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Abstract

The injection of CO; presents significant potential for enhancing oil production while minimizing
environmental impact by storing CO, within the oil reservoir. However, the realization of this
potential is hindered by factors such as limited inexpensive CO2 sources, lack of infrastructure for
CO; transportation, early gas breakthrough, gravity segregation, viscous fingering, low solubility
of CO; in water, and asphaltene deposition, among others. To address these challenges,
alternative methods to deliver CO; to the target oil reservoir through in-situ generation of CO;
are explored. Specifically, we used aqueous solutions of urea as the CO; gas generating agent due
to its low cost, availability, ease of handling, high solubility in aqueous solutions, tolerance to

high salinity conditions and high yield of CO..

This dissertation comprises of two major topics. The first topic focused on the development of
effective in-situ CO, enhanced oil recovery (ICE) formulations for liquid-rich shale reservoirs while
the second topic focused on the application of ICE in low-temperature reservoirs. The first study
was conducted in two phases. In the first phase we used dodecane as the oil phase, while crude
oil was used in the second phase. We study the synergistic effects of coupling urea with a
thermally stable anionic surfactant to further improve oil recovery performance from low-
permeability shale formations. We designed the oil recovery experimental procedures to
simulate the huff-n-puff technique. Imbibition tests were carried out with oil-saturated
Woodford outcrop shale cores for different soaking periods. To assess recovery performance and
mechanisms, tests were conducted with four different formulations: brine only, urea in brine,
thermostable anionic surfactant in brine, and a blend of urea and surfactant in brine. Surfactant

stability at the test temperature was investigated. Furthermore, interfacial tension (IFT) and

XV



wettability alteration tests were conducted to understand their effect on total recovery. In
addition, the oil recovery experiments were tested at below and above MMP conditions to help
decipher the principal recovery mechanism. Results revealed that the selected enhanced oil
recovery (EOR) recipes are stable at reservoir conditions and compatible with the oil samples.
There was no significant difference in oil recovery when the test pressure was below or above
MMP, which suggests that the oil recovery process involved immiscible CO, mechanism.
Furthermore, we observed that both IFT reduction and wettability alteration play critical roles in
improving oil recovery. For the tests performed with dodecane-saturated shale cores, combining
the surfactant with urea did not have any synergistic benefits. This was attributed to the strong
water wetness of the dodecane-saturated shale core samples. Moreover, the urea-only case
could recover up to 24% of the original oil in place (OOIP) compared to about 6% for the brine-
only case, 21% for the surfactant-only case and 22% for the ternary urea/surfactant/brine
mixture. For the tests performed with crude oil-saturated shale cores, aging the shale cores in
crude oil changed the wettability of the cores from water-wet to oil-wet. We observed a
favorable synergistic effect when we combined the surfactant with urea, leading to higher oil
recovery after a 14-day soaking period. The oil recovered in the case of 14-days soaking time for
the brine only, binary brine/urea, binary brine/surfactant, and ternary urea/surfactant/brine

mixture was 7%, 9%, 5%, and 18% of the OOIP, respectively.

The second topic of this research focused on the application of ICE in low-temperature reservoirs.
We used a naturally occurring enzyme (urease) to catalyze the generation of in-situ CO, under
low-temperature reservoir conditions. This study was conducted in two phases. The first phase

