru is a function of the molar concentration of urea curea as well as the mass 
concentration of JBM extract, CJBM.

According to (Feder et al. 2020) and (Hommel et al. 2020), the temperature-dependent rate 
coefficient for enzymatic ureolysis, ku , can be calculated using Arrhenius-type exponential 
relations. The expression (7) below is based on the experimental investigations of (Feder 
et al. 2020), with au,0 being the pre-exponential factor and au,T being a lumped exponent 
describing the temperature dependence of the rate coefficient.

By integrating Equation (6) over time, the concentration of urea can explicitly be calcu-
lated at a certain time t, based on an initial concentration of urea, curea, 0:

Consequentially, also the reaction rate can be determined explicitly at a certain time or, 
likewise, since the flow rate is constant, at a point along the flow path. The reaction takes 
place once the two solutions, as described in the previous section, mix. The mixing hap-
pens in the inlet tube, right after the T-junction (see Fig. 1). The residence time in the inlet 
tube, which is determined by the flow rate and the geometry of the inlet tube, is approxi-
mately 16 min. Since the residence time in the micro-fluidic cell is only a few seconds, we 
assume that the changes of the urea concentration are negligible. Therefore, the ureolysis 
reaction rate can be assumed to be constant throughout the micro-fluidic cell, while it is 
determined by the residence time in the inlet tube. Table 2 gives the relevant parameters to 

(6)ru = −
dcurea

dt
= kucureaCJBM

(7)ku = au,0e

(
au,T

T

)

(8)curea(t) = curea,0e
−(kuCJBM t))

Table 1  Concentrations and flow 
rate of the reactive solutions 
(based on (Weinhardt et al. 
2020))

Solution c
urea

c
CaCl

2
C
JBM

Q
(mol/L) (mol/L) (g/L) [�L/s]

S1 1/3 1/3 0 0.01
S2 0 0 5 0.01
Mixed 1/6 1/6 2.5 0.02
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determine the ureolysis rate in the cell, assuming that there is no accumulation or inactiva-
tion of urease in the inlet tubing and the porous domain and the urease concentration is 
constant at the injected concentration of CJBM = 2.5 g∕L.

2.3  Phase‑Field Model

Multiphase problems can be modeled using a sharp- or a diffuse-interface approach. We con-
sider here a diffuse-interface approach to allow for changes in topology, such as merging of 
crystal aggregates. Precisely, we rely on a phase-field model presented in (Rohde and von 
Wolff 2020). The model employs a phase-field parameter � for the volume fraction of fluid. 
That is, � = 1 indicates the fluid phase and � = 0 indicates the solid precipitate. The interface 
separating the fluid phase from the precipitated calcium carbonate is approximated by a thin 
diffuse transition region of width � . When the interface width � approaches zero, the model 
converges to a classical sharp-interface model. Therefore, the interface width � will be chosen 
small in comparison to the characteristic length scale of the micro-fluidic cell.

To present the model, we introduce as unknowns the phase-field parameter � , the fluid 
velocity � , the pressure p, and the inorganic carbon concentration c in the fluid. The model 
couples the equation for the transport, diffusion, and reaction of inorganic carbon

with the Navier–Stokes equations in the fluid phase, given by

The phase-field parameter � is determined by the Cahn–Hilliard evolution

Here, � is the fluid density, � is the fluid viscosity, D is the diffusion coefficient of carbon-
ate ions, and c∗ is the molar density of the precipitated calcium carbonate. Values are taken 

(9)�t(�c) + ∇ ⋅ ((�� + J)c) = ∇ ⋅ (D�∇c) + �ru,cell − rprecip(�, c)

(10)∇ ⋅ (��) = 0,

(11)𝜕t(𝜌𝜙�) + ∇ ⋅ (𝜌(𝜙� + J)⊗ �) = −𝜙∇p + ∇ ⋅ (2𝛾∇s�) − 12𝛾

h2
� − d(𝜙)�.

(12)�t� + ∇ ⋅ J = −
rprecip(�, c)

c∗
, J = −M∇�, � =

W �(�)

�
− �∇2�.

Table 2  Kinetic and other parameters to estimate the ureolysis rate based on Eq.  (6)

Symbol Parameter Value Unit

au,0 Arrhenius-type kinetics coefficient 462.74 [L/(g s)]
au,T Arrhenius-type kinetics coefficient -4263.108 [K]
T Temperature 296.15 [K]
CJBM Mass concentration of suspended urease (JBM) 2.5 [g/L]
ku(296.15) Rate coefficient at 296.15 Kelvin 2.592E-4 [L/(g s)]
ttube Residence time in the tube 16.36 [min]
curea, 0 Initial molar concentration at the T-junction 0.167 [mol/L]
curea,cell Molar concentration of urea in the cell 0.088 [mol/L]
ru, cell Ureolysis rate in the cell 5.716E-5 [mol/(L s)]
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from literature and listed in Table 1. From the Cahn–Hilliard evolution, we have a phase-
field mobility M and a double-well potential W with minima at 0 and 1.

Equations (10), (11) are the Navier–Stokes equations, modified as follows. Firstly, 
they are formulated only for the fluid fraction � . Secondly, the model is employed only 
in the two-dimensional geometry of the micro-fluidic cell. From the assumption of a 
parabolic flow profile across the height h of the cell, an additional drag term enters the 
Navier–Stokes equation, analogous to the derivation of a Hele–Shaw flow (Lamb 1932). 
Lastly, the model should ensure � ≈ 0 in the precipitated calcium carbonate, i.e., when 
� = 0 , and a no-slip condition between the solid and fluid phase. For this, the term 
d(�)� with

is introduced and the constant d0 is chosen sufficiently large. For more details, on the 
choice of d0 , see Remark 2.3 in (Rohde and von Wolff 2020).

Equation (9) has two reaction terms on the right-hand side. The term ru,cell describes 
the hydrolysis of urea. As discussed in Sect. 2.2, this will depend on temperature, activ-
ity of urea, and mass concentration of enzyme. These values are assumed to be approxi-
mately constant in the micro-fluidic cell, as the time for fluid to pass through the cell 
is in the order of seconds. The value for ru,cell is determined in Sect. 2.2 and is given in 
Table 2. In (Rohde and von Wolff 2020), no such bulk-reaction term is considered, but 
the extension of the analysis to the case with constant ru,cell is straightforward. The sec-
ond reaction term, rprecip , models the precipitation of calcium carbonate and is given by

The reaction rate is proportional to the oversaturation c − ceq of inorganic carbon. The �
-dependence of rprecip ensures that precipitation only occurs at the interface to pre-existing 
crystals. As the precipitation process is fast in comparison to the hydrolysis of urea, it is 
assumed to be an equilibrium reaction. The choice for kprecip is therefore not from literature, 
but instead big enough that equilibrium conditions can be observed at the interface at all 
times (Table 3).

d(�) = d0(1 − �)2

(13)rprecip(�, c) = kprecip(c − ceq)max
(

�(1 − �) − 0.1 , 0
)

.

Table 3  Parameters for the phase-field model

Symbol Parameter Value Unit

c
∗ Molar density of CaCO3 27.1 [mol/L]
ceq Fully saturated carbonate concentration 1.4E-04 [mol/L]
D Diffusion coefficient 8.04E-10 [m2/s]
� Density of water 0.997E03 [kg/m3]
� Viscosity of water 1.01E-03 [kg/(m s)]
d0 Momentum dissipation in solid phase 1E06 [kg/(m3 s)]
ru,cell Reaction rate of urea hydrolysis 5.716E-05 [mol/(L s)]
h Height of micro-fluidic cell 8.5E-05 [m]
kprecip Precipitation rate 200 [1/s]
� Interface width 2E-06 [m]
M Phase-field mobility 1E-05 dimensionless
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2.4  Numerical Implementation

The Cahn–Hilliard evolution (12) does not ensure 0 ≤ � ≤ 1 , i.e., the fluid’s volume frac-
tion � can exceed the physically relevant regime. To ensure that the phase-field model (10) 
- (12) does not degenerate because of � ≤ 0 , we modify our system exactly as in (Rohde 
and von Wolff 2020). A new small number � is introduced and quantities depending on � 
have to be modified by � to ensure positivity. The choice � = 5E-03 keeps the numerical 
system stable while barely perturbing the solution.

The equations are discretized by a finite element method, with Taylor–Hood elements 
for velocity � and pressure p, and second-order Lagrange elements for concentration c and 
phase-field parameter � . All equations are discretized fully implicit in time, i.e., by implicit 
Euler method. We do not solve the system monolithically, but instead iterate between solv-
ing the Navier–Stokes equations (10), (11) and equations (9), (12) until convergence.

The implementation was done in Dune-PDELab (Bastian et al. 2010) using ALUGrid 
(Alkämper et  al. 2016). This comes with the benefit of adaptive grid generation. The 
phase-field model requires small grid cells to resolve the diffuse interface, while grid cells 
at larger distance to the interfaces can be considerably larger. Fig. 2 shows a section of the 
grid containing one crystal aggregate. The grid is adapted after each timestep to account 
for the evolving interfaces.

