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ABSTRACT 
 
 

Biocement has the potential to seal subsurface hydraulic fractures, manipulate 
subsurface flow paths to enhance oil recovery, treat fractured cement, stabilize soil 
structures and minimize dust dispersal. Biocement can be formed using the urease 
enzyme from various sources (bacteria, plant, or fungi) to break down urea into 
carbonate, combining with calcium for use in engineering applications such as biocement 
production. Higher temperatures, pressures, and extreme pH conditions may be 
encountered as these engineering applications expand deeper into the subsurface. 
Temperatures beyond 1000 meters can exceed 80°C, potentially rapidly inactivating the 
enzyme. The first part of this study focused on monitoring urea hydrolysis catalyzed by 
jack bean urease at temperatures ranging from 20-80°C.  An increasing rate of urease 
inactivation was observed with increasing temperatures and first-order models described 
the kinetics of urea hydrolysis and enzyme inactivation properly. 

The second part of this study focused on developing a technology to mitigate sand 
transport in oil and gas wells. This study addressed a method to cement sand in the 
subsurface so that it is not returned when oil or gas is extracted. As the sand leaves the 
formation, it can cause damage in the subsurface, leading to economic concerns, as well 
as reducing the lifespan of pumps, piping and other components on the well pad. A 
reactor system was developed to mimic a subsurface oil well that produces sand. 
Biocement production was promoted within the reactor, utilizing common sources of 
urease (Sporosarcina pasteurii and Canavalia ensiformis or jack bean meal). The 
resultant calcium carbonate/sand mass was subjected to elevated flowrates, simulating 
field conditions where sand is potentially fluidized and potentially transported into the 
wellbore. It was shown that biocement can reduce sand transport while allowing for 
higher flow rates than conditions without biocement. 

The findings from this study broaden the potential application range of 
biocementation technologies into higher temperature environments. Applying biocement 
specifically to sand mitigation may have significant environmental, economic, and safety 
implications within the natural resource industry. 
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CHAPTER ONE 
 
 

INTRODUCTION 
 
 

Background 
 
 

This thesis describes two studies: (1) it explores temperature-dependent kinetics 

of plant sourced urease enzymes and (2) a potential application of urease from microbe 

and plant sources to induce calcium carbonate precipitation to prevent sand from being 

transported into an oil-producing wellbore.  

Urea hydrolysis-induced calcium carbonate precipitation (sometimes called 

biocementation) is a natural process catalyzed by enzymes (either from bacteria, plants, 

or fungi). 1-4 Calcium carbonate precipitation has the potential to make positive impacts 

to environmental and chemical engineering applications. Previous works have proposed 

the use of carbonate precipitation to restrict fluid flow to mitigate escaping greenhouse 

gasses in carbon sequestration and recently have been applied to improve the injection 

pressure of an aged well (data not shown). 5-9  

Calcium carbonate precipitates can be formed by at least three mechanisms; 

microbially induced calcium carbonate precipitation (MICP), enzyme induced calcite 

precipitation (EICP), and thermally induced calcium carbonate precipitation (TICP). For 

TICP to occur, urea spontaneously hydrolyzes without the aid of an enzyme, presumably 

due to sufficiently high temperatures. TICP was not considered in this work, such that the 

focus of this thesis will be MICP and EICP. The MICP and EICP mechanism both utilize 

the urease enzyme to hydrolyze urea into ammonia (NH3) and carbonic acid (H2CO3) 
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(Equation. 1.1-1.2). The carbonic acid is converted into carbonate (CO3

2-) through a 

series of acid base reactions within the system (Equation. 1.3-1.5). Once formed, the 

carbonate and calcium combine to precipitate calcium carbonate (CaCO3) (Equation 

1.6).10 

	  Equation. 1.1 

	 →  Equation. 1.2 

	↔  Equation. 1.3 

2 2 	 ↔ 2 2  Equation. 1.4 

2	 ↔ 2	  Equation. 1.5 

↔ 	  Equation. 1.6 

 
Thesis Overview 
 

In this thesis, two topics are covered, one exploring the potential to advance 

biocement applications into a broader temperature range and the other, developing a 

novel analog reactor to simulate a potential mineralization application. Chapter 2 is 

comprised of a manuscript “A study on inactivation and catalysis rates of plant sourced 

ureases at elevated temperatures”, which will be submitted to Environmental Science and 

Technology. Increasing temperatures are usually encountered with increasing depths in 

the subsurface. The Phillips/Gerlach laboratories at Montana State University (MSU) 

demonstrated that most, if not all, of the urease from urease-producing bacteria tested in 

the laboratory grown above 44°C were inactivated due to long term elevated temperature 

exposure. Hence, plant-sourced enzymes were used in this study to investigate a potential 

alternative urease source to extend the temperature range for subsurface applications. The 
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use of enzymes also eliminates the need for introducing potentially non-native bacterial 

species into the environment.  

The study presented in Chapter 2 developed a thermal inactivation model, 

describing the rate of thermal inactivation of the urease enzyme from the plant Canavalia 

ensiformis (jack bean meal). Three different models were investigated to find the most 

computationally simple model compared to properly describe experimental urea 

hydrolysis data. The inactivation model developed is being used in a reactive transport 

model developed with collaborators at the University of Stuttgart. 11, 12  

Chapter 3 describes an analog sand packed reactor, intended to mimic a horizontal 

oil and gas well, a common orientation in the modern oil field. This chapter addresses an 

expensive field issue referred to in the oil and gas industry as ‘produced sand’. Produced 

sand is either native (from existing geology in the subsurface) or non-native sand 

(proppant, often added to the well to hold open hydraulic fractures). This sand can be 

unintentionally transported into the wellbore during oil and gas extraction and cause 

damage. Hence, a wellbore analog reactor, representing the space between the well bore 

and the formation, was filled with 40/70 proppant sand (commonly used in hydraulically 

fractured oil and gas wells). Biocement formation was induced in two separate 

experiments, each using a different urease source (microbial and plant-based sources). 

The biocement’s ability to hold the sand in place during field-like flow condition within 

the reactor was tested, comparing the mass of sand that transported during the high fluid 

flows. These experiments showed that biocement could potentially reduce the amount of 

produced sand compared to control experiments while still achieving a relatively high 
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flow rate (for a laboratory experiment) through the biocemented sand pack. Finally, 

chapter 4 summarizes the results of chapters 2 and 3 and outlines some recommendations 

for potential future work.  
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CHAPTER TWO 
 

 
A STUDY ON INACTIVATION AND CATALYSIS RATES OF PLANT SOURCED 

UREASE AT ELEVATED TEMPERATURES 

 
Abstract 

 
 

Engineered (bio)mineralization, which involves the use of the urease enzyme to 

catalyze the hydrolysis of urea to promote carbonate mineral precipitation, has been 

shown to be a promising technique for use in subsurface and remediation applications. 

The current study investigates the use of plant-based ureases under a range of 

temperatures that are typically found in the near and deeper subsurface. Batch 

experiments revealed that jack bean meal demonstrated a 4-34 times higher activity (2.46 

µmol urea hydrolyzed/mg ground jack bean meal/minute) than the other tested ground 

plant-based urease preparations (from soybean, pigeon pea and cottonseed). Ureolysis 

rates and enzyme inactivation at temperatures between 20 and 80°C were evaluated for 

jack bean meal. The first-order ureolysis rate coefficients ranged from 0.0019 kurea (min-1) 

at 20° C to 0.0335 kurea (min-1) at 80°C, increasing with temperature. Jack bean urease 

became >97% inactivated in as little as 0.5 hours at 80°C and in as long as 168 hours at 

50°C. A simple first-order inactivation model was deemed sufficient, among the three 

tested enzyme inactivation models (first-order, series-parallel and series-type), to 

describe the inactivation of urease appropriately over the investigated range of 

temperatures (correlation coefficients were between 0.86 and 0.99). The developed 
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enzyme kinetics and inactivation model provides a fairly simple mathematical 

relationship that can be used in reactive transport models. 

 
Introduction 

 
Engineered (bio)mineralization or ureolysis-induced calcium carbonate 

precipitation (UICP) techniques has been an increasingly popular area of research for use 

in subsurface and remediation applications.6, 13, 14 UICP is a process catalyzed by enzymes 

(either from bacteria, plants, or fungi), during which urea is hydrolyzed for use in calcium 

carbonate precipitation. 1-4 Engineered mineralization has the potential to be utilized in 

place of traditional cement or grout in the subsurface for remediating wellbore integrity, 

sealing fractures in concrete and rock formations utilized for fluid storage (e.g. CO2, natural 

gas, or H2), controlling flow paths for oil and gas recovery, or creating subsurface barriers 

for water pollution control.15-18 The application of (UICP) might be governed by 

regulations limiting the amendment of subsurface environments with living microbes or by 

temperature conditions inhibitory to microbial growth. To overcome challenges of working 

with living microbes, this work evaluates the use of ureases from plant-based sources as an 

alternative.  

Biologically induced mineralization techniques utilizing the ureolytic bacterium 

Sporosarcina pasteurii to induce calcium carbonate (CaCO3) precipitation have been 

extensively researched.1, 5, 7, 19-22 In the presence of urea, the urease enzyme in S. pasteurii 

catalyzes the hydrolysis of urea, altering the chemical environment towards favorable 

conditions for precipitation of CaCO3 in the presence of calcium (Equation 2.1). 
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(NH2)2CO + 2H2O + Ca2+ → 2NH4
+ + CaCO3                                        Equation 2.1 

 
Ureolysis-driven CaCO3 biomineralization has been successfully implemented in 

large scale field applications.15, 23, 24  The demonstration reported by Phillips et al. (2016) 

showed the potential for MICP to seal a subsurface fracture at approximately 340 m depth. 

In that study, the subsurface fluid temperature was around 20°C, i.e. within the range for 

microbial growth though microbial growth was not evaluated.25 Temperature generally 

increases with increasing depth in the terrestrial subsurface, and to extend the application 

range more temperature-tolerant strategies need to be developed. Furthermore, increased 

pressures and harsher chemical environments, such as CO2 saturated brines, may further 

limit the suitability of microbes.  