was conducted with highly purified commercially available urease and deionized (DI) water was
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used as the aqueous phase, while the second phase was conducted with crude urease extracts
from jack beans and artificial sea water (ASW) was used as the aqueous phase. We conducted
batch tests to study the kinetics of the urease-catalyzed hydrolysis of urea at different
temperatures and concentrations of urea and urease. Adsorption tests were conducted to study
the adsorption of the enzyme on porous media. The extent of wettability alteration and the
recovery mechanism for different lithologies was determined through core sample imbibition
experiments and contact angle measurements. One-dimensional sand pack flowthrough
experiments were conducted with different lithologies at 50 °C in the first phase and at 50 and
70 °C in the second phase, to evaluate the tertiary oil recovery potential of low-temperature ICE
using the modified formulations. From the experimental results, urease-catalyzed urea hydrolysis
is proven to be effective in generating CO; at the test temperatures with urea conversion rate of
up to 95 % at 50 °C for the crude urease extracts. The adsorption tests show that urease was
significantly adsorbed on limestone surfaces while the adsorption on sandstone was insignificant.
Imbibition tests of this improved formulation with various porous media show distinct wettability
reversal trends towards a more water-wet state post-imbibition. For the tests with highly purified
urease and DIl water, the tertiary oil recovery was up to 31.3 % for sandstone at 50 °C. Meanwhile,
for the tests with jack bean extracts and ASW, the tertiary oil recovery was up to 28.0 % for
limestone at 50 °C. These results were better than the corresponding high temperature (120 °C)
cases. Moreover, the tertiary oil recovery for the limestone and sandstone tests were lower at
70 °C compared to 50 °C. This was attributed to the higher solubility of CO; in oil at lower

temperatures. Overall, the simplicity of the technique used to produce the crude urease extract

Xvii



from jack beans will significantly reduce the cost of enzyme-catalyzed low-temperature ICE, thus

overcoming a major barrier and enabling practical applications in the oilfield.
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Chapter 1 Overview

The global demand for energy is forecast to grow as the world population increases and liquid
fuels including petroleum and biofuels will remain the largest source of energy, according to the
Energy Information Administration’s Reference case projection [1]. Based on the projections
from Figure 1-1, petroleum and biofuels will contribute about 28 % of global energy consumption
by 2050 while renewables will contribute about 27 %. Moreover, the global consumption of
petroleum liquids and biofuels will increase from 182 quadrillion Btus in 2020 to 249 quadrillion

Btus in 2050, an increase of about 37 %.

Primary energy consumption by energy source, Share of primary energy consumption by source, /_*\
world world €la
quadrillion British thermal units percentage . L
300 siroletam 100% history projections
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?n l3t1er 90%
iquids bl
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40% and other
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0 - } . . . 0% nuclear
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Source: U.S. Energy Information Administration, International Energy Outlook 2021 (IEO2021) Reference case
Tincludes biofuels

Figure 1-1 World primary energy consumption and share of primary energy consumption by

source (from [1])

EOR will play a crucial role in meeting the future demand for oil and gas. The demand for EOR is
expected to grow due to an increasing number of aged wells and declining production from

existing oilfields. Figure 1-2 shows the International Energy Agency’s (IEA) projected global oil



production from EOR. According to the projections by the IEA, global oil production from EOR
will increase by about 120 % from 2015 to 2040 [2]. Additionally, the contribution of CO; EOR to

the total oil production from EOR is projected to grow from 21 % in 2015 to 35 % in 2040.

5
i)
g
5 4
Re)
S
5%3
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C‘L
082
2
(S)
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o 1
—
o
S o

2000 2005 2010 2015 2020 2025 2030 2035 2040
B Thermal EOR B Chemical EOR B CO2 EOR B Other gas EOR

Figure 1-2 Global EOR oil production in the International Energy Agency’s New Policies Scenario
(adapted from [2])

Figure 1-3 shows the regional mean estimates by the US Geological Survey of the oil volumes that
are technically recoverable and the amount of CO; that will remain in the reservoir with the
application of miscible CO; EOR in over 3500 conventional reservoir candidates in the US [3]. The
results show that an average of 29,000 million barrels (MMbbl) of oil could be technically
recoverable from the screened reservoirs. This is equivalent to about 6.7 years of crude oil
production at 2022 average US crude oil production rates [4]. The results also show that an
average of 8400 million metric tons (Mt) of CO2 could be retained in the screened reservoirs as a
result of CO, EOR. This represents about 1.3 times the total US greenhouse gas emissions in 2021
[5]. The West Texas and Eastern New Mexico regions, which are primarily represented by the