One major challenge for the simulation is the relatively fast flow in the order of mm/s 
compared to the total runtime of the experiment of multiple hours. The flow regime intro-
duces a severe restriction on the timestep dt. For the simulation of the full system, includ-
ing the flow, small timesteps of size dt = 0.01s are used, making the simulation compu-
tationally demanding. To tackle this problem, a special timestepping is introduced; small 
timesteps are needed to resolve the interplay between transport, diffusion, and reaction. 
After a few seconds in the simulation, transport, diffusion and reaction balance each other 
and all unknowns change on the timescale of minutes. This is facilitated by the laminar 
flow regime. At this stage, the only process leading to a change in unknowns is the growth 
of precipitated calcium carbonate. This growth happens rather slowly, i.e., on a larger time-
scale, and it is now possible to only update the phase field � using

with a larger timestep dt = 10s , while keeping all other unknowns constant. After this big 
timestep, smaller timesteps with the full system are again performed until a quasi-static 
state is reached. A sketch of such a timestepping procedure is shown in Fig. 3

(14)�t� = −
rprecip(�, c)

c∗

Fig. 2  Part of the grid used for 
the simulation in Sect. 3. The 
grid is refined at the interface 
between the fluid phase and the 
precipitated calcium carbonate
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2.5  Calculation of the Inflow Conditions

The simulation of the experiment is performed on the domain consisting of pore throats and 
pore bodies, without the inlet and outlet region of the micro-fluidic cell, see Fig. 1. At the 
inflow boundary of the simulation domain, both fluid velocity �in and inorganic carbon con-
centration cin have to be prescribed. The velocity is chosen as a parabolic flow profile with 
total flow rate of 0.02 �L/s. In contrast, it is more difficult to determine the inorganic-carbon 
concentration cin at the inflow boundary.

The hydrolysis of urea begins as soon as the reactant solutions mix in the T-junction before 
the inlet tube. Due to the residence time in the tube of 16 min, see Table 2, the inorganic car-
bon produced in this time cannot be neglected. While integrating the reaction rate (6) over the 
residence time gives an upper bound for cin , the actual value is much lower because of precipi-
tation in the inflow tube and the inlet area of the micro-fluidic cell.

Therefore, to determine the concentration cin , we have to take into consideration the distri-
bution of precipitated carbonate in the inlet area of the micro-fluidic cell. We use the knowl-
edge about the model reaching a quasi-static state as described in Sect. 2.4. In case the inlet 
area is long enough, this state will be reached before the inflow boundary of the main simu-
lation. Figure 4 shows a picture of the inlet area taken at the end of the experiment. For the 
simulation, a section S of the inlet area is used as representative for the whole inlet area. This 
justifies using periodic boundaries at inflow and outflow boundary of S. Now, the flow profile 
around the precipitated carbonate can be calculated by solving for steady-state solutions of 
(10), (11) in S. Next, the inorganic-carbon concentration c in the inlet section is determined by

This equation is a steady state version of (9). The concentration cin is then calculated as the 
flux average

(15)∇ ⋅ (��c) = ∇ ⋅ (D�∇c) + �ru,cell − rprecip(�, c).

Fig. 3  Sketch of the timestepping algorithm, with small and big timesteps

Fig. 4  Left: Calcite precipitation in the inlet area after the experimental run. A representative section S is 
highlighted by a white-colored boundary. Right: Simplified precipitate distribution in the section S used for 
simulation
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where �1 is the unit vector pointing from inflow to outflow boundary of S. We obtain the 
slightly oversaturated inflow condition cin = 3.150E − 04 mol∕l.

3  Results and Discussion

We compare results (Weinhardt et al. 2020) of the experiment described in Sect. 2.1 with 
the mathematical model of Sect. 2.3. The exact locations of the points of nucleation are dif-
ferent for each repetition of the experiment; they are obviously subject to effects which we 
have to denote for now as random since we attribute them to conditions that are not easy to 
analyze in the details, such as impurities of the PDMS surface as hypothesized in (Wein-
hardt et  al. 2020). In any case, we cannot determine or predict the points of nucleation 
a-priori, thus we use here data from an experimental run 52 min after start to determine the 
initial nuclei for the simulation model.

The model leaves its range of validity in approaching conditions of clogging; it is 
therefore stopped shortly before clogging. We compare the results of the final state of the 
simulation with a corresponding state of the experimental run that shows similar clogging 
behavior. In the comparison, we characterize crystal aggregates by centroid and volume.

Figure 5 shows the initial and the final distribution of precipitated calcite in both experi-
ment and simulation. All crystal aggregates show some growth, and we observe near-clog-
ging at the end of the third pore body. For further investigation and more convenient refer-
encing, we number the crystal aggregates from left to right, as shown in Fig. 6. The three 
crystal aggregates at the end of the third pore body are excluded from the comparison and 
thus numbering, since they merged during the experiment. Also, new nucleation points 
forming after the initial 52 min are not considered, as they would have to be placed into the 
running simulation. The black dot in the pore throat between the third and the fourth pore 
body is an impurity of the micro-fluidic cell and not a calcite crystal.

While the final state of the simulation and the corresponding state of the experimen-
tal run match fairly well, the elapsed time in experiment and model is different. The pic-
tures of the experiment shown in Fig. 5 are at 52 min and 112 min after the start of the 

cin =
∫
S
c�� ⋅ �1dx

∫
S
�� ⋅ �1dx

Fig. 5  Top: Fluid volume fraction � in initial and final state of the simulation. Bottom: Corresponding 
states of the experimental run
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experiment. Compared to the elapsed 60 min, the simulation reaches its final state after 
287 min. There are several reasons for this. Firstly, the model is two-dimensional and there-
fore cannot capture all effects of flow around the precipitates. In particular, it assumes that 
crystal aggregates span the whole height of the micro-fluidic cell, i.e., they form cylindri-
cal shapes. Weinhardt et al. (2020) show that this is not true and this will be discussed fur-
ther in Sect. 3.2. Secondly, the model neglects electrodiffusion, which has been shown to 
enhance the precipitation process in similar models, see (Zhang and Klapper 2011). Lastly, 
both the ureolysis rate ru,cell and the determination of the inorganic carbon concentration cin 
at the inflow boundary are subject to uncertainty. We find from multiple simulation runs 
that the crystal-growth rate is approximately reciprocal to ru,cell.

3.1  Movement of Centroids

We determine the centroid of each crystal aggregate in the simulation by integrating over 
an area containing the crystal aggregate. For the experimental data, the same is done after 
image segmentation. In Fig. 6, the evolution of the centroids relative to the initial position 
is shown.

In both experiment and simulation, it can be observed that the values of the x-coor-
dinate of the centroids decrease over time, i.e., the crystal aggregates grow in upstream 
direction. To comprehend this, we exemplary consider crystal aggregates with numbers 2 
and 4. In Fig. 6, the inorganic carbon concentration around crystal aggregate 5 is shown. 
The oversaturated calcium carbonate gets transported to the upstream side of the aggregate 

Fig. 6  Growth of precipitates; top: Change of the position of the centroids as vector (20 times enlarged) for 
simulation (blue) and the experiment (red); bottom left: change of the position of centroids relative to the 
initial location for the crystal aggregates 2 and 4; bottom right: streamlines and inorganic carbon concentra-
tion c around the crystal aggregates 2 and 4, obtained from the simulation
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and precipitates there due to the fast timescale of precipitation. When the fluid reaches 
the downstream side of the aggregate, little oversaturation of calcium carbonate is left and 
therefore nearly no precipitation is observed at this side.

We conclude from the simulation that the growth process is governed by the interplay of 
transport and diffusion close to the crystal aggregate. A lower flow rate and more diffusion 
lead to a less pronounced growth in the upstream direction. Indeed, this can be observed 
when comparing pore throats, which have a high flow rate, with pore bodies. Figure  6 
shows that crystal aggregates located in pore throats grow more in the upstream direction 
than crystal aggregates located in pore bodies.

A second observation is that in both experiment and simulation the centroids mainly 
grow toward the center of the channel, as seen exemplary for crystal aggregate 4 in Fig. 6. 
The primary cause for this effect is that once the precipitate reaches a wall, it cannot grow 
further in this direction. Another cause is that the flow velocity close to the wall is small. 
Therefore, more calcium carbonate gets transported to the side of the crystal aggregate 
facing toward the center of the channel than to the most upstream point. Consequently, the 
centroid moves toward the center of the channel.

In contrast to the simulation, the centroid of crystal aggregate 1 moves toward the wall 
in the experiment, see Fig. 6. This is one of the major differences observed between model 
and experiment. One possible reason for this is a new nucleation point in front of crystal 
aggregate 1 that formed only during the experiment. This new nucleation point cannot be 
taken into account in the simulation, as it was not present in the model’s initial configura-
tion. Another possible reason is challenges in image segmentation, due to the reflective 
surface of the crystal aggregate.