While urease is present in bacteria and whole cell ureolysis rates have been 

investigated e.g. by Lauchnor et al. (2015), there are also numerous other eukaryotic 

sources of the enzyme.26-28 Active plant sources of urease include jack beans (Canavalia 

ensiformis), soybeans (Glycine max), cottonseeds (Gossypium hirsutum) and pigeon peas 

(Cajanus cajan).28 The urease enzyme within the mentioned plants is used as a method to  

gather nitrogen for growth and in some cases, has been speculated to create an insecticide 

during germination but this has not been confirmed.29 Ureases from plants have been 

isolated and concentrated and could provide a potential strategy for implementing UICP in 

engineering applications. 30-38  

Utilizing purified urease (Enzyme Commission (EC) number 3.5.1.5) from jack 

bean, Nemanti et al. (2003) demonstrated that the enzymatically catalyzed hydrolysis of 

urea can lead to the formation of calcium carbonate. Nemati et al. (2003) observed a 98% 
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reduction of the permeability in porous media and found that by increasing the temperature, 

the rate of CaCO3 precipitation could be enhanced.39 Handley-Sidhu et al. (2013) also 

observed a 98% reduction of the permeability in porous media but found that 91.5% of the 

calcium carbonate precipitated was within the initial column section.38  

The activity of purified urease has been reported to be in the range of 2700 – 3500 

units per g of meal (µmol of urea hydrolyzed per minute per gram of meal).28 Utilizing jack 

bean meal (JBM), Handley-Sidhu et al. (2013) determined the ureolytic activity at 10°C to 

be 3130 ± 160 units, which is comparable with these observations since jack beans have 

been reported to contain between 0.07-0.14% urease/dry mass.40 Ureolysis rates are 

typically reported in the form of rate constants (such as kurea, first-order rate constant) and 

were determined to be between 3.47x10-5 and 1.88x10-4 [min-1] (0.05 and 0.27 [day-1]) for 

0.13-0.50 g*L-1 of JBM.38  

Inactivation mechanisms for a variety of enzymes have been researched.41-43 For 

instance, Polakovic et al. (1996) summarized a large number of mechanisms involved in 

the inactivation of enzymes, and examined the activity-time profiles of four mathematical 

forms ranging from first-order to higher order biphasic models.44 Due to many different 

possible pathways of enzyme inactivation, it is difficult to fully determine the mechanisms 

responsible for inactivation, though an adequate fit of the applied model is often accepted 

as an explanation for the mechanisms involved.45 For urease in particular, Illeova et al. 

(2003) proposed a thermal inactivation model that predicted thermal inactivation for 

purified urease between the temperatures of 55 and 87.5°C using a biexponential model, 

with at least three different reaction steps, including reversibility.46 Henley and Sadana 
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(1984) and Sadana (1991) stated that often a first-order model adequately describes 

inactivation kinetics for broad temperature ranges despite the potential complexity of the 

enzyme structure and the inactivation mechanisms.  

This study aimed to determine the ureolysis and inactivation rates (occurring in the 

range of 20-80°C) for the urease enzyme from ground extracts of various plant-based 

sources. To meet these objectives, ground plant-based sources of the enzyme were 

combined with urea at different temperatures in batch systems to determine urea hydrolysis 

and enzyme inactivation rates. Then, appropriate inactivation models were applied and 

compared with the results of the experimental data. The temperatures examined in this 

study are in the range of 20-80°C, where the higher temperatures are typical of deeper 

subsurface applications (more than 1000 m below ground surface). The motivation for this 

work was to determine the thermal inactivation effects in a temperature range where UICP 

could be applied in the deeper subsurface. The importance of studying the temperature-

dependent ureolysis and inactivation kinetics is also to inform reactive transport models to 

be used for predicting calcium carbonate placement.11, 12, 47  
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Materials & Methods 
 
 
Materials 

 
Jack bean meal (JBM) with an activity specified as ≥ 1500 units/gram (J0125, 

Sigma-Aldrich, St. Louis, MO) was utilized as a source of urease in all kinetic and 

inactivation experiments (one enzyme unit will liberate 1.0 micromole of ammonia from 

urea per minute per gram of meal at pH 7 and 25°C). Other plant-based sources of ground 

urease were: soybean flour (SB) (S9633, Sigma-Aldrich, St. Louis, MO), cottonseed flour 

(CS) (C4898, Sigma-Aldrich, St. Louis, MO) and pigeon peas (PP) (North Bay Trading 

Co. Brule, WI), ground to a flour using a household coffee grinder. All urease sources were 

prepared as 5 g*L-1 suspensions on a stir-plate and mixed at 300 rpm for approximately 16 

hours. ACS certified urea (Fisher Scientific, Fair Lawn, NJ) was prepared as a 40 g*L-1 

solution. All solutions were made with deionized water (DI) and filtered through 0.2 µm 

disposable Nalgene bottle top filters (ThermoFisher, Rochester, New York) prior to use. 

Glassware was autoclaved (121°C) prior to use.   

 
Batch Kinetic & Inactivation Experiments 
 

Batch experiments were carried out in digital shaking water baths operating at the 

desired experimental temperature (20-80°C) at 70 rpm. The initial heating period to reach 

each temperature was determined by measuring the temperature over time with an Omega 

CDS107 temperature probe. Time to reach 95% of the target temperature was determined 

to be less than 3.5 minutes for each treatment. Experiments were carried out in 30 mL glass 

bottles that contained 10 mL of 5 g*L-1 filtered ground plant-based urease (JBM, SB, CS, 
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or PP) to which 10 mL of 40 g*L-1 pre-heated urea solution was added once the 

experimental temperature was reached. This created a urease-urea mixture with final 

concentrations of 2.5 g*L-1 JBM, SB, CS or PP and 20 g*L-1 urea.  

Batch experiments were run in triplicate for durations of two to eight hours, 

depending on temperature, while measuring conductivity with an Omega CDS107 

conductivity probe. In addition, 2*60 µL samples were taken for urea concentration 

analysis (as presented in Phillips 2013, modified from Jung et al. (1975)) every 15 minutes 

up to two hours and then every 30 minutes up to eight hours. In all batch experiments, less 

than 10% of the total experimental volume was taken for sampling. As a positive control, 

treatments were also run at 30°C to monitor potential variation between the different 

enzyme preparations. A urease-free control with 20 g*L-1 urea was run to assess abiotic 

hydrolysis within the experimental time; abiotic hydrolysis of urea was not observed.  

Both a direct urea assay and conductivity-based measurements were used to 

monitor the rate of urea hydrolysis. A modified method of the colorimetric Jung Assay was 

performed in 96 well plates with absorbance measured at 505 nm to assess urea 

concentrations.3, 48 Data were correlated to conductivity readings taken in parallel at each 

temperature. The conductivity method can be used to measure the proportional increase in 

conductivity due to the conversion of non-ionic urea into ionic ammonium and 

(bi)carbonate ions during urea hydrolysis.19 The equation of the resulting correlation line 

of the combined triplicates was used to convert the conductivity measurements to urea 

hydrolyzed (g*L-1). This Jung Assay-conductivity correlation can be found in the 

Appendix as Table A1.  
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Inactivation experiments were performed by exposing 10 mL samples of JBM 

suspensions to elevated temperatures between 50 and 80°C over a range of exposure times 

between 0.5 and 168 hours. Exposed JBM samples were cooled down rapidly on ice and 

stored at 4°C until utilized in batch experiments. Each 10 mL sample of thermally-exposed 

JBM urease was heated to 30°C and mixed with 10 mL of a 40 g*L-1 urea solution at 30°C 

to determine the average urea hydrolysis rate, or enzyme activity (A). This was determined 

by finding the difference in the initial and residual urea concentrations after the thermally 

exposed JBM batch studies and dividing by the duration (Equation 2.2). Here, U0 and UΔt 

are the urea concentrations initially and after two hours (120 minutes), and Δt is the time 

of the kinetic experiment (2 hours). 

 

	 	

∆
                                                                 Equation 2.2 

 
Modeling Methods 
 

Urea hydrolysis promoted by ground plant-based enzyme sources has been shown 

to follow a first order rate expression suggested by Ferris et al. (2003) in Equation 2.3 and 

summarized by Handley-Sidhu et al. (2013) for urea concentrations near 20 g*L-1.38, 49 

Initial comparisons were based on the first order rate coefficients (kurea) determined from 

120 minute batch studies for each temperature, calculated using the hydrolysis rates from 

experimental data (Equation 2.3).   

 

                                                              Equation 2.3 

 
Where dU is the differential change in urea concentration, dt is the differential 

change in time and kurea is the apparent first order reaction rate coefficient (min-1).  
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Upon inspection of the data, it was found that urease from all plant-based sources 

were inactivated at elevated temperatures, 50°C being the first temperature that significant 

inactivation was observed. The model was modified to consider both changes in urea 

concentration (U) and enzyme activity (A) (Equation 2.4) where A and kurea were 

temperature dependent variables.  

 

                                                              Equation 2.4 

 
Here, the reaction equation is second order overall, first-order with respect to urea 

concentration (U) and first-order with respect to enzyme activity (A). The inactivation of 

the urease enzyme at elevated temperatures is influenced by the activity term (A), a 

function of temperature within this study. Three inactivation models of differing 

complexity were considered, a single step and two biphasic inactivation models. These 

evaluated models are graphically shown in Table 2.1.  

 
Table 2.1. Graphical representation of inactivation models and their corresponding 
theoretical inactivation pathway(s) investigated within this study.  

 
 
 

Literature suggested that enzyme inactivation kinetics can be described adequately 

using a first-order inactivation model (Equation 2.5), which describes a one-step 

irreversible inactivation of the enzyme from its native form to an inactivated form. 42, 45, 46, 

Model Mechanism

First order

Series‐parallel

Series‐type

→

→ →
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50 In some cases, a first-order model may describe an enzyme’s inactivation mathematically 

but may not be exact from a mechanistic standpoint. In these cases, a higher order or a 

more complex inactivation model might describe the pathway more realistically. More 

complicated enzyme inactivation models have been identified in the literature including a 

series-parallel and series type model.51 One activity model (Equation 2.6) describes a 

series-parallel inactivation scheme, in which the native enzyme follows one of two paths 

towards the inactivated form, a two-step series path that assumes a partially inactivated 

isozyme during inactivation and a single step path toward complete inactivation. The other 

higher order activity model (Equation 2.7) similar to the series-parallel but without the 

second path for complete inactivation. In each of these higher order models, kinetic 

coefficients k1, k2 and k3 are the rates of enzyme inactivation from the native form (E) to 

the isozyme form (EI) to the inactive form (Ed) (see Table 2.1 for a graphical 

representation). The β value is an activity ratio of E and EI. (While details are provided 

here for the direct inactivation model, detailed explanations of the higher order inactivation 

mechanisms can be found in the Appendix)  

 
	 ∗ 	                                                              Equation 2.5 

 

1                   Equation 2.6  

 

1                                    Equation 2.7  

 

The single step inactivation model was the simplest model invested within this 

study (Equation 2.5). Where Ao is the initial activity of the enzyme (assumed to be 1), A is 
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the activity after exposure to elevated temperatures for time, t and kd(T) was the first-order 

thermal inactivation rate coefficient at the given temperature (T).   

The inactivation rate coefficients (kd(T)) for temperatures between 50 and 80°C 

were determined by linearly regressing the residual activity versus time on a semi-log plot, 

with the slope being kd(T). The resulting kd values were plotted against temperature to 

obtain a temperature-dependent inactivation coefficient through exponential regression, 

resulting in an exponential type plot (Figure A.1) (Equation 2.8). 

 

∗ ∗                                                            Equation 2.8 
 

Where T is temperature, P is the pre-exponential factor, Ea is the inactivation energy and 

R is the universal gas constant per the Arrhenius equation.  

  When analyzing the enzyme inactivation mechanisms, the parameters associated 

with the series-parallel and series inactivation models were estimated using a nonlinear 

least squares regression code within MATLAB® called ‘fmincon’. The main function of 

‘fmincon’ was to minimize the difference between experimental and predicted data by 

varying the inactivation coefficients for the inactivation scheme investigated. Constraints 

were added that would only evaluate a specific range of numerical values.  