Permian Basin, and the Gulf Coast region together account for 60 % of the mean assessed crude



oil production from CO; EOR and 61 % of the mean assessed CO; geological sequestration in the
US. These estimates apply only to the application of miscible CO, EOR in conventional reservoirs
and does not account for the application of CO; EOR in unconventional reservoirs or the use of
immiscible CO, EOR in both conventional and unconventional reservoirs. Therefore, there is a
significant potential to both increase the production of crude oil and sequestrate anthropogenic

CO; using CO; EOR.

a.  Oil that could be produced with CO -EOR b.  CO,that could be retained with CO,-EOR
Eastern Eastern
(530 MMbbl) (170 Mt)
2?{’ Colorado Plateau and 2% Colorado Plateau and

Basin and Range

Basin and Range
(260 Mt)

(810 MMbbl)
3%

Pacific Coast
(680 Mt)
8%

Pacific Coast
(2,500 MMbbl)
9%

Midcontinent
(1,200 Mt)
14%

Midcontinent
(4,300 MMbbl)
15%

Rocky Mountains
and
Northern Great Plains

(1,000 Mt)
12%

Rocky Mountains
and
Northern Great Plains
(3,300 MMbbI)
1%

Gulf Coast
(1,400 Mt)
17%

Gulf Coast
(5,300 MMbbl)
18%

West Texas and
Eastern New Mexico
(3,700 M)

4%

West Texas and
Eastern New Mexico
(12,000 MMbbl)
2%

Figure 1-3 Regional mean estimates by the U.S. Geological Survey in 2020 of (a) volumes of oil
that could be technically recoverable with CO, EOR and (b) amount of CO; that could be
geologically sequestered with the application of miscible CO, EOR in conventional reservoirs
(from [3])

1.1 In situ CO, EOR

In situ CO; EOR (ICE) relates to the injection of a slug of fluid containing reactants capable of
forming carbon dioxide inside the oil reservoir. Subsequently, the oil in the reservoir is displaced

and recovered with the aid of a drive fluid such as waterflooding, if necessary. The use of ICE



overcomes some of the challenges associated with conventional CO, EOR including limited
natural sources of CO,, inadequate CO; transportation infrastructure such as pipelines, the
requirement of special equipment both above and below ground in order to mix, blend and pump
the CO, with carrier fluids (if required), viscous fingering and gravity segregation of CO; gas,
asphaltene deposition near the wellbore and early gas breakthrough [6]. In this work, we used
aqueous solutions of urea as the CO, generating agent in ICE due to its low cost, availability, ease
of handling, high solubility in aqueous solutions, tolerance to high salinity conditions and high

yield of COa.

1.2 Overview of Chapters

The goals of this dissertation are to experimentally investigate the application of in-situ CO; EOR
in liquid-rich shale reservoirs and low-temperature reservoirs. The following are the main

objectives of this dissertation:

1. Investigate the use of in-situ CO, EOR in liquid-rich shale reservoirs and establish proof of

concept and fundamental oil recovery mechanisms (Chapters 2 and 3).

2. Investigate the use of in-situ CO, EOR in low-temperature reservoirs and expand the range

of reservoir temperatures where the ICE system can be applied (Chapters 4 and 5).

Chapter 2 focuses on the development of effective ICE formulations for liquid-rich shale
reservoirs. We used a simple alkane (dodecane) as the oil phase and urea as the gas-generating
agent to investigate the applicability of ICE in liquid-rich shale reservoirs. Due to the extremely
low permeability of shale, we combined the gas-generating agent with a thermally stable anionic

surfactant to facilitate the imbibition of the ICE formulation into the shale matrix and enhance



the EOR performance of the formulation. We investigated the compatibility of the EOR
formulations with dodecane and their stability at high temperature conditions. We also
investigated the different mechanisms involved in the EOR process including wettability
alteration and IFT reduction. The work from this chapter was presented at the 2020 Society of

Petroleum Engineers (SPE) Improved Oil Recovery conference.