In conclusion, the model matches the observed data well, and thus can capture dominat-
ing mechanisms for determining crystal-growth directions in this micro-fluidic EICP setup. 
Growth of the crystal aggregates leads to a shift of centroids in the upstream direction, and 
this effect is more pronounced in pore throats, where the flow rate is higher.

3.2  Growth of Crystal Aggregates

While the previous section focused on the direction of growth of the precipitates, we com-
pare now the volume change of the crystal aggregates. The mathematical model is two-
dimensional and assumes that � is constant across the height of the micro-fluidic cell. 
Therefore, the volume of the precipitates can be computed by integrating over the calcite 
fraction 1 − � and subsequently multiplying by the height of the cell. The three-dimen-
sional shape of the crystal aggregates is therefore obtained by extruding the two-dimen-
sional data, which cannot analogously be applied for the experimental data. It has been 
shown by (Weinhardt et al. 2020), that the most suitable shape approximation for estimat-
ing the (3D) volume of the precipitates in micro-fluidic cells from (2D) optical microscopy 
data is the spheroidal shape. A representative radius is calculated from the projected area 
of the aggregates. Based on this radius, the volume can be derived for the assumption of 
a spheroidal shape. This approach is described in (Weinhardt et al. 2020) and is based on 
the idea given in (Kim et al. 2020). During the here investigated time frame of 60 min the 
radii of the crystal aggregates range from approximately 5 � m to 35 � m. Compared to the 
height of the channel of 85 � m, the radii of the crystal aggregates are smaller than half of 
the channel height. Therefore, the crystal aggregates are not expected to reach all the way 
from the bottom to the top of the micro-fluidic cell.
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In Fig. 7(a), the growth of the precipitates is plotted over the velocity magnitude at the 
initial position of the precipitates. These velocity values are obtained from a stationary 
flow simulation without any precipitates present. More precisely, this means solving a sta-
tionary version of equations (10) and (11) with � = 1 and J = 0 everywhere. We will call 
velocities obtained from this simulation initial velocities.

As the growth of the precipitates is mainly driven by the transport of carbonate ions to 
the crystal aggregates, the initial velocity at the nucleation points gives a good estimate for 
the carbonate supply at specific locations in the domain. Exemplary, we compare crystal 
aggregates 4, 5 and 6, as labeled in Fig. 6. Crystal aggregate 6 is located at the outer part of 
a pore body. This leads to a relatively small initial velocity and a slow growth of volume. In 
contrast, crystal aggregate 5 lies in the center of the pore body and right after a pore throat. 
This implies a high initial velocity and, therefore, a large amount of carbonate ions passing 
by. Crystal aggregate 4 is in a pore-throat, where generally the velocities are high due to 
the reduced cross-sectional area. However, it sits right at the wall of the throat, where the 
velocity is reduced due to the shear forces caused by the wall friction.

From this analysis, we conclude that there is a tendency of the crystal aggregates to 
grow faster and bigger where the initial velocities are higher. This is directly linked to the 
supply of carbonate ions. The linear regressions, illustrated as dashed lines in Fig.  7(a), 
show a good agreement between simulation and the experiments. As already mentioned in 
Sect. 3.1, crystal aggregate 1 is again an obvious outlier and is therefore excluded for deter-
mining the linear regression of the experimental data. The coefficient of determination  (R2) 
for the simulation data clearly indicates a linear trend, while the one for the experimental 
Dataset indicates a weaker, but still significant trend.

However, the initial velocity does not take into account that the fluid flow is influenced 
by the precipitates. Especially in pore-throats precipitates reduce the cross-sectional area 
and lead therefore to higher velocities. As our introduced mathematical model includes the 
influence of precipitates on the fluid flow, we expect a better correlation when evaluating 
the velocity for the full model. The result is shown in Fig. 7(b), where we use the velocity 
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Fig. 7  Growth of precipitates; (a) Total growth of volume over the velocity magnitude at the initial position 
of the crystal aggregates, obtained from stationary Stokes simulation without precipitates. (b) Total growth 
of the volume over the velocity integrated over the area around the crystal aggregates, as obtained from the 
numerical model (9)-(12)



 L. von Wolff et al.

1 3

field obtained from the full numerical model for the initial calcite distribution. We cannot 
evaluate the velocity at the center of the crystal aggregates, as there is no fluid flow in the 
precipitates. Instead, we now integrate the magnitude of the velocity over a disk shaped 
area around the crystal aggregates. The center of the disk coincides with the center of the 
crystal aggregate, and the radius is 1.8 times the diameter of the crystal aggregate.

Compared to Fig. 7(a), the results in Fig. 7(b) show an more evident linear correlation 
between the velocity magnitude close to the precipitates and the volume growth of the pre-
cipitates. The coefficient of determination for the simulation increased from 0.72 to 0.75. 
We conclude that the velocity field plays a significant role for the growth of the precipitates 
and the influence of precipitates on the flow field should not be neglected.

4  Conclusions

We have developed a phase-field approach for modeling crystal growth in enzymatically 
induced calcite precipitation and compared it to micro-fluidic experiments. Without any 
additional calibration there is a good qualitative agreement between model and experiment. 
Quantitatively, there is a very good agreement for the movement of centroids, and a good 
agreement for the growth of crystal aggregates. Only the predicted time until near-clogging 
differs significantly.

This joint experimental and numerical study allows for new insights into the dominant 
processes and mechanisms involved in the growth of crystal aggregates. We have seen that 
growth is strongly dependent on the flow conditions, i.e., the flow field and correspond-
ing concentrations of the inorganic carbon. The concentrations are subject to local changes 
due to reaction but also due to the complexity of the flow field which is influenced by the 
geometry of the flow cell and the pattern of precipitates. In particular, for a single crystal 
aggregate, the growth is determined by the interplay between transport around the aggre-
gate and diffusion toward the surface.

It has been observed consistently in experiment and simulation that nuclei show a clear 
tendency toward growing upstream and toward the center of the channel. Additionally, the 
growth rate is correlated with the magnitude of flow velocity, leading to a faster growth in 
the center of the channel.

A better understanding of the pore-scale mechanisms involved in EICP-related growth 
of crystals will contribute to developing optimization strategies for an effective use of the 
EICP technology. Perspectively, the phase-field approach presented here can be further 
developed to describe also microbially induced precipitation (MICP), where the mecha-
nisms of growth are even more complex due to the involvement of biofilm in the pore 
space.
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Abstract
Enzymatically induced calcium carbonate precipitation is a promising geotechnique with 
the potential, for example, to seal leakage pathways in the subsurface or to stabilize soils. 
Precipitation of calcium carbonate in a porous medium reduces the porosity and, conse-
quently, the permeability. With pseudo-2D microfluidic experiments, including pressure 
monitoring and, for visualization, optical microscopy and X-ray computed tomography, 
pore-space alterations were reliably related to corresponding hydraulic responses. The 
study comprises six experiments with two different pore structures, a simple, quasi-1D 
structure, and a 2D structure. Using a continuous injection strategy with either constant or 
step-wise reduced flow rates, we identified key mechanisms that significantly influence the 
relationship between porosity and permeability. In the quasi-1D structure, the location of 
precipitates is more relevant to the hydraulic response (pressure gradients) than the over-
all porosity change. In the quasi-2D structure, this is different, because flow can bypass 
locally clogged regions, thus leading to steadier porosity–permeability relationships. More-
over, in quasi-2D systems, during continuous injection, preferential flow paths can evolve 
and remain open. Classical porosity–permeability power-law relationships with constant 
exponents cannot adequately describe this phenomenon. We furthermore observed coexist-
ence and transformation of different polymorphs of calcium carbonate, namely amorphous 
calcium carbonate, vaterite, and calcite and discuss their influence on the observed devel-
opment of preferential flow paths. This has so far not been accounted for in the state-of-
the-art approaches for porosity–permeability relationships during calcium carbonate pre-
cipitation in porous media.

Article Highlights

• We record a detailed pore geometry evolution during EICP with synchronized pressure 
measurements

 * Felix Weinhardt 
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• We observe that the porosity–permeability relationship is strongly influenced by the 
complexity of the pore structure (Quasi-1D vs. Quasi-2D)

• The evolution and preservation of flow paths during EICP treatment with constant flow 
can significantly affect the apparent permeability

Keywords Biomineralization · EICP · Microfluidics · Porosity–permeability relationship

1 Introduction

Biomineralization offers an environmentally more sustainable technology to replace the 
use of Portland cement (Terzis and Laloui 2018), which is known to be energy demand-
ing and has significant impact on global CO2 emissions (Andrew 2019). Microbially or 
enzymatically induced calcium carbonate precipitation (MICP/EICP) refers to a bio-geo-
chemical process, which is already intensively investigated for its potential to substitute 
and complement the use of Portland cement in various applications of civil and environ-
mental engineering (Nething et al. 2020; Phillips et al. 2013a; Rahman et al. 2020; Akyel 
et al. 2022). The overall process relies on the hydrolysis of urea and the precipitation of 
calcium carbonate:

Urea (CO(NH2)2) hydrolyzes irreversibly into ammonium and inorganic carbon, which 
is in general a very slow reaction, but can be catalyzed by the enzyme urease. This can 
speed up the reaction by several orders of magnitude (Benini et al. 1999; Krajewska 2009, 
2018). The most common approaches to obtain urease for geotechnical application are 
either extracting it from jack-bean meal—then referred to as EICP—or produce it locally 
using microbial activity—referred to as MICP. In order to induce the precipitation of cal-
cium carbonate, a source for calcium ions has to be present, which, in this work, is ensured 
through the addition of calcium chloride and can be provided in the form of ice-melt on the 
commercial scale (Phillips et al. 2016; Kirkland et al. 2021).