  
Results & Discussion 

 
 
Ureolysis Rates & Temperature Dependency  
 

The rates of ureolysis in batch experiments between the four plant sources were 

compared based on their apparent first-order rate coefficients (not accounting for 

inactivation) and their respective activities at 30°C and 60°C for JBM, SB, PP and CS 
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(Equation 2.3) (Figure A.2). It was observed that JBM exhibited 2.1 times higher ureolysis 

rates at 30°C and 3.1 times higher at 60°C than the second most active ureolytic source 

(within this study), SB for both temperatures (Table A.2). Ureolysis rates have been 

reported for temperatures between 10 – 30°C as 0.4 – 0.60 [day-1] (2.78x10-4 – 4.16x10-4 

[min-1]) for 1.0 g*L-1 ground jack bean meal and 0.04 – 2.29 [day-1] (2.78x10-5 – 1.59x10-

3 [min-1])  for microbial cultures with optical densities (OD600nm) between 0.015 and 

0.14from other literature sources.16, 38, 49, 52, 53 The first-order urea hydrolysis rate 

coefficients reported here are determined from data obtained over the first hour of ureolysis 

in the presence of 2.5 g*L-1 of  JBM, SB, PP or CS, normalized to 1 g*L-1. The first-order 

ureolysis rates were determined to be between 1.11 and1.93x101 [(g*day)-1] (7.74x10-4 and 

1.34x10-2 [(g*min)-1]) (Table A.2). 

Each plant-based urease source was mixed to the same mass concentration of meal 

to compare the concentration of urea hydrolyzed per time.  It must be noted that the levels 

of active urease in the different plant sources was unknown. The urease activities 

determined from these experiments decreased in the order of JBM > SB > PP > CS. At 

30°C JBM was the most active with 970 units (µmol of urea hydrolyzed per minute per 

gram of meal), SB with 230, PP with 100 and CS was undetectable. At 60°C JBM was the 

most active again with 2440 units, SB with 840, PP with 370, and CS with 70. These results 

agree with the order of purified plant urease activities reported in Krajewska et al. (2009) 

with the exception that PP is reported as having a higher activity than SB and CS.28 

However, this difference, as well as the higher rates of activity reported as 650-800 units 

per g of meal for SB, and 145 units per g of meal for CS, can potentially be attributed to 
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the difference in PP source used within this study.28 JBM demonstrated the highest activity 

in comparison to other plant-based sources of urease. The activity determined as 590 – 

2440 units per g of JBM meal is in rough agreement with the manufacturer’s information 

that states 1500 units per g of JBM (Sigma-Aldrich Product Specification). Also, control 

studies comparing filtered vs. unfiltered ground urease sources showed no difference in 

ureolytic activity between the sources investigated (data not shown). Due to the 

significantly higher ureolysis rates, JBM urease was chosen for the remainder of the 

experiments.  

 
Temperature-Dependent Kinetics of Urea Hydrolysis by Jack Bean Meal 
 

Results from batch experiments performed at temperatures between 20 and 80°C 

are shown as the change in urea concentration over time (Figure 2.1). Urea hydrolysis rates 

increased with increasing temperatures to an optimum around 60°C for the reference time 

frame of two hours. Complete hydrolysis of 20 g*L-1 urea was achieved within 60 minutes 

at 60°C. For temperatures < 60°C, urea hydrolysis appeared to occur at lower rates; for 

temperatures of 65°C and 70°C, ureolysis appeared to be higher initially (i.e. 

approximately within the first 30 minutes) but appeared to slow down rapidly afterward, 

presumably due to urease inactivation. Urea hydrolysis indeed occurs at temperatures 

above 70°C but ceases after 60 minutes at 75°C and 45 minutes at 80°C, with 31.7% and 

52.5% of the urea left in the system, respectively. It was observed at temperatures above 

65°C over two hours, that the urea provided was not entirely hydrolyzed indicating that 

complete thermal inactivation of JBM urease occurred. 
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Figure 2.1. Urea concentrations (g*L-1) over time (minutes). Temperatures ranged from 20 
to 80°C (10°C increments displayed here).  
 
 

JBM not exposed to elevated temperatures was observed to hydrolyze 60% +/- 5% 

(average +/- standard deviation, n=3) of urea from 20 g*L-1 at 30°C within the reference 

time frame. JBM urease showed more than 97% inactivation after approximately 168 hours 

during exposure at 50°C, 96 hours at 55°C, 48 hours at 60°C, 24 hours at 65°C, 5 hours at 

70°C, 3 hours at 75°C and 0.5 hours at 80°C. Illeová et al. (2003) noted that inactivation 

rates for purified urease appear to be slower for an enzyme that is not considered 

thermostable, reporting a wide range of activity loss from 50% after 50 hours at 55°C to 

almost complete loss after one hour at 87.5°C. Aside from the different urease purity used 

within this study, Illeová et al. (2003) noted using a 0.1M phosphate buffer at pH 7.0 

throughout their study. This difference could have aided in preserving the enzyme as the 

urea is hydrolyzed (which increases the pH). The results presented in this thesis revealed 

that ground urease experienced 50% activity loss after 13 hours at 55°C to complete loss 

after one hour at 80°C.  
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Figure 2.2. Residual activity (ln[A*A0
-1]) of jack bean urease exposed to various 

temperatures (5°C increments from 50-80°C) for different amounts of time (180 minutes 
[3 hours] – 10,080 minutes [168 hours]). A non-linearized plot of the residual enzyme with 
a higher resolution near the beginning of inactivation can be found in the supplemental 
information as Appendix Figure A.3. 
 
 

Results of the first-order inactivation model (Equation 2.5) for urease inactivation 

between 50 and 80°C were plotted with the Arrhenius type equation (Figure A.1). The 

resulting kd(T) values or slopes of the lines in Figure 2.2 are summarized in Table A.3. 

These values were fitted with an Arrhenius type equation to estimate the first-order 

temperature-dependent inactivation rate coefficient (Equation 2.8) with a R2 value of 0.99 

(Figure A.1). The inactivation energy was calculated from the kd(T) Arrhenius equation to 

be -178.75 KJ/mol. Although from different enzymes, Anthon and Barrett (2002) reported 

activation energies for peroxidase and polygalacturonase to be -480 and -411 KJ/mol 

(respectively). The coefficients obtained from each model for temperatures between 20 and 

80°C are summarized in the Appendix as Table A.4 as well as the correlation coefficients 
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of their respective fits. The ka(T) values listed correspond to the first-order ureolysis rate 

and was anticipated to depend strongly on temperature.  

After estimating the kinetic coefficients for the inactivation models, three 

temperatures 30C, 60C, and 80C were used to verify if each inactivation model could 

estimate experimental urea hydrolysis data. These temperatures were chosen as the two 

extremes and the temperature at which the highest activity of the JBM urease was observed 

(60°C) in this study. As shown in the comparison of the model results to experimental data 

(Figure 2.3) and the correlation coefficients (Table A.4), each model can predict the urea 

consumption data with a R2 value ≥ 0.97 or better.  

 

  

Figure 2.3. Predicted fit for series-type (solid line), series-parallel (long dashes) and first 
order (dotted) models as compared to experimental ureolysis data for 30°C (squares), 60°C 
(circles), and 80°C (triangles). 
 
 

To further analyze the appropriateness of the three models, the resulting kinetic 

coefficient(s) were plotted as a function of temperature, comparing the fit of the trendlines 

(Figures A.1, A.4-A.10).  To implement the kinetic inactivation models for use in field 
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applications, an accurate fit of laboratory data was desired, while minimizing model 

complexity. Even though k1, k2, and k3 potentially could increase as the temperature 

increases, they could also very easily be represented as a constant (Figure A.5).51 The 

values for β developed within MATLAB® decreased as temperature increased (Figure A.6, 

A.10). A sensitivity analysis of the β value revealed that there was no change in the series 

and series-parallel models’ ability to match the experimental data. Therefore, a constant 

value of one was chosen for β throughout the temperature range, as it did not have any 

noticeable effect on the higher order model’s accuracy of predicting urea concentrations.51 

The temperature-dependent equations and their correlation coefficients are summarized in 

Table 2.2.  

Each kinetic model analyzed in this study represented the experimental data well 

(R2 > 0.95), a rate-limiting and rate-controlling analysis was conducted as another 

comparison of the models. The estimated k1 values in the series-parallel model were 

approximately two orders of magnitude smaller than the values for k3, indicating that the 

series inactivation pathway proceeded much more slowly than the parallel pathway. Hence, 

the series-parallel model exhibited a behavior similar to the first-order inactivation model. 

Within the series model, it was noted that the first inactivation step from the native enzyme 

to the isozyme form was rate controlling, and that the second step could be considered 

instantaneous relative to the first step since the estimates for k2 for all temperatures were 

always higher than for k1 (Figures A.4 and A.5). The two kinetic rate parameters (k1 of the 

series-parallel model and k2 of the series model) representative of the steps mentioned in 

the rate limiting analysis are the same magnitude and show a similar trend when plotted 
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versus temperature, indeed resembling the first-order model (kd for first-order, k3 for series-

parallel, and k1 for series in Table 2.2, each of which are in bold).  

 

Table 2.2. Temperature-dependent equations and correlation values (R2) of kinetic 
coefficients obtained from mathematical modeling for first order, series-parallel and series-
type models when plotted vs. temperature (units of [min-1]). 

 
 
 
Conclusions 
 

Urea hydrolysis kinetics of various plant-based ureases were investigated over a 

range of temperatures (20-80°C) using experimental and modeling approaches. Jack Bean 

Meal (JBM) exhibited the highest activity (590 to 2440 µmol urea*min-1 g of meal), 

demonstrating an approximately 4x greater activity than SB, 7x greater activity than PP 

and 34x greater activity than CS at 60°C based on the same mass of filtered plant-based 

urease source. JBM was chosen for an in-depth analysis to determine the rates of ureolysis 

across a temperature range of 20 to 80°C as well as inactivation rates for temperatures > 

50°C. It was found that the highest ureolysis rates 7.72*10-4 to 2.16*10-2 kurea [min-1] (1.12 

to 3.11*101 [day-1]) were observed in this study at 60°C with 20 g*L-1 urea hydrolyzed by 

1.0 g*L-1 JBM in less than one hour. For temperatures < 60°C, ureolysis occurred at slower 

rates while at temperatures > 60°C, thermal inactivation of urease resulted in lower 

observed ureolysis rates. When JBM was exposed to temperatures between 50 to 80°C, > 

Equation R2 value Equation R2 value Equation R2 value

kd 2.24*10-8*e((0.19*T))
0.99 - - - -

k1 - - 4.10*10-9*e((0.12*T))
0.27 3.39*10-8*e((0.18*T))

0.98

k2 - - 1.80*10-3*e((0.03*T))
0.03 2.08*e((-0.03*T))

0.27

k3 - - 3.54*10-8*e((0.18*T))
0.98 - -

First-order Series-parallel Series-type
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97% inactivation of the urease enzyme was observed as quickly as 0.5 hours at 80°C and 

as slowly as 168 hours at 50°C. Three enzyme inactivation schemes were mathematically 

fitted to the experimental data. It was observed that a first-order inactivation model, in 

which the native form of the enzyme is inactivated through a single-step, adequately 

described the urease inactivation data across the temperature range of 20 to 80°C. While 

enzyme inactivation might occur through a multi-step process, the outcome of the other 

models was dominated by one rate-limiting step; thus, the simple first-order inactivation 

model is deemed sufficient for predicting the progress of ureolysis-based engineering 

applications such as deep-subsurface wellbore sealing or soil stabilization at temperatures 

up to 80°C. Importantly, a simple model, such as the proposed first-order model, will be 

less computationally expensive to implement into reactive transport models, such as the 

ones developed by us and others.11, 12, 14 Control and prediction of urea hydrolysis and 

urease inactivation rates have important implications for the use in the subsurface. The 

current study will indeed aid in developing the process for applying ureolysis induced 

calcium carbonate precipitation-based technologies, recognizing that the presence of 

calcium was not investigated in this study. Other considerations in controlling reaction and 

precipitation rates could include: heating fluids before injection or the injection of cooler 

fluids could be utilized to reduce the rate of enzyme inactivation at higher temperatures. 