In Chapter 3 we further investigate the application of ICE in liquid-rich shale reservoirs. In this
chapter, we used crude oil instead of dodecane as the oil phase to investigate the applicability of
ICE in liquid-rich shale reservoirs. Combining site-specific crude oil samples and the shale cores,
allows us to characterize and quantify the performance of the improved formulations for EOR
under more realistic tight reservoir conditions and the various mechanisms involved in the EOR

process. This chapter has been submitted to the journal, Fuel for peer review and publication.

In Chapter 4, we investigate the application of ICE in low-temperature oil reservoirs. The rate of
spontaneous decomposition of aqueous solutions of urea to release CO; and ammonia at
temperatures below 80 °C is not high enough for EOR applications. We used an enzyme, urease,
to accelerate the hydrolysis of aqueous solutions of urea at low temperature conditions. We
evaluated the kinetics of urease-catalyzed urea hydrolysis at different temperatures, urea
concentrations and urease concentrations. Tertiary oil recovery sandpack flowthrough tests were
also performed to evaluate the oil recovery potential of the urease-catalyzed ICE. We used highly
purified commercially available urease and deionized water in these tests to establish proof of

concept. This chapter has been published in the peer review journal, Fuel.

In Chapter 5, we further investigate the application of ICE in low-temperature oil reservoirs. We

used crude urease extracts from jack bean, instead of the highly purified commercial urease used



in the last chapter. The goal of this approach was to develop a cheaper source of urease enzyme

in order to improve the economic viability of urease catalyzed low-temperature ICE applications.

The crude urease extracts were evaluated for urease activity, urea hydrolysis kinetics and urease

adsorption on porous media. Tertiary oil recovery sandpack flowthrough tests were also carried

out to evaluate the oil recovery potential of ICE with urease extracts. Moreover, the urease plus

urea solutions used in the tests were prepared in artificial sea water (ASW), to replicate more

realistic oil field conditions and evaluate the impact of high ionic strength and the presence of

divalent ions on the low-temperature ICE system.

Chapter 6 summarizes the main findings of this research and suggests ideas for potential future

research.
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Chapter 2 Use of In Situ €O, Generation in Liquid-Rich Shale

Abstract

Modified in situ CO, generation was explored as an improved tool to deliver CO; indirectly to the
target liquid-rich shale formations. Once injected, the special CO;-generating compound, urea,
decomposes deep in the fractures at elevated temperature conditions and releases significant
amounts of CO,. For field implementation, the minimum surface facility is required other than
simple water injection equipment. Injection of urea solution may be easier and cheaper than

most gas injection approaches.

In this work, in situ CO; treatment and designs were carried out on a group of Woodford shale
core samples. The oil-saturated shale cores were soaked in different urea solutions kept in
pressurized (1500 and 4000 psi) and heated extraction vessels at a temperature of 121 °C. The
adopted treatment method closely simulates the huff-and-puff technique. A series of
experiments were run with different formulations, including brine only, brine plus surfactant,
brine plus urea and a ternary mixture of brine/surfactant/urea. In addition, the extraction
experiments were tested at below and above MMP conditions to decipher the principal recovery

mechanism.

Based on our preliminary observations, the sample cores did not lose their stability after an
extended period of oil extraction with in situ CO; treatment. The urea-only case recovered up to
24% of the OOIP compared to about 6% for the brine-only case and 21% for the surfactant-only
case. Also adding a pre-selected surfactant to the urea slug did not have any benefit. There was

no significant difference in oil recovery when the test pressure was below or above MMP. The



main recovery mechanisms were oil swelling, viscosity reduction, low interfacial tension and

wettability alteration in this effort.

Multiple researchers reported successful lab-scale CO; gas extraction EOR experiments for liquid-
rich shale like the upper, middle and lower Bakken reservoir. The best scenario could recover
90% of the OOIP from the shale core samples. The results of this work offer a strong proof of

concept of in situ CO; generation potential for liquid-rich shale reservoirs.