The precipitation of calcium carbonate itself is a complex combination of nucleation, 
crystal growth, and changes of the crystal structure (van Paassen 2009). Calcium carbon-
ate has six different polymorphs, i.e., calcite, aragonite, vaterite, mono-hydrocalcite, ikaite, 
and amorphous calcium carbonate (ACC). Their thermodynamic stability decreases from 
calcite to ACC (El-Sheikh et  al. 2013). In accordance with Ostwald’s step rule, usually 
the least-stable phase forms first, which then transforms into more stable polymorphs 
(Cöelfen and Antonietti 2008) [as cited in Wang et al. (2019b)]. Generally, calcite crystals 
are rhombohedral, vaterite is spherical, and ACC is irregularly shaped (Rodriguez-Blanco 
et  al. 2011). Moreover, the density of ACC is lower ( � = 2.18 g∕cm3 ) than that of cal-
cite ( � = 2.71 g∕cm3 ) or vaterite ( � = 2.65 g∕cm3 ) (Rodriguez-Navarro et al. 2015; Nebel 
2008).

EICP or MICP in porous media are typically applied for stabilizing soils or for creat-
ing and improving hydraulic barriers. In soil stabilization, the precipitated calcium car-
bonate acts as cement-stabilizing loose material, for example, to control fugitive dust or 
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to produce construction material, like bio-bricks or other more complex bio-cemented 
spatial structures (Arab et al. 2021; Nething et al. 2020; Hamdan and Kavazanjian 2016; 
Akyel et  al. 2022). In this case, mechanical properties like Young’s modulus and shear 
modulus are of great interest and have been extensively studied (van Paassen 2009; Dejong 
et  al. 2013; Mujah et  al. 2017). In creating hydraulic barriers, to prevent or to remedi-
ate leakages in the subsurface, the key parameter to be controlled is the intrinsic perme-
ability, which is strongly coupled to the porosity. (Phillips et al. 2013a, b; Hommel et al. 
2018). A useful tool to predict and plan field applications is numerical simulation on the 
scale of representative elementary volumes (REV) (Cunningham et al. 2019; Minto et al. 
2019; Landa-Marbán et al. 2021), which inherently relies on upscaled porosity–permeabil-
ity relationships (Ebigbo et al. 2012; Hommel et al. 2016). The literature provides many 
different approaches of porosity–permeability relationships, which are used to model pore-
space alterations on the REV scale, like Kozeny–Carman type, Thullner biofilm relation, 
or Verma-Pruess type, to name only a few (Pandey et al. 2015; Thullner 2010; Verma and 
Pruess 1988). As reviewed by Hommel et al. (2018), many of them do not lead to funda-
mentally different permeability alterations compared to a simple power-law relationship 
with a suitable exponent �:

with k being the intrinsic permeability and � the porosity; k0 and �0 are the initial values, 
respectively. Therefore, this simple approach should be the first choice unless substantial 
pore-scale information is available and justifies more sophisticated approaches.

Recent studies addressed how pore-scale factors determine the evolution of porosity and 
permeability driven by pore-space alteration, like precipitation or biofilm growth:

Effects of biofilm growth have been investigated by Jung and Meile (2021) using Stokes 
simulations of an idealized system. They concluded that the Péclet (Pe) and the diffusive 
Damköhler (Da) numbers (see SI for their definition) determine the biofilm distribution. 
High Pe numbers result in a homogeneous distribution of the biofilm. As a consequence, 
the resulting porosity–permeability relationships are closer to the classical Kozeny–Car-
man relationship.

In contrast, high Da numbers lead to preferential biofilm growth. This leads to a rapid 
decrease in the permeability even though the reduction in the porosity is small.

Experimentally, there have been several studies on the laboratory-scale where biofilm 
accumulation and its effect on the hydrodynamics have been studied. Cunningham et al. 
(1991) used reactors filled with glass beads and different types of sand. Their results indi-
cated substantial interaction between mass transport, hydrodynamics, and biofilm accumu-
lation at the fluid-biofilm interface. Furthermore, naturally bioluminescent biofilm experi-
ments in meso-scale flat plate reactors were performed in the work of Sharp et al. (1999). 
With dye tracer studies, they were able to visualize the formation of flow channels during a 
continuous injection of the nutrient solution. In a recent experimental approach, the effect 
of biofilm growth on the permeability has been studied using microfluidic glass cells (Has-
sannayebi et  al. 2021). Based on their experimental approach, the main mechanisms for 
biofilm aggregation were identified as adsorption, filtration, and bacterial growth, result-
ing in the formation of preferential flow paths. Supported by numerical simulations, they 
hypothesized that the increased velocity in the remaining flow paths may prevent further 
biomass aggregation and keeps them open. This contradicts the conclusions of the numeri-
cal study of Jung and Meile (2021), since they did not account for detachment and subse-
quent filtering processes of the biomass.

(3)k∕k0 = (�∕�0)
� ,



 F. Weinhardt et al.

1 3

Similar to the work of Jung and Meile (2021), a numerical study was performed by 
Niu and Zhang (2019), addressing how mineral precipitation—instead of biofilm growth—
influences the permeability of a porous medium. Ni and Ratner (2008) looked at advec-
tion-dominated systems ( Pe > 1 ) and distinguished between reaction-limited cases and 
transport-limited cases. In the reaction-limited case, the precipitates form uniformly at the 
solid–fluid interface resulting in a porosity–permeability relationship with a constant expo-
nent. In contrast, for the transport-limited cases, the precipitated minerals develop mostly 
near the pore throats where the fluid velocity, and thus reactant supply, is relatively high. 
This in turn results in a more rapid reduction in the permeability for a given reduction in 
the porosity and, consequently, cannot be represented reliably by a simple power-law rela-
tionship with a constant exponent.

Recently, investigations which are more specific to the pore-scale phenomena in pro-
cesses of MICP and EICP were reported. In an experimental study, Mountassir et  al. 
(2014) investigated MICP treatment in fractures using flow cells with a length of 20 cm 
and fractures of varying widths (1–20 mm) and apertures (0.1–0.5 mm). They observed the 
formation of flow channels within a fracture during MICP treatment, which becomes more 
distinct as precipitation progresses. They conclude that the effect of channeling enhances 
precipitation in regions of low flow velocities, whereas it is inhibited in the remaining high 
velocity channels.

Wang et al. (2019a) showed in their experimental study that the use of a microfluidic 
chip made out of polydimethylsiloxane (PDMS) is beneficial for studying MICP on the 
pore-scale. They found that calcium carbonate crystals form both at narrow pore throats 
and in open pore bodies during no-flow conditions. In two follow-up studies, Wang et al. 
(2019b, 2021) observed through high-resolution optical microscopy crystals of differ-
ent shape. They hypothesized them to be different calcium carbonate polymorphs, which 
evolve during a staged injection strategy of the cementation solution. They observed that 
during the initial stage of the precipitation process, mainly irregularly shaped CaCO3 pre-
cipitates (assumed to be ACC) formed, which later transform to spherical or rhombohedral 
crystals (assumed to be vaterite and calcite, respectively). At later time scales, rhombohe-
dral calcium carbonate (calcite) was the dominant shape.

In the work of (Zambare et al. 2020), the mineralogy of MICP was studied using sin-
gle-cell drop-based microfluidics. Using Raman microspectroscopy, they found that ACC 
occurred first, followed by the formation of vaterite, while the ratio of ACC to vaterite 
decreased during time. Due to the observation of autofluorescence of the precipitates and 
further analysis using energy dispersive X-ray spectroscopy (EDX), they presumed the 
additional presence of calcite. This is in agreement with the hypothesis of Wang et  al. 
(2021), that ACC forms first and is later on transformed into vaterite and calcite.

Kim et al. (2020) performed an EICP experiment in a glass cell using a staged injec-
tion strategy and observed the pore-space alteration with optical microscopy. Assuming a 
semispherical as well as a cylindrical shape of the precipitates to estimate the volume of 
the evolving precipitates, they were able to conclude on the kinetics of the precipitation 
process by comparing the results to a simplified kinetic model. The main focus of these 
microfluidic investigations was on the kinetics of the biomineralization process.