Additional analyses should focus on the thermal stability of the urease enzyme from 

microbial sources, kinetics of the reactions under different chemical conditions such as in 

the presence of divalent cations and CO2-affected brine, and the kinetics of thermally 

induced urea hydrolysis under subsurface relevant temperature conditions.  
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List of Terms 
 
 
kurea – Ureolysis rate coefficient 

kd – inactivation rate coefficient 

k1 – coefficient of isomerization 

k2 – coefficient of inactivation 

k3 – series-parallel coefficient of inactivation 

β – ratio of specific activities in series-type model 

U – concentration of urea 

U0 – initial concentration of urea 

UΔt – initial concentration of urea 

A – activity of urease 

A0 – initial activity of urease  

T – temperature 

t – time 

texperiment – time of kinetic experiment 

texp – exposure time 

R – Universal gas constant 

Ea – activation energy  

P – Pre-exponential factor 

E – initial native form of enzyme 

E1 – intermediate form of enzyme 

Ed – inactivated form of enzyme  
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CHAPTER THREE 
 
 

A LABORATORY STUDY TO REDUCE PRODUCED SAND IN PRODUCTION OIL 

AND GAS WELLS USING CALCIUM CARBONATE PRECIPITATION  

 
Literature Review 

 
 

Produced sand is either native (from existing geology in the subsurface) or non-

native (from other sources other than existing geology, for example proppant sand) that is 

unintentionally transported during oil and gas extraction. The purpose of proppant in 

shale formation applications is to promote the flow of oil or gas by holding open 

engineered fractures. Without the proppant in place, the formation could collapse, 

shutting off production. This process of forcing the proppant into the subsurface is 

commonly referred to as “frac packing” and usually utilizes high pressures and flow 

rates.54  However, sand produced during oil and gas production, from either the formation 

or a failed sand management practice, has caused issues to physical oil field infrastructure 

(such as well casings, tubes and pumps) in offshore and onshore oil and gas wells. Oil 

and gas production can be reduced by the damaging effects from transported sand. 

Reduced production can occur in well pad infrastructure on the surface or in the wellbore 

from sand blasting effects or pre-mature pump failure; additionally, collapses in the oil 

bearing formation can occur from the large void spaces left by the transported produced 

sand. 55-57  

Methods traditionally used to control sand include: slotted or perforated wellbore 

pipe, wire-wrapped screens, as well as, sand and gravel packs(Figure 3.1). Recently 
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additional methods for sand control have been developed and include the use of resin 

coated proppant sand and in situ mineral precipitation catalyzed by the urease enzyme.55, 

58, 59 In each of these cases, the purpose was to physically filter or stabilize the near 

wellbore sand to manage the produced sand more effectively. Although these methods 

may work for a duration, failure is common due to long term erosive effects from high 

near wellbore velocities or poor installation practices.60, 61  

  
Figure 3.1. Different methods/materials used to reduce produced sand Top left: Slotted 
pipe Top right: Perforated pipe Bottom Left: Wire wrapped perforated pipe Bottom 
Right: Sand and/or gravel packing used as a coarse filtering media to keep fine sands 
from reaching the mechanical screen (not pictured: resin coated proppant sand: similar to 
standard silica sand, but coated with a resin that is thermally activated to bond sand in 
place) (Not pictured: different methods of calcification: these will be discussed near the 
end of the Chapter 3 Literature Review). 62-65 
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Screening methods have varying degrees of success depending on the amount of 

resources used to characterize the subsurface (such as drill logs and seismography) or 

how carefully a well was initially drilled.66 Each well that requires screening will 

potentially require a different method. For instance, low production oil wells such as 

Canadian-heavy oil that are in coarse-grained formations would potentially only require 

slotted pipes,  whereas a medium to coarse-grained sand formation, having higher 

production flow rates, would potentially require wire reinforced screens to compensate 

for the increased overburden pressures encountered.59, 67 In oil-bearing shale formations, 

a combination of screening methods and non-native proppant sand are typically used to 

access oil and gas through engineered fractures, but standard screening methods began to 

fail sooner than anticipated due to higher than expected sand flow rates during production 

from  extreme overburden pressures in the subsurface.67 These extreme overburden 

pressures (caused by the immense amount of earth on top of the formation) potentially 

can have a direct relationship to the hydrostatic pore pressure in the subsurface, 

ultimately leading to higher than anticipated flow rates after hydraulic fractures are 

induced with perforation guns. Over time conduits or flow paths developed for the sand 

to transport with the product, resulting in sand blasting effects on the steel casings, 

ultimately leading to premature wear and tear on the well infrastructure and sand 

management practices used (such as slotted or perforated pipes and the addition of wire 

wrapping to perforated pipes).67 

Special instances where extremely high flow conditions were generated in the 

subsurface from perforation guns, motivated the oil and gas industry to develop advanced 
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methods of sand and gravel packing to protect the well infrastructure from damage. New 

methods of sand and gravel packing incorporated different packing orientations with 

screening methods to filter fines from the produced oil and gas. This screening method by 

use of various sized sands and gravels  was adopted and modified from ground water well 

filtration for residential use.68 Modifications made include but were not limited to: using 

wire wrapped perforated pipe (for increased durability), engineered proppant sand 

(designed to withstand high pressures), or varying finishing processes through specialized 

tooling (enabling for more precise gravel and sand packing completions). 54, 69  In total, 

these modified methods are estimated to account for more than 65% of sand control 

completions in off-shore wells located in the Gulf of Mexico and mainland wells of the 

United States of America.54, 69 To achieve these different gravel and sand packing 

orientations, operators would use larger gravel as the last product to reach the formation 

during completions. 54, 67, 69 If done properly, near-wellbore velocities would be reduced, 

protecting screens from the damaging overburden pressures and/or sand blasting effects 

from the produced sand.54, 67, 69 During the packing phase, it has been shown that 

unwanted mixing of the fine-grained materials can occur with the gravel pack, causing a 

pressure drop between the formation and the wellbore.54 Higher pressure drops require 

more energy to extract the product from the subsurface; depending on how high the 

pressure drop is, a reduction in productivity of a well may be more than 50%.54 In some 

instances, extreme drawdown pressures may be encountered making it difficult, 

sometimes uneconomical, to extract product from the subsurface.54 
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While screening, gravel packing, or a combination of screening and gravel 

packing have been shown to reduce produced sand, other advanced sand control 

strategies are being researched. Resin coated sand particles have been developed that 

bond together in the subsurface environment when exposed to higher temperatures.58 This 

technology has been shown to improve and in some cases, restore oil production in sand 

producing wells. The disadvantages to using resin-coated proppants are that it is 

expensive compared to ordinary proppant sand and is permanent once in place.58, 70, 71  

One potential environmentally friendly, reversible alternative to other sand 

control technologies, is the use of enzymatically-induced calcium carbonate precipitation. 

Calcium carbonate mineralization has been suggested as  a potentially efficient tool for 

sealing green-house gas leakage pathways in the subsurface and improving wellbore 

sealing throughout the oil and gas sector.7, 57 Calcium carbonate mineralization has also 

been studied as an alternative sand control method that is economical, efficient, and non-

toxic.57, 60, 72 Laboratory experiments in sand packed reactors have shown that developing 

injection strategies to promote mineralization can reduce produced sand during reversed 

flow, while still being able to obtain relatively higher flow rates within the reactor.57, 60, 72 

These experiments have been scaled up and applied to existing oil wells, successfully 

reducing produced sand within unconsolidated sand formations. 57, 60 Each experiment 

looked at the effects of enzymatic calcium carbonate precipitation within one perforation 

and the ability for the mineralization to reduce the produced sand (Figure 3.2). The 

mineralization was tested in each experiment by reversing the flow, simulating flow 

conditions where product would be extracted from the subsurface. 57, 60, 72  Fluid 
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velocities reported ranged between 8.8 and 52 cm*sec-1 for perforations of 3 mm and 4.4 

mm for Fleming et al. (2012) and Bansal et al. (2014), respectively. At these velocities, 

Fleming et al. (2012) reported a total of 2.38g of sand produced for 2 mineralization 

injections (density of sand was not reported, therefore % mass produced was not 

available). Bansal et al. (2014) reported 1% sand production at maximum flow rate with 

10 mineralization injections.  

 

   
Figure 3.2. Reactor configuration used by Fleming et al. (2012) and Bansal et al. (2014). 
In these two experiments, mineralization was induced in a sand packed core, after which 
one end was replaced with a flow restriction to simulate a fracture.57, 72  
 
 

Laboratory studies within this chapter focused on mimicking a sand producing oil 

well. Literature did not reveal other researchers accounting for more than one fracture or 

perforation in a horizontally oriented wellbore packed with proppant sand. This work 

investigated calcium carbonate mineralization applied to sand packed horizontal wellbore 
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analog reactors with multiple perforations and its ability to reduce produced sand. As 

mineralization solutions were applied to this system, the sand particles were hypothesized 

to be bonded together by the calcium carbonate precipitates. As a conglomerate or larger 

mass of sand was created near the perforation, less sand was produced during flowback. 

 
Materials & Methods 

 
 
Reactor Design & Configuration 
 

The horizontal wellbore analog reactor was designed to mimic subsurface 

conditions within horizontal oil and gas wells, commonly found in oil fields that have 

production sand issues (Figure 3.3). The reactor allowed for visual observation of 

proppant sand control using clear PVC pipe as the reactor shell as a viewing window. The 

flow paths within the reactor were intended to represent a horizontal well with a 

perforated casing with 40/70 proppant sand between the well casing and formation 

(Figure 3.4). Two phases of fluid flow were used during this experiment: one to promote 

mineralization and the other to produce sand (production flow). These two phases will be 

discussed in more detail in the Operations Strategy section. Two analog reactor 

experiments were conducted to observe any preliminary differences between two 

common urease sources, Sporosarcina pasteurii, and Canavalia ensiformis (jack bean) 

meal.  
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Figure 3.3. Typical horizontal oil well with fractures. Proppant sand is forced into the 
fractures (shown in blue). During product extraction, unwanted proppant sand is 
transported to the surface with the product. 73 
 
 

 
Figure 3.4. Computerized drawing of the sand packed analog reactor (without sand) 
created in SolidWorks® (1) removable end cap used to load/unload the reactor and 
sample after each experiment (2) gasket (3) metal clips used to hold end cap in place (4) 
perforation ports on inner piping to mimic holes in wellbore casing (5) inner piping to 
mimic subsurface wellbore casing (6) outer PVC shell (7) valves.  
 