In contrast to that we recently developed an experimental workflow that combines opti-
cal microscopy and high-resolution X-ray computed tomography ( �XRCT ) together with 
continuous pressure measurements in order to investigate the hydraulic effects, like the 
reduction in the intrinsic permeability. This enables us to directly relate changes of the 
pore space to changes in permeability (Weinhardt et al. 2021a). The utilized microfluidic 
cell was PDMS-based and the pore geometry consisted of four linearly aligned pore bodies 
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connected with pore throats. Due to the simplified geometry, we were able to compare the 
experimental results with a mathematical model that couples reactive transport with phase 
changes due to precipitation (von Wolff et al. 2021).

We present in this study an analysis of both the previous experiments in the simple pore 
structure (Quasi-1D-structure) and additional new microfluidic experiments with a more 
complex pore structure (Quasi-2D-structure). A focus is put also on how different injection 
strategies, constant versus step-wise reduced inflow, affect precipitation and porosity–per-
meability relationships. In the Quasi-1D-structure, the location of individual precipitates, 
whether in a pore throat or in a pore body, for example, is expected to have a much larger 
effect on the porosity–permeability relationship than in the Quasi-2D-structure, where 
the porous medium offers more degrees of freedom for flow paths to develop. It is dem-
onstrated that mechanisms like shearing off and redeposition of small precipitates, which 
strongly affect the development of flow paths, are dependent on these boundary condi-
tions imposed in the experiments. And we discuss how this affects the parameterization 
of functions to approximate the obtained porosity–permeability relationships. Taking the 
perspective of a modeler, it is an important goal of this fundamental experimental study to 
derive porosity–permeability relationships also on a larger scale, i.e., the REV scale (Hom-
mel et al. 2018), and we can show that preferential flow is a major process to consider. It 
is important to consider the occurrence of preferential flow development in the context 
of boundary conditions. Constant flux (Neumann-type boundary condition) might lead to 
the development of preferential flow paths, while constant pressure differences (Dirichlet-
type boundary condition) might minimize the development of such preferential flow paths 
(Zhang and Klapper 2014).

Based on our results, we therefore hypothesize that the (co)existence and transformation 
of differently shaped polymorphs strongly influence the resulting permeability reduction 
which has so far not been discussed in literature.

2  Materials and Methods

In this work, two sets of experiments are considered with different designs of the porous 
medium and different injection strategies. The first set of experiments consists of three 
experiments using a PDMS-based microfluidic cell with a simple 1D structure and are 
referred to as Quasi-1D-experiments 1-3. The corresponding data set includes time-
resolved images obtained from optical microscopy, flow rates, pressure measurements 
and a μXRCT dataset obtained from one of the experiments after reaching its final state. 
The data corresponding to this study are available at Weinhardt et al. (2021b) and Vahid 
Dastjerdi et al. (2021), while details on the experimental methods are given by Weinhardt 
et  al. (2021a). In the second set of experiments, we used microfluidic glass cells with a 
more complex structure, referred to as Quasi-2D-experiments 1-3. Besides the structure 
and the material, also the injection strategy varies slightly compared to the Quasi-1D-ex-
periments. The resulting dataset includes again time-resolved images of optical microscopy 
and synchronized flow and pressure data (Weinhardt et  al. 2022). In the following, the 
microfluidic setup and the experimental procedure are described, including the fabrication 
and designs of the microfluidic cells, the preparation of the chemical solutions, and the 
injection strategies (2.1). Furthermore, the imaging techniques including optical micros-
copy and μXRCT scanning are described and the necessary steps of the processing are 
detailed (2.2).
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2.1  Microfluidic Setup and Procedure

2.1.1  Preparation of Reactive Solutions

The reactive solutions were prepared according to the procedure and concentrations 
described in Weinhardt et  al. (2021a): Solution  1 contained calcium chloride dihydrate 
and urea  (MERCK©) at equimolar concentrations of 1/3 mol∕L . Solution 2 contained the 
enzyme urease extracted from jack-bean meal (Sigma-Aldrich©). To prepare Solution  2, 
a jack-bean-meal suspension at a concentration of 5 g∕L was stirred for 17 hours at 8 ◦ C 
and subsequently filtered twice through a cellulose membrane with a filter size of 0.45 μm 
before use in experiments.

2.1.2  Microfluidic Cells

We used two different types of microfluidic cells: (1) a PDMS-based microfluidic cell for 
the Quasi-1D-structure; (2) a glass cell for the Quasi-2D-structure. The corresponding 
pore structures are shown in Fig. 1.

The PDMS-based cells were produced using the general workflow of soft lithography 
(Xia and Whitesides 1998; Karadimitriou et  al. 2013). The microfluidic cell consists of 
an inlet channel, an outlet channel, and two channels connected to the pressure sensors 
(type MPS0/MPS3 from Elveflow, Paris, France). The domain of interest in this case is 
the pore structure that consists of four pore bodies with a diameter of Dpore = 500 μm 
connected with pore throats with a width of Dthroat = 125 μm . All features are extruded in 

Fig. 1  Dimensions of the two types of porous media structures: Top: Quasi-2D-structure made out of glass. 
Bottom: Quasi-1D-structure made out of PDMS. White refers to pore space and black to solid. The porous 
domains, for which porosities and permeabilities are defined in this work, are framed in gray
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through-plane to an extent of 85 μm . The porous domain in this case has the dimensions 7  
× 0.5  × 0.085 mm.

The glass cells were purchased from  Micronit©, Enschede, The Netherlands, and are 
made out of Borosilicate glass. Similar to the previously described PDMS-based cells, the 
glass cells also consist of an inlet and an outlet channel, including distribution channels 
and two additional channels that are connected to the pressure sensors. However, the pore 
structure is different. The solid matrix consists of pillars of various sizes, ranging from 
diameters between 200 and 700 μm . The pore space (white) inbetween is initially fully 
connected and its extension in the through-plane is 35 μm . The porous domain in this case 
has the dimensions 20.5  × 11.9  × 0.035 .

2.1.3  Injection Strategy

The microfluidic cells were fully saturated with deionized water prior to the microfluidic 
experiments. Solutions 1 and 2 were co-injected into the glass cells using syringe pumps 
from CETONI GmbH, Korbussen, Germany, at controlled flow rates; they mix in a T-junc-
tion right before they enter the cell through an inlet tube. The outlet tube was connected to 
a reservoir with a constant head, elevated 10 cm above the cell. The precipitation process 
was observed and visualized by optical microscopy (see 2.2), and the flow and pressure 
data were logged continuously. The setup was designed in a way that the pressure sensors 
were connected in parallel to the inlet and outlet channels to enable reliable measurements 
of pressure differences across the porous domain of interest, for details see (Weinhardt 
et al. 2021a). With that we are able to measure the pressure drop of the porous domain reli-
ably and synchronized with the pore-space alteration observed through optical microscopy.

The detailed injection procedures varied slightly between the six experiments and are 
summarized in Table 1. They differ in terms of the total duration of the experiment, the 
type of pressure sensor that was used with different measurement ranges, the flow rates, 
and the residence times in the porous domain. The experiments with the simple pore struc-
ture (Quasi-1D-1 - 3) were conducted by applying constant flow rates of the two syringes 
with a total flow rate of 0.02 μL∕s . The duration of experiment Quasi-1D-2 was shorter 
in time compared to the others since the pressure limit of the pressure sensor was reached 
after 3.1 hours of injection (also see Weinhardt et al. [2021a)].

Table 1  Injection procedure: Flow rate corresponds to the total flow of both reactant solutions, Residence 
time refers to how long the reactive solutions sojourn in the porous domain, Sensor defines the range of the 
pressure sensor, Duration corresponds to the total duration of the experiment, Re and Pe are the Reynold’s 
and Péclet numbers with regard to the porous domain, where the height of the cell was chosen as the 
characteristic length, and the diffusion coefficient of carbonate ions in water ( D = 8.04E − 10 m2∕s ) was 
used for determining the Pe (von Wolff et al. 2021)

Experiment Flow rate Res. time Sensor Duration Re Pe
[μL/s] [s] [mbar] [h] [-] [-]