 

The outer diameter of the reactor was 6.63” [16.83 cm] (wall thickness of 0.28” 

[0.70 cm]) with an inner pipe diameter of 2.38” [3.04 cm] (wall thickness of 0.154” [0.39 
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cm]). The length of the inner pipe was designed to be 17.32” [43.98 cm], nine (9) 1/8” 

[0.32 cm] perforations were drilled through the inner pipe in a helical manner. The 

perforation orientation was designed to mimic perforations through a horizontal casing in 

a hydraulically fractured oil and gas well (Figure 3.5).74 The fittings on the exterior of the 

reactor were chosen to be 0.75” [1.90 cm] to allow for use of common pipe hose 

attachments and to reconfigure the reactor between the two phases of each reactor 

experiment.  

 

 
Figure 3.5. Perforation gun (left) and helical perforation pipe (right). Perforation guns use 
a directional explosive to create a conduit into shale formations to access hydrocarbons. 
A helical perforation pipe has engineered failure points to create a design pattern for 
accessing hydrocarbon bearing formations.75, 76 

 
 

Proppant sand was used in both reactor experiments, specifically 40/70 proppant 

BadgerFracTM (Badger Mining Corporation of Berlin, WI). Proppant sand is typically 

comprised of poorly graded (uniform) spherical silica sand, a desired characteristic in oil 

field applications. The uniform size and shape allow space between the sand particles, 

promoting higher permeability compared to a non-uniform sand (or well graded, 

containing a broad range of sizes) (Figure 3.6). A non-uniform proppant sand potentially 
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would contain fines and irregular spherical shapes, restricting fluid flow more than a 

uniform proppant sand.   

 

 
Figure 3.6. Uniform proppant sand (left) vs. non-uniform sand (right). Uniform sand 
encourages a packing orientation that allows for void spaces (white area between the blue 
circles) between each sand particle, promoting free flow of fluids. A non-uniform sand 
contains fines that potentially could plug the void spaces, restricting flow within the sand 
pack. 
 
 
Media & Injection Fluids  
 
 The analog reactor experiments used three fluids to promote mineralization; 1) a 

solution containing the urease source to promote urea hydrolysis, 2) a source of calcium 

and urea to induce the precipitation of calcium carbonate within the reactor, and 3) a 

brine solution to separate inoculum and calcium pulses (minimizing instantaneous 

calcium carbonate precipitation) as well as flush the reactor after the second calcium 

pulse to reduce residual carbonate that may precipitate instantaneously. The inoculum 

and calcium-containing media were both based on the Yeast Extract (YE+) medium 

(Table 3.1) (Yeast Extract was omitted for the enzymatic reactor). Yeast extract aids 

microbial growth but was not necessary for the jack bean urease to be active.  
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Table 3.1. Analog Reactor Experiment Media Recipes (Stock Solutions)  
Media  Chemical Concentration 

g*L-1 (M) 

YE- 
(Growth media) 
*Not pH adjusted* 

Urea 
Sodium Chloride 
Ammonium Chloride 
Yeast Extract (Acros) 

24 (0.40) 
24 (0.41) 
1 (0.02) 
1  

YE+ 
(Mineralization 
Media) 

Urea 
Sodium Chloride 
Ammonium Chloride 
Yeast Extract (Acros) 
CaCl2*2H2O (Peladow) 

24 (0.40) 
24 (0.41) 
1 (0.02) 
1 
13.3 Ca2+ (0.33) 

Brine rinse solution Sodium Chloride 24 (0.41) 

 
 

Operations Strategy 
 
 

Two mineralization experiments and three control (non-mineralization) 

experiments were conducted in the analog reactor. Control experiments 1-3 were 

completed to develop a baseline of sand produced during high flowrates for comparison 

to the amount of sand produced with the microbial and enzymatic reactor experiments. 

The experiments used two different urease sources to investigate their ability to manage 

sand under similar injection strategies. Two common sources of urease were used in these 

experiments, Sporosarcina pasteurii in the first experiment and Canavalia ensiformis 

(jack bean in meal form) in the second.   

 
Proppant Loading  
 

The proppant sand used for these experiments displaced easily, making it difficult 

to load the analog reactor. To ensure a minimal amount of sand displaced into the inner 

pipe through the perforations during loading, a loading process was developed. The 
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reactor was oriented vertically and the lower valve was closed (Figure 3.7). Water was 

added to the reactor from the 6” [15.25 cm] open end, wetting the sand and reducing its 

ability to displace as more sand was added. Once full, excess sand was removed from the 

slide cap zone, where the end cap would be added to seal the reactor. The end cap was 

slid onto the end, sealed and then the reactor was moved back into a horizontal 

orientation for either a control or mineralization experiment. 

 

   
Figure 3.7. Proppant sand loading configuration. Once the reactor was completely full, 
excessive pressure generated from the 6” [15.25 cm] cap being slid into place could be 
released using the valve on the side of the reactor connected to the water supply line 
(hose in right of figure). 
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Microbial Inoculum Preparation  
 

Microbes were grown by adding 1 mL of Sporosarcina pasteurii (ATCC 11859) 

thawed frozen stock to 100 mL of autoclaved brain heart infusion (Becton Dickinson) 

solution (37 g*L-1) amended with 2% by weight urea.  Day 1: The organisms were 

incubated at 30°C on a shaker at 150 rpm for 16 hours. Day 2: After the incubation 

period, 30 mL of the culture was transferred to 270 mL of fresh, autoclaved brain heart 

infusion media. The transferred organisms were incubated at 30°C on a shaker at 150 rpm 

for an additional 16 hours. Day 3: After the second incubation period, the contents were 

transferred to 2700 mL of YE- media, now considered the inoculum. For all subsequent 

days following Day 1, an aliquot of the first 16-hour culture was used to inoculate 100 

mL of fresh, autoclaved brain heart infusion in place of the frozen stock.  

 
Mineralization Fluid Injection 
 

A Cole-Parmer Instrument Co. Peristaltic Pump (Model Number 7553-80) was 

used for the mineralization injection phase. Two pump heads (Masterflex® Easy-Load® 

II Model 77200-62) were used in parallel during mineralization for the microbial and 

enzymatic experiments to provide flowrates sufficiently high to achieve a target residence 

time of 15 minutes (Figure 3.8). During the mineralization phase, fluids were injected 

into the reactor through the inner pipe, out of the perforations, into the sand pack, then 

out of the exterior PVC pipe (Figure 3.9). 
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Figure 3.8. Mineralization flow phase. Fluids were pumped from left to right using the 
Peristaltic Pump. Effluent was collected in 20L carboys (not pictured) that could easily be 
transferred to the autoclave.  
 
 

 
Figure 3.9. Flow schematic of mineralization flow phase. (1) Inlet (2) Inner pipe where 
fluids would enter (3) Perforations where fluids would leave the inner pipe and enter the 
sand pack (4) Sand pack (extends for length of reactor) (5) Outer PVC pipe (6) outlet.  
 
 

Inoculation of the reactor was performed in the morning, prior to injection of 

calcium containing solutions. One reactor fluid volume (3L) of inoculum was injected, 

followed by ~ 1 L of brine (reducing instantaneous precipitation in tubing and inner 
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annular space). A 1-hour stationary period followed the inoculum injection to allow the 

microbes/enzymes to adsorb to the surfaces. It is not entirely known how much of the 

enzyme sorbs in a defined time frame. It should be noted that quantifying attachment of 

the microbes or enzymes was not conducted within these studies.  Following the 

stationary period, two pulses of YE+ (calcium and urea containing medium) were 

injected with 120-minute stationary periods between injections. Two reactor fluid 

volumes of brine rinse were injected after the YE+ injections to flush the majority of 

residual carbonate from the reactor. The rinse reduces the risk of instantaneous 

precipitation during the next urea containing volume injection. This process was 

continued for a total of five inoculations and ten YE+ pulses.  

 
Production Flow  
 

Production flow was the flow phase used in this experiment to mimic field 

conditions where proppant sand is produced when oil and gas is extracted (i.e. the flow 

direction is from the formation to the wellbore and on to the surface). This procedure was 

used in the control experiment to quantify the amount of sand that could be produced in 

this system without mineralization, as well as in the microbial and enzymatic experiments 

to compare the difference in sand produced with mineralization. During the production 

phase, a ¾” [1.90 cm] transfer pump (Drummond 1/10 HP, Harbor Freight) was used to 

move the fluid through the reactor, simulating conditions like production within a 

wellbore with sand near the perforations. Flow in this configuration was opposite from 

the mineralization phase to simulate field like conditions, where product would be 

extracted from the formation (Figure 3.10).  
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Figure 3.10. Flowback or production phase. In this setup, fluid was supplied from the 
constant water supply to the reactor. It would flow through the mineralized sand pack at 
high enough velocities to erode the sand pack. Once out of the reactor, it would flow 
through the 1 ½” PVC proppant sand collection tube where the sand would settle and 
collect. 
 
 

A 1 ½” PVC pipe (shown in Figure 3.10) served as a sand collection device (trap) 

during production flow operations, collecting any sand leaving the reactor. Standard 

0.75” [1.90 cm] garden hose filters were installed at the end of the sand collection tube to 

restrict sand from reaching the pump.  

 
A base-line flow within the reactor without sand was established with the transfer 

pump using the configuration in Figure 3.10. Each production flow experiment was run 

for 5 minutes while measuring the flowrate every minute. Sand produced during control 
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experiments 1-3 and the mineralization experiments was collected, dried in an oven at 

100°C until consistent dry weight was obtained.77   

 
Fluid Sampling  
 
 Influent mineralization media were sampled every morning for pH, calcium, urea, 

and microbial concentration (Jack bean meal was prepared at a known concentration and 

does not contain a microbial source, therefore microbial concentrations were not 

determined for the enzymatic reactor experiment). Calcium and urea were measured in 

the effluent at the end of every YE+ pulse. Samples for microbial concentrations were 

taken from the inoculum suspension and effluent samples (microbial reactor experiment 

only) after the second calcium pulse to verify microbial activity was present after the 

stationary period. Samples for the microbial experiment were syringe-filtered prior to 

performing pH, urea, and calcium assays to remove microbes. Samples for urea analysis 

were diluted in 10% sulfuric acid (main acid used in Jung assay) and samples for calcium 

analysis were diluted in 10% nitric acid (main acid used in calcium assay) to inactivate 

the microbes and enzymes. The pH was measured immediately for both reactor systems 

before the samples were added to acid. 

 
Jung Urea Assay  
 
 Urea analysis was performed using a colorimetric, absorbance-based plate assay 

adapted from Jung et al. (1975) (as presented in Phillips et al. 2013). The absorbance 

measurements were taken at 505 nm by a BIOTEK Synergy HT plate reader. The 

samples were compared to known standard concentrations.  
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Calcium Assay 
 
 Calcium analysis was performed using a colorimetric, absorbance assay adapted 

from Clini Chem’s Calcium OCPC/AMP protocol performed in multi-well plates to 

facilitate throughput.78 The absorbance measurements were taken at 575nm using a 

BIOTEK Synergy HT plate reader. The samples were compared to standards with known 

concentrations.  

 
Cell Population Analysis  
 
 The presence of microbes within the microbial experiment was verified using a 

cell counting technique. Suspended viable cell counts were conducted using the drop 

plate method.79 To perform suspended cell counts, 1 mL of unfiltered sample was 

transferred into 9 mL of 1 x concentration Phosphate Buffer Solution (Table 4). Samples 

were serially diluted and 10 µL of selected dilutions were plated on BHI agar plates 

amended with 20 g*L-1 urea. Plates were dried at room temperature for 2 hours, then 

transferred to a 30°C incubator for 16-24 hours, after which colony forming units (viable 

cells) were counted.  
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Table 3.2. Media recipe to make 1x Concentration Phosphate Buffer Solution for 
suspended cell counts. Media should be prepared in previously autoclaved glassware. 
Once media is mixed, autoclave one more time.  

1x Concentration 
Phosphate Buffer Solution  

Compound Concentration  

NaCl 8.5 g*L-1 

KH2PO4  0.61 g*L-1 

K2PO4  0.96 g*L-1 

Adjust pH to 7.0 
Filter sterilize or autoclave  

 
 
Imaging 
 
 Sand samples extracted from the microbial and jack bean meal experiments near a 

perforation were imaged to identify/detect mineral formation. Light microscopy imaging 

was conducted using a Stereomicroscope, Leica Model MDG41 (Center for Biofilm 

Engineering Microscopy Facility, Montana State University). Electron microscopy 

imaging was performed using a Zeiss Supra 55VP Field Emission Scanning Electron 

Microscope (Image and Chemical Analysis Laboratory, Montana State University). 

Samples were coated with iridium at 20 mA for 30 seconds prior to imaging.  

 
Results & Discussion 

 
 
Fluid Sample Analysis  
 
 The amounts of urea hydrolyzed during each YE+ pulse in the microbial and 

enzymatic experiments were calculated by monitoring a decrease in effluent urea 

concentrations compared to the known influent concentration. The influent urea 

concentration was determined from YE+ stock solutions prior to injection. Effluent 
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samples were collected after the two-hour residence time for YE+ injections. The purpose 

of this technique was to obtain a residual urea concentration from the batch period that 

could help predict calcium precipitation. Data from both experiments are displayed as a 

percentage of urea hydrolyzed (Figure 3.11).  

 

    
Figure 3.11. Percentage of urea hydrolyzed for the microbial and enzymatic experiments 
vs Number of YE+ pulses.  Bold vertical lines denote a new injection of microbes or 
enzymes. High percentages reflect high urea hydrolysis whereas low percentages reflect 
poor urea hydrolysis.   
 
 
 Both sets of data indicated that the urease sources were present and actively 

hydrolyzed urea. Overall the enzymatic reactor experiment hydrolyzed more urea than 

the microbial reactor in each YE+ pulse. Within the microbial reactor experiment, the 

urea hydrolysis did not increase a substantial amount (more than 50%) until the final YE+ 

pulse. It was noted that prior to pulse 6, a preferential flow path within the reactor may 

have been present. It was hypothesized that two phenomena may have been occurring 
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within the reactor: it (the preferential flow path) may have allowed the majority of the 

inoculum to flow through the reactor without significantly interacting with the proppant, 

resulting in a substantially reduced the amount of urease being retained in the microbial 

reactor relative to the enzymatic reactor. There were no visible preferential flow paths 

within the enzymatic reactor. Thus, the amount of urea hydrolyzed was much higher 

(more than 40% for each pulse).  

  
Figure 3.12. Calcium removed (shown as a percent) for the microbial and enzymatic 
experiments vs. Number of YE+ pulses. Lower percentages of calcium removed indicate 
less calcium precipitation whereas high percentages of calcium removed indicate more 
possible calcium precipitation. Calcium concentrations are dependent on available 
carbonate for precipitation, therefore a large fraction of calcium removed reflects high 
hydrolysis during that YE+ pulse.  
 
 
 The average calcium precipitation for the microbial experiment was less than the 

enzymatic experiment, which is explained by recognizing the amount of urea hydrolyzed 

was low for most of the experiment (Figure 3.12). Calcium and carbonate (from urea) are 
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precipitated in a 1:1 stoichiometric ratio. In other words, if an equal amount of carbonate 

species were not present, calcium would not be precipitated from solution.   

 
pH Analysis 
 

Another indicator of positive ureolytic activity is to monitor for increases in pH 

values. The inoculum pH values for the microbial reactor were between 9.1-9.3, a normal 

range for a microbial suspension containing S. pasteurii. The pH for the YE+ media 

ranged from 7.2 – 7.9, indicating there may have been contamination in the YE+ media 

used for YE+ pulses 5-7, but could have just been variability in the media that was made 

(media was not sterilized or pH adjusted prior to use to simulate a field like application). 

The rise in pH of the effluent samples indicated that ureolysis occurred within the reactor, 

supporting conditions for carbonate precipitation (alkaline pH range) (Figure 3.13). The 

pH values of the enzyme solutions for the enzymatic experiment were between 5.9 and 

6.1 prior to injection. The pH values of the YE+ media varied from 7.2 to 7.4 (media was 

not sterilized). Effluent pH values after the YE+ pulses increased to a range of 8.9 to 9.4 

(Figure 3.14). 
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Figure 3.13. pH vs. Number of YE+ Pulses for the Microbial Experiment. As pH 
increased throughout the 2-hour shut in period, conditions favorable for calcium 
carbonate precipitation were being met. This is achieved by the urease-catalyzed 
hydrolysis of urea.  
 
 

 
Figure 3.14. pH vs. Number of YE+ Pulses for the Enzymatic Experiment. As pH 
increased throughout the 2-hour shut in period, conditions favorable for calcium 
carbonate precipitation were being met. This is achieved by the urease-catalyzed 
hydrolysis of urea.  
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Viable Cell Counts  
 
Population assays for the inocula indicated that between 1.4x106 and 5.5x107 CFU*mL-1 

were present initially. The cell populations measured after the 2-hour stationary period 

were between 1.8x106 and 9.8x106 CFU*mL-1, verifying that there could be a significant 

amount of S. pasteurii still present and active within the reactor.  

 
Flow Rate Reduction  
 

Flow within this analog reactor system without sand was considered a non-

constricted flow condition. Once sand was added to the system (as done in the control 

and mineralization experiments) it was observed that the effluent flow decreased due to 

the sand and sand + mineralization.  The maximum flow attainable within this reactor 

system without sand was determined to be 14 L*min-1. Using the same pump, the effluent 

flow of the control experiments (sand only) were potentially restricted by the 

accumulation of produced sand in the 1 ½” PVC collection tube, reducing the average 

flow to 1.6 L*min-1 (an 88% reduction). The averaged effluent flow for the microbial and 

enzymatic experiments were 2.9 L*min-1 (a 45% increase) and 3.0 L*min-1 (a 47% 

increase), respectively (Table 3.3). These increased flow rates compared to the control 

experiments could be attributed to the reduction of produced sand accumulated in the 1 

½” PVC collection tube during the control experiments, reducing the flow restrictions 

that were might have developed in the control experiments. The mineralization 

experiments showed that flow potentially can be restored or increased in sand producing 

systems (like the reactor developed here) or in larger, subsurface oil wells, by decreasing 
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the amount of produced sand that potentially would be deposited at another location 

within the system.  

Flow velocities obtained within the analog system were sufficiently high to 

transport sand near the perforations, 37.5 cm*sec-1 and 67.8 – 70.2 cm*sec-1 in the 

control and mineralization experiments, respectively (Table 3.3). These velocities were 

much higher than those used in Fleming et al. (2012) (8.8 cm*sec-1) but comparable to 

Bansel et al. (2014) (52 cm*sec-1). Although similar flow rates to Bansel et al. (2014) 

were achieved, variations in reactor configuration such as analyzing only one perforation 

and different mineralization protocols (addition of bentonite and mineralization injections 

twice every 24 hours) don’t make it a direct comparison.   
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Table 3.3. Effluent flow data representing key points during the control and 
mineralization portions of the analog reactor experiment. Effluent flow velocity was 
calculated by dividing the effluent flow (cm*sec-1) by the cross-sectional flow area of the 
effluent tubing inner diameter. The flow velocity at a single perforation was calculated by 
assuming the total influent flow to the inner pipe was equal to the effluent flow. The 
effluent flow was divided by the number of perforations (9) to get the flow at one 
perforation. Once converted to [cm3*sec-1], the flow velocity could be calculated by 
dividing the volumetric flow by the cross-sectional area of one perforation. (Note: the 
total cross-sectional area for the (9) perforations is nearly equal to the total cross-
sectional area for the effluent piping. Had larger perforations been used, the flow velocity 
at the perforation would be much lower that the effluent velocity due to a larger total flow 
area)  

  

Avg. Effluent 
Flow from 

Reactor  
(L*min-1) 

Effluent Flow 
Velocity from 

Reactor  
(cm*sec-1)  

Avg. Flow at 
one 

Perforation 
(L*min-1) 

Flow Velocity 
at One 

Perforation 
(cm*sec-1)  

No Sand 14.0 315.3 1.6 327.0 

Control Experiment 
(Sand Only) 

1.6 36.1 0.2 37.5 

Microbial 
Experiment 

(Sand + CaCO3) 
2.9 65.4 0.3 67.8 

Enzymatic 
Experiment 

(Sand + CaCO3) 
3.0 67.7 0.3 70.2 

Cross Sectional  
Flow area [cm2]  0.738 cm2  0.079 cm2 

 
 
Produced Sand Collected  
 

The total mass of sand capable of fitting in the annular space of the analog reactor 

was roughly 9 kg, depending on how much sand entered the inner pipe during loading. 

The control experiments produced 5.9 to 6.5% of the total sand mass (Table 3.4).  After 

each control experiment, it appeared a substantial amount of the sand migrated to the 

center pipe of the reactor or into the 1 1/2" PVC collection tube (Figure 3.15). During 

reactor sampling, it was noted that a large amount of sand was deposited within the 

smaller pipe and within the ¾” [1.90 cm] effluent piping. These deposits may have been 
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caused by a backup in the collection tube (which was completely full when removed from 

the system). Based on these observations, it is possible that the maximum amount of sand 

was produced with this setup. 