Quasi-1D-1 0.02 6 70 5.0 0.04 5
Quasi-1D-2 0.02 6 70 3.1 0.04 5
Quasi-1D-3 0.02 6 70 5.1 0.04 5
Quasi-2D-1 0.04, 0.02, 0.01 90–360 70 41.4 8E-4 – 3E-3 1–4
Quasi-2D-2 0.04, 0.02, 0.01 90–360 70 25.9 8E-4 – 3E-3 1–4
Quasi-2D-3 0.01, 0.04 360 1000 26.4 3E-3 4
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For the experiments with the complex structure, the initially applied flow rate was 
0.04 μL∕s . For the experiments Quasi-2D-1 and Quasi-2D-2, the flow rate was decreased 
to 50% once the limit of the pressure sensor was reached. This procedure was repeated 
twice before the cell was flushed with deionized water to stop the reaction. It has to be 
mentioned that experiment Quasi-2D-1 required an intermediate restart and resaturation 
after approximately 26 hours due to leakage and clogging issues in the inlet zone of the cell. 
The relatively high flow rates during the resaturation process may have led to experimental 
artifacts, like the initiation of a preferential flow path and will be discussed in Sect. 3. For 
experiment Quasi-2D-3, a MPS2 pressure sensor with an increased range of 1000 mbar 
was used, and the applied flow rate was initially constant at 0.01 μL∕s for two hours and 
then constant at 0.04 μL∕s until the end of the experiment. For all experiments, we have 
creeping-flow conditions, i.e., Reynolds numbers < 1 . The corresponding Péclet numbers 
(Pe) range between 1 and 5, indicating a slightly advection-dominated flow regime. The 
Damköhler number (Da) in our experiments is not straightforward to define, since two 
reactions are occurring in parallel: (1) the hydrolysis of urea and (2) the precipitation of 
calcium carbonate (see SI for the definitions of the dimensionless numbers). Even though 
the precipitation rate depends inter alia on the available surface, supersaturation of the 
bulk, and other factors, it is rather fast compared to the urea hydrolysis (Hommel et  al. 
2016). Therefore, the precipitation rate is often considered to be controlled by the rate of 
ureolysis (Landa-Marbán et al. 2021; Qin et al. 2016). According to Feder et al. (2021) and 
Hommel et  al. (2020), the hydrolysis can be assumed to be a first-order kinetic reaction 
with respect to the concentration of urea. However, due to relatively short residence times 
in the porous domain and high enough initial concentration of urea, the hydrolysis rate 
can be assumed as constant throughout the domain, meaning that the influent and effluent 
concentrations were approximately equal (von Wolff et  al. 2021; Jackson et  al. 2021; 
Connolly et al. 2015).

2.2  Imaging

In this study, we used both optical microscopy and �XRCT scanning, in order to observe 
the precipitation processes in the microfluidic cells.

2.2.1  Optical Microscopy

During the experiment, we used transmitted light microscopy, which allowed us to 
observe the process time-resolved. A custom-made microscope has been used as described 
in Karadimitriou et  al. (2012) that allows to visualize samples with a resolution of 
0.5–20 μm∕pixel . In this study, the resolution of the first data set with the Quasi-1D-struc-
ture was between 3.17 and 3.36 μm∕pixel and between 8.93 and 9.31 μm∕pixel for the sec-
ond data set with the Quasi-2D-structure. The frame rates ranged between 1 and 0.1 fps, 
but not all of the recorded images were used for further processing. Details can be found in 
the description of the respective datasets (Weinhardt et al. 2021b, c).

2.2.2  �XRCT Scanning

In this study, we analyze the reconstructed and segmented �XRCT data set, obtained from one 
of the Quasi-1D-structure experiments (Vahid Dastjerdi et al. 2021). The microfluidic cell was 
scanned after the precipitation experiment using an open and modular XRCT device described 
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in Ruf and Steeb (2020). Therefore, the scan visualizes the precipitates at their final state, and, 
thus, not time-resolved. The resolution was 4.25 μm∕pixel . Details on the segmentation can 
be found in Weinhardt et al. (2021a) and operating parameters in the description of the dataset 
Vahid Dastjerdi et al. (2021).

2.2.3  3D Reconstruction from 2D Images

As already outlined, images obtained from optical microscopy are time-resolved in this study. 
However, in order to derive the volume change, we need to reconstruct from 2D projections 
to 3D objects. As proposed in Kim et al. (2020) and elaborated in detail by Weinhardt et al. 
(2021a), a convenient way in microfluidic precipitation experiments is to assume certain 
shapes of individual crystals, like cylinders, semispheres, spheres, or spheroids, as shown in 
Fig. 2. The projection area of a crystal aggregate (A) is converted into an equivalent radius 
( req ), Eq. 4. Based on the req and the height of the microfluidic cell (H), the volume of individ-
ual crystal aggregates can be quantified according to Eq. 5a–5c. Using the 3D dataset obtained 
from �XRCT imaging, we can identify the best-matching shape assumption in terms of vol-
ume estimation, derived from the projection area of each individual crystal.

However, this approach can only be applied, if we can distinguish individual crystal 
aggregates, as it is the case for the Quasi-1D-structure. In the case of the Quasi-2D-
structure, recorded with less resolution and increased injection time, it has been observed that 
precipitates grow together and at some point cannot easily be distinguished or separated by 
image processing anymore. In that case, the 3D volume is estimated by assuming a frustum 
shape of the aggregates as illustrated in Figure 2. It is defined by the Euclidean distance of 
the center of a pixel, segmented as solid, to the center of the closest pixel, segmented as void 
space, ( dist(i) ) and the angle ( � ) that determines the slope of the frustum (Eq. 5d). In contrast 
to the previous approaches, the angle ( � ) is adjustable and must be defined before processing.
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√
A

�
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Fig. 2  Hypothetical shape of crystal aggregates from left to rigth: cylinder, semisphere, spheroid, frustum
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3  Results and Discussion

3.1  Validation of the Reconstruction Method

To begin with, we consider only the data gathered from �XRCT scans (Vahid Dastjerdi 
et al. 2021). Therefore, the projection of all planes from the �XRCT images were used as a 
hypothetical 2D image, since this would correspond to what could be observed by optical 
microscopy. Based on the projections of the precipitates, their volumes were calculated 
assuming four different shapes, respectively. In Fig. 3 on the right, the procedure is shown 
for one exemplary crystal in the porous domain. The top part of this figure gives the 2D 
projection of the �XRCT images. As a reference, the real 3D structure, as obtained from 
the �XRCT scan, is shown on the right and below that are the other shape assumptions 
illustrated, i.e., semisphere, spheroid and frustum, the latter one with the angle � = 71

◦ . 

(5d)Vfrustum =

n
∑

i=1

min
(

dist(i) ⋅ tan(�),H
)

Fig. 3  Volume derived from projection area of the XRCT-scan for different shape assumptions, including 
their coefficient of determination ( R2 ) with respect to the reference volume. Top: 2D projection of the 
domain. Right: Reconstructed shapes for one exemplary precipitate
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On the left of that figure, the volumes derived from the projected areas are plotted against 
the actual volume derived from the 3D data set, where the latter is the reference volume. 
Therefore, the bisector, shown as black solid line, corresponds to the perfect match of the 
volume derived from the projection with the reference volume. Each data point represents 
one crystal in the entire scanned domain. The assumption of a cylindrical shape clearly 
overestimates the volume of the crystal aggregates, which can be expected since the 
crystals do not fill the entire height of the micro-fluidic cell everywhere. The approach of 
the spheroidal shape is in quite good agreement with the reference volume over the entire 
range of sizes, while the semispherical approach, proposed by Kim et  al. (2020) mainly 
underestimates the volume of the crystals. In the case of the frustum-shape assumption, 
we have a parameter � , determining the slope, as an adjustable (tunable) parameter. In this 
case, the best fitting value is � = 72

◦ . Based on the coefficient of determination ( R2 ), it 
can be concluded that the spheroidal shape as well as the frustum shape are best choices 
to determine the volume from a projected area. Note that this is a pragmatic and empirical 
way with the aim to estimate the overall volume change of precipitates from 2D projections 
in a more sophisticated way.

3.2  Crystal Growth and Transformation of Calcium Carbonate Polymorphs

We observe in our studies that different types of precipitates occur in the microfluidic 
cells. They differ in terms of gray-scale value when they are recorded through optical 
microscopy. In Fig. 4, a time series from 4 to 24 h is shown for the experiment Quasi-2D-2. 
There are precipitates with darker appearance that mainly stay at their original position and 
grow over time, as well as lighter ones, irregularly shaped, which are more likely to be 
transported with the flow. Since different polymorphs of calcium carbonate can occur, and 
indeed their occurrence in the context of MICP has been reported in recent microfluidic 

Fig. 4  Time series of a small section of Experiment Quasi-2D-2 from 4 to 24 h: transformation of lighter 
appearing precipitates (hypothesized to be ACC) to darker appearing precipitates (hypothesized to be 
vaterite or calcite). A corresponding video is provided in the SI (V_Transformation.mp4)



 F. Weinhardt et al.

1 3

investigations (Wang et  al. 2021; Zambare et  al. 2020), it seems likely that these are 
different polymorphs. During the initial stage of the precipitation process, mainly lighter 
irregularly shaped CaCO3 precipitates (hypothesized to be ACC) formed, which later on 
transformed into darker crystals (hypothesized to be vaterite and calcite). In Fig. 4, such 
a transformation can clearly be seen in the area marked with a dashed circle: from the 
time stamps at 04:00 h until 12:00 h two darker precipitates are surrounded by irregularly 
shaped lighter precipitates. At time stamp 16:00 h, two additional darker precipitates form 
within the aggregation of irregularly shaped lighter precipitates. These darker precipitates 
grow within time, while the surrounding lighter precipitates seem to disappear in favor of 
the darker ones.

In fact, we cannot distinguish with certainty between these different polymorphs of 
CaCO3 with our setup; however, our observations indicate that formation of ACC at early 
stages of the precipitation process, followed later by transformation into vaterite or calcite, 
is very plausible. Even though we use EICP with a continuous injection of the reactive 
solutions, these findings are in agreement with the ones reported in (Wang et  al. 2021; 
Zambare et al. 2020) who used MICP and a staged injection or a batch system, respectively. 
This occurrence of different polymorphs and their transformation have substantial effects 
on the porosity–permeability relation, which will be further discussed in Sects. 3.3.2 and 
3.3.3 .

3.3  Porosity–Permeability Relation

In this subsection, we present our experimental results with the focus on the porosity–per-
meability relationship. We identified different key mechanisms that influence the shape of 
the porosity–permeability relationships. At first, the initial geometry of the porous domain, 
in our case the Quasi-1D-structure compared to the Quasi-2D-structure, is discussed. Fur-
thermore, time dependence and two kinds of injection strategies, namely constant flow vs. 
step-wise decreased flow imposed at the boundary, are evaluated. Subsequently, the role of 
preferential flow paths during precipitation are evaluated and discussed. In order to evalu-
ate porosity changes from 2D projections, the segmented images of all experiments were 
processed further, based on the approach described in Sect. 2.2. In this case, we used the 
assumption of a frustum shape for the precipitates using a slope with an angle of � = 72◦ , 
since this has been shown in Sect. 3.1 to fit best in terms of volume estimation. Since the 
permeability can be calculated from the pressure data, we can relate the obtained average 
quantities, porosity and permeability, to each other. Both the segmented images and the 
log data, including flow rates and pressure measurements, can be found in Weinhardt et al. 
(2021b, 2022).

3.3.1  Effect of the Pore Structure (Quasi‑1D vs Quasi‑2D)

In Fig.  5, the normalized permeability is plotted over the change of the porosity for all 
six experiments in a log-log graph. Here, it needs to be mentioned that the experiment 
Quasi-2D-1 had to be restarted and resaturated, and, therefore, the data shown in this figure 
start when precipitation has already been present in the domain (see Sect. 2.1). It can be 
clearly observed that the experiments using the Quasi-1D-structure have a very dominant 
decrease in the normalized permeability within 10% of porosity reduction. Comparing it 
to a simple power-law relationship (Eq. 3), the exponents, � , are roughly in the range of 
30–100. This wide range of values for the exponents can be explained by the rather simple 
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and one-dimensional structure of the porous domain. If one single location in the domain is 
clogged or close to clogging, the permeability decreases, even though the overall change of 
pore space is not significant. We can conclude from this that at least for this specific geom-
etry, the location of the precipitates dominates the decrease in permeability rather than the 
porosity as a averaged quantity. It has to be noted that the pore morphology chosen for the 
microfluidic cell only consists of four pore cavities connected with pore throats, it has to be 
noted that this cannot considered as being representative for a porous medium.

In contrast, the experiments using the Quasi-2D-structure show a different behavior. 
The geometry itself can generally be considered as closer to representing a 2D porous 
medium. Compared to the Quasi-1D-structure, there is now another degree of freedom in 
the lateral direction, so fluids can flow even though some individual pore throats might be 
locally clogged. This leads to a smoother porosity–permeability relationship. Comparing 
them again to simple power-law relationships, the exponents range between 3 and 7. This 
is in agreement with what has been reported in the literature. To describe precipitation pro-
cesses, widely used exponents are in a range between 1 and 9 (Hommel et al. 2018).

We can conclude that for quasi-1D systems, like the Quasi-1D-structure, the location 
of the precipitates is much more important than the overall porosity reduction. In 
contrast, in more realistic porous media, like the Quasi-2D-structures, this local effect is 
averaged out to some extent, which leads to smoother porosity–permeability relationships. 
However, among these three Quasi-2D-experiments, differences exist, and phenomena and 
mechanisms leading to this will be discussed below.

3.3.2  Time Dependence and Injection Strategies

We discuss how the occurrence of amorphous calcium carbonate (ACC), its further trans-
formation to vaterite or calcite, that has been described in Sect. 3.2, as well as the applied 
injection strategy influence the porosity–permeability relationship. We consider the occur-
rence of ACC and its transformation to other polymorphs of calcium carbonate as very 
plausible. This hypothesis is therefore used below for interpreting particular hydraulic 

Fig. 5  Left: Log-log-plot of the porosity–permeability relationship for the six experiments, compared to 
power-law relationships with different exponents. The horizontal dashed lines indicate the applied flow 
rates of the Quasi-2D-experiments referring to the second y-axis on the right
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responses. We note, however, that the currently available data do not allow for an une-
quivocal identification of those irregularly shaped precipitates as ACC. This would require 
other sophisticated experimental techniques, such as Raman microspectroscopy as in the 
work of Zambare et al. (2020). In Fig. 6, the two experiments Quasi-2D-2 and Quasi-2D-3 
are directly compared to each other. In the early stages, approximately during the first five 

Fig. 6  Temporal evolution of the porosity–permeability relationship for the Experiments Quasi-2D-2 and 
Quasi-2D-3. Top left: Experimental data points including fitted power law relationships with the exponents 
10 (early stage), as well as 5 and 3 for the later stages, respectively. Top right: Segmented images of the 
whole domain at time stamp 25  h. Bottom: series of unprocessed microscopy images after 02:00, 15:00 
and 25:00 h. The corresponding data points are highlighted with circles in the graph above. See Video V_
TimeDependentPoroPerm.mp4 in the SI for the complete temporal evolution
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hours of both experiments, the decrease in the permeability is rather fast compared to the 
porosity reduction. This results in a rather high exponent ( � = 10 ) of the fitted power-law 
relationship. This early decrease in permeability has also been described in previous MICP 
experiments (Phillips et al. 2013b), while numerical modeling led to an underestimation of 
the initial reduction in permeability (Hommel et al. 2013). We hypothesize that the reason 
for this early disproportional decrease in the permeability is the relatively high ratio of 
ACC present in the domain, compared to the crystalline polymorphs vaterite or calcite. 
The optical microscopy images in Fig. 6 at the time stamp 02:00 h hours show this amor-
phous aggregation of precipitates surrounding the crystalline polymorphs. Since ACC is 
hydrated in the early stages of a precipitation process, it has a relatively low density (Rod-
riguez-Navarro et al. 2015). Moreover, due to the small size of the ACC precipitates in the 
early stages, the surface area, where shear forces act on, is higher compared to later stages. 
Therefore, it can be transported with the flow and temporally clog pathways, especially 
when the overall pressure drop is still low, as it is the case in the early stages of the experi-
ment. The pressure drop can be interpreted as a proxy for the average flow velocity, which 
again is a proxy for the shear stresses acting on the precipitates. In addition to that in the 
early stages, precipitates might not be as well-attached to the surface yet, and there is more 
space available where they can be transported to. While precipitation continues and time 
passes, the amount ( ∼ volume) of ACC reduces due to its possible transformation to vater-
ite or calcite and the available void space reduces. As a consequence, temporally clogged 
pathways become passable again, and the fitted power-law relationships have smaller expo-
nents in the later stage. While the early stage for both experiments is quite similar, the 
curves diverge toward the end. This can be explained by the different injection strategies 
of the experiments, namely a step-wise decreased flow rate in Experiment Quasi-2D-2 
and a constant flow boundary in the Experiment Quasi-2D-3. The curve for Experiment 
Quasi-2D-2 shows a quite smooth porosity–permeability relationship with an exponent of 
5. In contrast, the data set of experiment Quasi-2D-3 shows a plateau between 10 and 15 
h, which corresponds to the normalized porosities between 0.65 and 0.55. Both experi-
ments globally show a rather homogeneous distribution of the precipitates, which indicates 
reaction-limited conditions as described in Sect. 2.1. However, on the sub-pore scale, we 
can observe that flow paths develop locally through detachment, transport, and filtering 
of ACC. This phenomenon cannot be explained by state-of-the-art theoretical descriptions 
of precipitation processes in porous media, which so far only differentiate between reac-
tion- and transport-limited regimes; the phenomenon is also mostly neglected in theoretical 
computational studies like (Niu and Zhang 2019; Jung and Meile 2021; von Wolff et al. 
2021). While in Experiment Quasi-2D-3, with a constant flow rate, these flow paths stay 
open, in Experiment Quasi-2D-2 with a reduced flow rate, the growth of the existing pre-
cipitates dominates over the transport of loose precipitates with the consequence that flow 
paths can close. This temporal evolution is also visualized in the Video V_TimeDependent-
PoroPerm.mp4 in the SI.