 

 
Figure 3.15. Control experiment reactor imaging and proppant sand collection (typical) 
Left: Typical proppant sand level within reactor after control experiment 1-3. Deposits of 
sand inside the inner pipe most likely account for a large amount of the displaced 
proppant sand throughout the reactor. Right: Typical amount of proppant sand collected 
from tube downstream of the reactor after production flowback during control 
experiments. This was the mass of sand considered produced from the reactor. (Note: 
Although a quantifiable amount of sand was collected downstream as shown in the figure 
to the right, the mass reported is substantially lower than the actual amount of sand that 
was displaced during the control experiment. The additional displaced sand is shown in 
the left image, the visible deposits of sand in the inner pipe) 
 
Table 3.4. Mass of proppant sand collected in the pan for control experiment 1-3 and 
statistical analysis (mass of sand in the inner pipe was not quantified). The relative 
standard deviation of mass of sand produced being lower than 5% shows there was little 
experimental variability within the control experiments.  

Mass collection data Control experiment 
  1 2 3 

dry pan wt (g) 476 474 474 

pan wt. with sand (g) 1104 1046 1088 
Mass of sand produced 
(g) 

628 572 614 

Mass % produced 6.5% 5.9% 6.3% 
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Sand Production within the Microbial & Enzymatic Experiments  
 

The mineralization within the sand packs could effectively control the sand during 

the initial 5-minute production flow test, producing only 0.6 g in the microbial 

experiment and 3.4 g in the enzymatic experiment. After the initial 5-minute production 

flow test a 30-minute flow test was added, producing only 0.2 g more sand in the 

microbial experiment and 3.2 g more in the enzymatic experiment. 

The amount of sand produced from the microbial and enzymatic experiments 

were less than the mass produced from the control experiments. Sand migration within 

the annular space was not obvious during the production flow tests for either 

mineralization reactor. The microbially and enzymatically induced calcium carbonate 

precipitates effectively reduced the amount of produced sand by 98% or more. There was 

only 0.01% sand produced in the microbially treated reactor and 0.07% sand produced in 

the enzymatic reactor (using 10 calcium pulses). In both experiments the fluid velocity at 

one perforation was calculated to be 67.8 – 70.2 cm*sec-1. (Table 3.5). Bansal et al. 

(2014) reported using 10 calcium pulses, resulting in 1% sand produced after a fluid 

velocity of 52 cm*sec-1 was induced on their mineralized sand pack. Fleming et al. 

(2012) reported using only 2 calcium pulses, resulting in the subsequent production of 

2.38 g of sand at a fluid velocity of 8.8 cm*sec-1 (a percent of total sand pack or sand data 

was not given). Results from the microbial and enzymatic reactor experiments appear to 

be an improvement compared to these previous works. Additional replicate experiments 

will need to be conducted to verify results. 
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Table 3.5. Mass of proppant sand produced from the microbial and enzymatic 
experiments. Each reactor reduced the amount of sand produced from the control 
experiments by 98% or more.  

  Microbial Enzymatic 
wt (g) 5 min 30 min 5 min 30 min 
dry pan 11.2 11.2 11.4 11.3 
pan with sand 11.8 11.4 14.8 14.5 

Mass of sand 0.6 0.2 3.4 3.2 

Total sand (g)   0.8   6.6 

Mass % produced   0.01%   0.07% 

Average mass % 
Produced (control)   6.2% 

% mass reduction ==> 99.9%  98.9% 
 
 
Reactor Sampling and Mineralized Sand Observations 
 
 Visual observations of the mineralized sand pack and yield strength of the 

mineralized sand during destructive sampling revealed potential differences in the 

mineralized sand packs from the two enzyme sources (Figure 3.16). The reactor from the 

microbial experiment was sampled first. The mineralized sand pack held its shape once 

the cap was removed, potentially due to precipitation throughout the sand. Samples 

collected further away from perforations (i.e. near the outer PVC pipe) also retained their 

shape and required a substantial amount of physical force to break up the sand pack 

(Figure 3.17).  

Immediately after the end cap was removed from the enzymatic experiment 

reactor, a substantial amount of sand that appeared to have not been mineralized, was 

displaced from the reactor together with the remaining fluid. The sand remaining in the 

annular space between the large outer PVC pipe and the inner pipe presumably was 

mineralized (was not verified due to destructive sampling method used to collect 
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samples). Samples from the enzymatic reactor required noticeably less physical force to 

remove, potentially due to ad- and cohesion compared to the samples from the microbial 

reactor. 

The mineralized sand pack from the microbial experiment appeared to have a 

higher structural strength compared to the mineralized sand pack from the enzymatic 

experiment. This observation could potentially be attributed to the difference in the 

enzyme sources’ attachment/sorption density to the sand (microbial attachment and 

enzymatic sorption was not assessed in these experiments). For example, the microbes 

may have attached to the sand surface at higher concentration or attached more readily 

than the free enzymes during the 1-hour attachment period after inoculation. The attached 

microbes then could have acted as a nucleation source for mineralization, potentially 

creating a denser mineralized sand pack than the seemingly more homogenous enzymatic 

mineralization.  
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Figure 3.16. Mineralized sand pack from the microbial (left) and enzymatic (right) 
experiments. It was apparent that precipitation occurred throughout the entire sand pack 
within the microbial reactor whereas precipitation within the enzymatic reactor was 
localized near the inner pipe.  
 
 

 
Figure 3.17. Mineralized samples from the microbial (left) and enzymatic (right) 
experiments near the inner pipe. Grooves marks left by the sampling device in the 
microbial reactor sample show that dense mineralization occurred throughout the sand 
pack. If the remainder of the sample had not been as densely mineralized, it would have 
yielded before the sampling device left groove marks. The smooth surface of the 
enzymatic reactor is from mineralization occurring near the inner pipe. The mineralized 
sand from the enzymatic reactor was brittle and easily broken by hand.  
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Post Experiment Imaging 
 
 Imaging was done on mineralized sand samples near a perforation within the 

center length of the two analog reactor experiments. This location was chosen to observe 

the sand near the perforation where mineralization fluids were introduced into the sand 

pack. A sample from the microbial reactor experiment revealed a tunnel that formed in 

the region of the perforation leading into the sand pack.  

This tunnel potentially formed as a result of selective fluid channeling through the 

proppant sand. As the fluid was pumped through the system at a high flow rate, the fluid 

would more readily follow the path of least resistance. This continuous flow through a 

selected area in the sand pack would create a tunnel-like flow pathway. As the tunnel 

formed, precipitation would occur on the sand, creating a stable structure. (Figure 3.18).  

 

 
Figure 3.18. Detailed photos of the calcified tunnel. Top: The calcified sand sample is 
completely intact. The face out of the picture would sit on the inner pipe face with a 
perforation near the tip of the arrow.  Bottom left: (Left hand side of fracture) Sample 
was fractured, revealing a calcified tunnel leading into the sand pack. Bottom middle: 
Right hand side of fractured sample with remaining tunnel. Bottom right: Entry hole of 
calcified tunnel.  
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Stereoscope images of the mineralized tunnel revealed densely calcified sand near 

the opening, potentially serving as a support structure to deliver the mineralization fluids 

into the sand pack (Figure 3.19). Additional imaging showed that the calcified tunnel 

appeared to decrease in diameter (or constrict) as it continued into the sand pack. This 

observation supports the hypothesis that mineralization may be able to cement proppant 

into larger masses, reducing movements of the sand, but potentially allowing fluids to 

pass through the sand pack. Other perforations between the microbial and enzymatic 

experiments contained structures like the tunnel shown in Figure 3.18 but were not as 

defined (Figure 3.20).  

 

 
Figure 3.19. Stereoscope image of calcified tunnel from the microbial experiment. Image 
taken of calcified tunnel (bottom middle image of Figure 19) approximately 0.05” x 0.1” 
[1.25 mm x 2.5 mm] (Perforations were 0.125” [3.20 mm] in diameter).   *Image taken 
by Neerja Zambare. 
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Figure 3.20. Stereoscope image of sand obtained from the enzymatic experiment samples 
revealed that potential mineralization occurred on the surface (white specs in image) and 
potentially less mineralization further below the surface. Circled areas may be less 
obvious tunnels that could have served as media delivery pathways within the sand pack. 
A more detailed Field Emission Scanning Electron Microscope (FESM) image of the 
areas that potentially have mineralization can be found in Figure 3.21. *Image taken by 
Neerja Zambare. 
 
 

 
Figure 3.21. FESM image of potential calcium carbonate precipitation occurring on sand 
obtained from the enzymatic experiment samples. The calcium carbonate aggregates 
formed from free enzymes have a smoother surface than those formed from microbes. 
Microbially precipitated calcium carbonate aggregates typically (but not always) have a 
rough surface due to nutrients in solution, biofilm growth on the surface, or microbial 
entombment.    *Image taken by Neerja Zambare. 
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 Additional imaging using FESEM revealed interfacial bonding between sand 

particles, possibly due to mineralization. These images show that biomineralization could 

bond proppant sand particles together, potentially allowing for fluid passage between the 

bonded sand particles. When biomineralization is applied to situations where sealing is 

not desired, it has the potential to provide fluid passage within a sand pack while 

constraining movement of sand particles (Figure 3.22). 

 

 
Figure 3.22. Two proppant sand particles bonded together, potentially by two calcium 
carbonate aggregates, allowing a gap for fluid passage. This sample was from the 
microbial reactor.  *Image taken by Neerja Zambare. 
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Conclusions 
 
 

The horizontal wellbore analog reactor experiments successfully extended upon 

previous work by Fleming et al. (2012) and Bansel et al. (2014) by applying calcium 

carbonate precipitation to multiple perforations and testing for improved sand control. 

High flow rates applied to the mineralized sand pack show that urease induced carbonate 

precipitation (microbial and plant sourced enzymes) can potentially manage sand in 

subsurface conditions where the sand is transported from its target location to an 

undesired location. Without mineralization (control experiments), sand was able to 

migrate into the sand collection tube, creating a measurable flow restriction. Flow rates in 

both the microbially and enzyme-treated reactors improved to approximately 3.0 L*min-1, 

compared to 1.6 L*min-1 in the control reactors without mineralization treatment, 

presumably due to the mineralization restraining the sand from collecting in the sand 

collection tube. These results indicated that mineralization could restore or improve oil 

well production conditions otherwise restricted by transported sand.  

Due to variability and lack of repeated experiments within this work, additional 

studies will be required to determine which urease source is more effective and to 

optimize this potential application. Temperatures, existing chemicals, pH values and 

inhibitory compounds in the subsurface will be inconsistent from one well site to the next 

when mineralization is applied to control sand in field applications. To better prepare for 

the possible variability in subsurface conditions, varying input parameters in laboratory 

experiments such as: number of pulses and enzyme injections, flowrates (mineralization 

and production phases), media concentrations and potentially immobilization of the 
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enzyme on proppant carriers will improve the likelihood of success in the prospective 

field applications of this technology.  

This reactor system should be considered preliminary and should be improved 

before additional experiments are done. Improvements should be made to the effluent 

ports on the outer shell containing the proppant sand. This would be done to potentially 

reduce preferential flow paths during mineralization injections. The seal and access port 

near the end cap should be improved to withstand higher pressures. The reactor started 

leaking when fluids were forced into the reactor with pressures in excess of 50 psi, 

forcing reactor operation with a fairly low-pressure pump. Moreover, a larger sand 

collection pipe would enable more sand to be produced during the control experiments. 