It seems that the exact positions of precipitate formation and flow path development are 
difficult—if not impossible—to reproduce. This depends inter alia on initial nucleation sites 
present in the domain (Weinhardt et al. 2021a) and can therefore be considered a stochastic 
process. Still, it is plausible to conclude that the polymorphism of calcium carbonate has 
a substantial impact and promotes these detachment and reattachment scenarios of loose 
precipitates (mostly ACC), thus leading to the evolution of preferential flow paths. Due to 
the presence of preferential flow paths, the porosity–permeability curve is shifted toward 
lower porosities at almost constant permeabilities—meaning it temporally flattens the 
curve and reduces the exponent of the overall fitted power-law relationship. This effect can 
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be reduced by step-wise decreasing the injection rate and, therefore, reducing the exposure 
of calcium carbonate precipitates to shear stress.

3.3.3  Dominant Preferential Flow Path

Moreover, in the case of the Experiment Quasi-2D-1, we see an even more dominant shift of 
the porosity–permeability relationship in Fig. 5. A clear preferential flow path can be iden-
tified in the top of the domain and the precipitation pattern throughout the domain is quite 
heterogeneous (see Fig. 7a). Here, it needs to be mentioned that during this experiment the 

Fig. 7  Subdomain approach to account for preferential flow paths. Experimental data from the Quasi-2D-1 
experiment during a 5-hour interval and a constant flow rate of 0.04 �L∕s . a segmented image at the 
end of the interval. b Representation as one REV. c Representation as two subdomains with individual 
permeabilities, k1 and k2 . The cross-sectional proportions are 1/15 for domain 1 and 14/15 for domain 2. 
d Porosity–permeability relationship in a log-log-plot. The values are normalized to the initial state of the 
interval. Comparison of the two approaches to the experimental dataset. e Section of the domain, white is 
void space, black is solid and gray indicates the increment in precipitates during the five hour interval
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microfluidic cell had to be resaturated by applying relatively high flow rates using deionized 
water (see Sect. 2.1). This has probably caused a breakthrough at the top of the domain by 
flushing out some precipitates and has led to an artificially created dominant preferential flow 
path (see SI for further explanations). Note that we now discuss the results of the Quasi-2D-1 
experiment during the period after its restart and before reducing the flow rate. This means 
that precipitates already exist inside the cell, and that during this 5-hour interval, a constant 
flow rate of 0.04 μL∕s was applied. Thus, after continuing the experiment at a constant flow 
rate, this flow path stays open, while increased precipitation is noticed in its surrounding. This 
temporal evolution is visualized in Fig. 7e), where a small section of the domain is given. 
For that, time-resolved binarized images (white is void, black is solid) are summed up over 
a period of 5 h. The resulting gray-scale values represent the time period during which a pre-
cipitate has been at the corresponding location (the darker, the longer). The changes of the 
precipitates within the flow path (indicated by a gray frame around them) are relatively small 
compared to the gray areas in the surrounding of the flow path. In addition, the video, V_Dom-
inantPreferentialFlowPath.mp4, given in the SI, shows the transport of small precipitates into 
the vicinity of the flow path. From this it can be concluded that the pore-space alteration due 
to transport of loose precipitates into the pore throats next to the flow path might have been 
more important than the growth of individual crystals in the preferential flow path. During a 
constant flow rate, the small crystals (hypothesized to be ACC) are transported along the flow 
path and at bifurcations also into smaller pore throats. This consequently leads toward a sepa-
ration of the preferential flow path from the rest of the domain, which again locally increases 
kinetic energy in the flow path concomitant with detachment and transport of smaller crystals. 
Therefore, at constant-flow boundaries, this channeling is a self-enhancing process, which was 
similarly observed during MICP treatment of fractures (Mountassir et al. 2014). In addition 
to that we showed that this strongly affects the developing porosity–permeability relationship.

Due to this dominant preferential flow path in the top of the domain, the precipitation 
pattern is quite heterogeneous. Thus, the corresponding apparent porosity–permeability 
relationship deviates strongly from the classical power-law relationship. This can be explained 
by the fact that the domain cannot be described as one single representative elementary 
volume (REV) anymore, which may be difficult to adapt in REV-scale modeling efforts 
and highlights the relevance of pore-scale modeling. In order to explain the behavior of 
the porosity–permeability relation, we compare two assumptions: the first one is that we 
assume the domain to be one single REV and define one permeability: ktot (Fig.  7b). The 
other assumption would be to split the domain into two subdomains, each with an individual 
permeability, k1 and k2 (Fig. 7c). In that case, one REV represents the upper part including 
the preferential flow path and the second one represents the rest of the domain. Since we 
observed that the flow path stayed open, we assign a constant permeability to Domain  1. 
The permeability of Domain 2 is calculated by a power-law relationship with the exponent 7. 
Since the flow is parallel to the interface of the subdomains, we can use the arithmetic mean 
to calculate the averaged permeability of both subdomains. In Fig. 7d, the two approaches are 
compared to the measured experimental data. We can see that with the assumption of two 
subdomains, we can reproduce the shape of the apparent porosity–permeability curve of the 
experimental data.
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4  Conclusions

In this study, enzymatically induced calcium carbonate precipitation (EICP) was 
investigated in microfluidic cells during a continuous injection of the reaction 
solutions. The design of the microfluidic cells allowed for reliable continuous pressure 
and flow rate monitoring during the precipitation. From these pressure and flow rate 
measurements, the permeability reduction of the porous domain was obtained. Since 
the cells are transparent, we were able to use optical microscopy to observe the growth 
of the crystal aggregates synchronized with the pressure measurements. Analyzing a 
�XRCT-scan, we found that assumptions of spheroidal or frustum shape approximate 
the volume of precipitates the best when estimating the change in pore volume based 
on the 2D-projected images from optical microscopy. Thus, we were able to accurately 
relate porosities and permeabilities and to identify the following key mechanisms during 
EICP treatment:

• In the Quasi-1D-structure, the changes in permeability are dominated by the loca-
tion of the precipitates rather than by the overall porosity reduction, leading to very 
high exponents (30–100, Eq. 3) which are hard to determine when trying to match 
permeability/porosity data with a simple power-law. In contrast, for the Quasi-
2D-structures, which are, of course, closer to reality, the effect of single pore-throat 
clogging is less important, which leads to much smoother porosity–permeability 
relationships with smaller exponents (3–7, Eq. 3).

• We observed that particularly in the early stages of the precipitation process mainly 
small, irregularly shaped precipitates (hypothesized to be ACC) formed, which, due 
to their small size and density, would be more likely to be transported with the flow, 
and may have temporarily clogged pathways. Possible additional factors are that in 
the early stages, these precipitates are not as well-attached to the surface yet, and 
that there is more space available into which they can be transported, compared 
to later stages when most of the void space has been occupied. This consequently 
results in a high permeability reduction at early times and a power-law exponent of 
around 10 in our case. In later stages, ACC appears to transform to vaterite or calcite 
and consequently reduces the slope of the porosity–permeability data with power-
law exponents between 3 and 5 (Eq. 3).

• With constant-flow boundaries, flow paths evolve and remain open due to shearing 
off and redepositing of the small precipitates. This leads to a shift in the porosity–
permeability relationship with the consequence of reduced exponents of the corre-
sponding fitted power-law relationship. Under step-wise decreased flow boundary 
conditions, which can be interpreted as moving toward an approximation of con-
stant-head conditions, these effects are not seen, since the kinetic energy of the fluid 
and, consequently, the shear forces, to which the precipitates are exposed, remain 
approximately constant.

• Preferential flow paths form and appear to persist under continuous flow conditions. 
As a consequence, the resulting heterogeneous precipitation pattern, identified on 
the pore-scale, leads to difficulties for the macro-scale definition of the correct REV 
with its upscaled parameter permeability. In consequence, this would justify the use 
of dual-porosity models for approximating permeability on the macroscale. How-
ever, this only holds for constant-flow conditions, where the flow enforces preferen-
tial flow paths as soon as the matrix is sufficiently impermeable.
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This study raises further research questions. For example, how EICP treatment could be 
optimized for fractured porous media, where obviously preferential flow paths already 
exist. Fluorescence microscopy, as well as micro-scale particle image velocimetry ( �PIV ), 
would enhance our, for now qualitative, observations by measuring the velocities in the 
flow paths and by quantifying the portion of autofluorescent calcite in the domain. Also 
Raman microspectroscopy, as performed by Zambare et al. (2020), would be necessary to 
be certain about the occurrence and transformation of ACC to more stable calcium car-
bonate polymorphs. Furthermore, experiments with varying inlet concentrations would 
be expedient for field-scale applications where locally concentrations vary. Moreover, it 
needs to be understood in what way these findings can be extrapolated to more realistic, 
fully three-dimensional porous media. In that case, flow has an additional degree of free-
dom which potentially affects the evolution and persistence of preferential flow paths and 
their length scales, while different surface properties might also influence the precipitation 
process. Even though we are convinced that constant flow boundary conditions will also 
lead to the evolution of preferential flow paths, the question how this will affect the poros-
ity–permeability relationship still remains. Therefore, further investigations using column 
experiments are needed which would require time-resolved tomographic imaging tech-
niques, for example nuclear magnetic resonance or �XRCT measurements as used in (Bray 
et al. 2017; Fridjonsson et al. 2011).
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