Larger and smaller perforations could be used in combination with a variety of injection 

strategies for developing an optimum method for controlling sand in a specific well. 

Also, the maximum fluid velocity withstood for a given amount of mineralization could 

be determined by varying the perforation size and keeping the flow constant through the 

experiments. More accurately quantifying the total mass of sand displaced after 

production flow tests would also be beneficial. This potentially could be achieved by 

adding a secondary barrier system on the end of the larger PVC pipe, retaining sand in 

the annular space when the end cap is removed. The addition of the barrier would allow 

for a sequential break down of the reactor, separating the deposited sand in the inner pipe 

from the sand remaining in the annular space. A hole in the barrier, large enough for the 

inner pipe to slide in and out, would be required for this type of a setup. After the inner 

pipe is removed, the mass of the sand remaining in the annular space could be weighed.  
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CHAPTER FOUR 
 
 

CONCLUSIONS & SUGGESTIONS FOR FUTURE WORK 
 

The research presented in this thesis provided data applicable to the subsurface 

use of urease for engineering applications. Urease sources from plants cotton seed, 

Pidgeon pea, soy bean and jack bean meal (CS, PP, SB and JBM) were investigated and 

compared to one another as a potential urease source for future projects. Using the same 

mass concentration, Jack bean meal was the most active urease source, followed by SB, 

PP and CS. The order of the most active to least active plant sourced urease did not 

change in comparison to the use of unfiltered urease sources. High temperatures rendered 

urease inactive within short timeframes e.g. within 15 minutes at 80°C compared to 

within 168 hours at 50°C. Experiments, coupled with mathematical modeling using 

MATLAB® and Excel showed that urea hydrolysis kinetics and urease inactivation can 

both be described using first-order reaction rate laws. The (mathematical) combination of 

these first order reaction rate laws describes urea hydrolysis by JB urease well for the 

temperature range from 50 to 80°C.    

A horizontal wellbore analog reactor was developed in the second part of this 

thesis work that allowed to simulate the production of sand from an oil well.  

Two mineralization experiments were done, each using a different urease source 

(Sporosarcina pasteurii and jack bean meal (JBM)) to investigate their ability to manage 

sand using similar injection strategies. The microbial and enzymatic treatment of sand in 

the reactor successfully reduced the amount of produced sand. The microbially treated 
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reactor allowing less sand to be produced than the enzyme-treated reactor despite the 

microbially treated reactor hydrolyzing less urea and precipitating less calcium carbonate. 

Without mineralization (the control experiments), sand was able to migrate into the sand 

collection tube, creating a flow restriction. Flow improved nearly 2 times of the control 

experiment flow rates in both the microbially and enzyme-treated reactors, presumably 

due to the mineralization restraining the sand from collecting in the sand collection tube. 

FESEM imaging revealed that calcium carbonate precipitation has the potential to bond 

proppant sand particles together creating a bridge, allowing flow paths between particles.  

 
Suggestions for Future Work 
 
 Additional work should be focused on expanding the jack bean meal enzyme’s 

behavior when subjected to different environmental conditions that may be encountered 

during mineralization in the subsurface. Ureolysis rates will change once calcium is 

introduced due to urease potentially being entombed or otherwise inhibited or inactivated.  

Therefore, the inactivation of urease under a variety of conditions relevant to the 

subsurface will have to be studied in more detail. Additional work should investigate 

different fluid chemistries like higher or lower pH values, the presence of commonly 

encountered oilfield chemicals, and higher pressures. This future work would build upon 

the temperature-dependent inactivation model, ultimately being integrated into the 

reactive transport model that is being developed with our collaborators at the University 

of Stuttgart.11, 12 Understanding how the enzyme behaves under these conditions in 

laboratory environments will improve the likelihood of successful field studies. 
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 The work within this thesis investigating proppant sand control should be 

considered a starting point for future projects. Past mineralization work was done by 

Cunningham et al. (2011, 2014), Phillips et al. (2013, 2015, 2016), and Norton (2017) to 

reduce the permeability in porous media for fluid path divergence or for different sealing 

purposes in the subsurface. The mineralization work within this thesis is different from 

these works. Complete sealing of the sand pack was not the end goal but the goal was 

rather to stabilize the sand pack by binding together the sand particles. Therefore, 

successful applications of carbonate precipitation to reduce the movement of sand in the 

subsurface will require additional studies to optimize injection strategies (some variations 

include but are not limited to: varying flow rates, changing media and inoculum 

concentrations/mixtures, varying the number of mineralizing injections, simulating 

subsurface chemical environments that may have inhibitory effects on the enzyme or 

microbe). This amount of detail is necessary because it is unknown how much calcium 

carbonate is necessary to immobilize the proppant sand under field-like conditions. 

Continuous flow systems (like the added 30-minute production flow test) or even higher 

flow rate transfer pumps could be added to a mineralized sand pack to test the longevity 

of the mineralization. Production water (actual water from an oil and gas well typically 

contains compounds that could be inhibitory to urease) could be circulated in this 

continuous flow system to add more realism.80 An extensive understanding of how the 

enzyme behaves in these harsh environments, coupled with a thorough understanding of 

the amount of calcium carbonate required to hold the proppant sand in place, will support 

the successful advancement of biomineralization in subsurface applications.   
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Table A.1. Summary of conductivity correlation equations where x is the experimental 
conductivity [µS*cm-1] and y is the experimental urea concentration [g*L-1]. 

 
 
 

The series-parallel inactivation scheme is described with a biexponential model 

(Equation A), following one of two paths towards the irreversibly denatured enzyme, Ed. 

Inactivation can occur either through the immediate inactivation of the native enzyme E or 

through a series-type inactivation, with an intermediate isomer E1 (See Table 1 for more 

information). The kinetic coefficient k1 represents the inactivation coefficient of 

isomerization from the native form E to the active intermediate E1. While k2 represents the 

coefficient of inactivation to the denatured enzyme Ed, with an activity of zero. The kinetic 

coefficient k3 represents the most direct path of inactivation where the native enzyme E 

follows to the completely inactivated form Ed. Finally, the coefficient β represents the ratio 

of specific activities of E1*E0
-1.51  

 

1                   Equation A  

 
At 20°C, β = 1, which implies that a minor rearrangement of the enzyme results in 

E1 with the same specific activity as E.51 It may be that the unfolding of the structure of 

Temp 
(°C) Correlation Equation R2

20 y = -1.36x + 27.97 0.98
30 y = -1.55x + 32.63 0.96
40 y = -1.66x + 36.73 0.96
50 y = -1.58x + 38.86 0.99
55 y = -1.62x + 38.95 0.94
60 y = -2.04x + 44.63 0.98
65 y = -2.04x + 41.19 0.94
70 y = -1.98x + 49.05 0.97
75 y = -2.19x + 45.01 0.83
80 y = -1.76x + 41.50 0.89
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urease would present an intermediate form of the enzyme with increasingly less activity 

as the enzyme denatures at higher temperatures. 

This series-type inactivation scheme is a simplified version of the series-parallel 

inactivation scheme. It contains the same active intermediate pathway but does not include 

the direct inactivation pathway. (Equation B) (See Table 1 for more information).  

 

1                                    Equation B  

 

 

Figure A.1. Temperature dependent inactivation coefficient determined by plotting kd 
values obtained from fitting experimental data from enzyme inactivation experiments 
using a first-order inactivation model across the temperature range of 50-80°C 

 
 

kd (T)= (2.17*10
25)*exp(‐178.75*(R*T)‐1)
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Figure A.2. Apparent first-order rate coefficients [min-1] (for the first hour) determined by 
linear regression, fitting the first order rate expression to experimental data. Rate 
coefficients for JBM, SB, PP and CS are plotted for 30°C and 60°C and compared against 
each other (does not account for inactivation). 
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Table A.2. Summary of enzyme activities and ureolysis rates for plant-based sources 
(JBM, SB, PP, CS) of urease between 20 and 80°C. * no significant decrease in urea 
concentration was detected over a period of 60 minutes. ** indicates that urease became 
inactivated prior to hydrolyzing 95% of urea at these temperatures; apparent time of 
complete inactivation was 75 min at 70°C, 60 min at 75°C, and 45 min at 80°C.  

Source 
of 

ground 
urease 

Temperature 
(°C) 

≥ 95% Urea 
hydrolyzed 

(min) 

Activity        
(µmol urea 

hydrolyzed/g 
ground 

urease/ min) 

Apparent 
kurea (min-1) 

JBM 20 480 591 0.0008 
JBM 30 300 970 0.0017 
SB 30 > 1440 234 0.0007 
PP 30 > 1440 99 0.0003 
CS 30 > 1440 * * 

JBM 40 180 1703 0.0026 
JBM 50 120 1958 0.0055 
JBM 55 105 2183 0.0052 
JBM 60 60 2441 0.0081 
SB 60 > 1440 839 0.0028 
PP 60 > 1440 370 0.0012 
CS 60 > 1440 71 0.0003 

JBM 65 120 2026 0.0072 
JBM 70 ** 2145 0.0087 
JBM 75 ** 1543 0.0085 
JBM 80 ** 1084 0.0134 
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Table A.3. Linear regression fitting was used to determine the slope which corresponds to 
the kd value for each temperature as summarized, along with R2 values for each inactivation 
line. Half-life represents the time in minutes for half of the enzyme to expire and the 
respective temperature.  

 
 
 

 
Figure A.3. Residual ureolytic activity of jack bean meal after exposure to temperatures 
between 50 and 80°C for various times. The main figure displays the results out to 10,800 
minutes (7.5 days), the inset allows a more detailed view of the first 720 minutes (0.5 days).  
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Table A.4. Kinetic model coefficients obtained for first order, series-parallel and series-
type models and their correlation coefficients from the urea consumption data [min-1]. 
Values for β were not shown for the series-type and series parallel models because they 
were assumed to be 1 for the entire temperature range.  

 
 
 

 
Figure A.4. Temperature dependent inactivation coefficient for Series inactivation 
determined by plotting k1 values obtained from inactivation experiments across the 
temperature range of 50-80°C. 
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Figure A.5. Temperature dependent inactivation coefficient for Series inactivation 
determined by plotting k2 values obtained from inactivation experiments across the 
temperature range of 50-80°C. 
 
 

 
Figure A.6. Temperature dependent inactivation coefficient for Series inactivation 
determined by plotting β values obtained from inactivation experiments across the 
temperature range of 50-80°C. 
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Figure A.7. Temperature dependent inactivation coefficient for Series-parallel 
inactivation determined by plotting k1 values obtained from inactivation experiments 
across the temperature range of 50-80°C. 
 
 

 
Figure A.8. Temperature dependent inactivation coefficient for Series-parallel 
inactivation determined by plotting k2 values obtained from inactivation experiments 
across the temperature range of 50-80°C. 
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Figure A.9. Temperature dependent inactivation coefficient for Series-parallel 
inactivation determined by plotting k3 values obtained from inactivation experiments 
across the temperature range of 50-80°C. 
 
 

 
Figure A.10. Temperature dependent inactivation coefficient for Series-parallel 
inactivation determined by plotting β values obtained from inactivation experiments 
across the temperature range of 50-80°C. 
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