2.1 Introduction

The application of horizontal drilling and hydraulic fracturing has helped unlock the immense
amount of oil and gas in shale and other tight formations. However, the production from these
very low permeability formations declines sharply after the first couple of years. This necessitates
the use of enhanced oil recovery (EOR) techniques to help boost the production and estimated
ultimate recovery (EUR) from these wells. Some of the techniques that have been studied and
trialed in the field include gas injection, water injection and surfactant injection [1]. Gas injection
for EOR application in unconventional reservoirs can be in the form of gas flooding and huff-n-
puff. The commonly used injection gases are nitrogen, CO,, methane, ethane, and mixtures of
methane/ethane. Several simulation, experimental and field studies have been performed to
examine the oil recovery performance of gas injection [2—7]. Lashgari et al. [5] conducted a field
scale numerical simulation of CO, and enriched natural gas injection in shale reservoirs and
concluded that gas diffusion is crucial in oil production. Water injection for EOR application in
shale reservoirs can be either in the form of water flooding or water huff-n-puff. The main
concerns about water flooding in ultralow permeability shale reservoirs are water injectivity, low

sweep efficiency and early water breakthrough. However, most of the field pilot tests conducted



so far do not appear to have injectivity issues [1]. The general mechanism for water huff-n-puff
suggests that water preferentially invades the larger pores, imbibes into the smaller pores and
displaces oil through a counter-current flow mechanism [1,8,9]. Another mechanism proposed
by Sheng [1] is that the invaded and imbibed water increases the reservoir and local pressure,
thereby boosting the drive energy. Generally, water-wet formations imbibe more water than oil-
wet ones. Field applications of water flooding and water huff-n-puff for shale EOR are limited
because they increase the oil recovery by about 2-3% above the primary depletion [1].
Surfactants can alter the wettability of shale from oil-wet to mixed wet or water-wet, thereby
enhancing water imbibition. There has been numerous simulation and lab studies on surfactant
imbibition EOR in shale . Another important mechanism of surfactant imbibition EOR is the
reduction of aqueous phase trapping and formation damage in shale [12]. There have been few
field trials of surfactant imbibition EOR in shale reservoirs. Kazempour et al. [13], carried out
laboratory evaluation and a successful field trial of a surfactant blend designed to improve oil
recovery by imbibition. Their results show that the EUR can be improved by up to 25% when a
proper wettability-altering agent is injected into a shale reservoir. Bidhendi et al. [14] also
developed a set of surfactant-based chemical formulations that were studied in the lab for their
potential to alter the wettability of Wolfcamp cores and improve oil recovery. Their subsequent

field trial showed a 39% increase in the 180-day cumulative oil recovery and increased oil cut.

CO; is widely used for EOR applications in conventional reservoirs and is increasingly being
utilized in unconventional reservoirs. The US Department of Energy predicts that CO, EOR will
help the US to tackle the dual challenges of energy independence and reduction of greenhouse

emissions [15]. The three main ways this technology is currently applied in the field are CO; gas



flooding, carbonated water flooding and water alternating gas flooding (WAG). However, each of
these methods has major drawbacks, that could hinder economical application in the field. For
CO; gas flooding, the density and viscosity difference between CO; and oil leads to gravity
segregation and viscous fingering, which reduces the sweep efficiency of the process. For WAG,
the goal is to combine the benefits of gas injection and the mobility control provided by water
injection [16]. The main drawbacks of WAG include early gas breakthroughs due to the
channeling of gas through zones with high permeability and injectivity loss [16]. In CWI, sweep
efficiency is enhanced when the dissolved CO; migrates to the oil phase leading to oil swelling,
viscosity reduction and improved oil mobility [17]. Moreover, additional recovery drive energy
can be obtained through the exsolution of CO; from the carbonated water. The solubility of CO;
in water is a main determining factor in the efficiency of CWI EOR, since it determines the amount
of CO; that can be delivered in the reservoir. Some researchers have used chemical promoters
to increase the CO; / water ratio, however, this can substantially increase the cost of the project
[18]. To overcome the challenges associated with CO; EOR, in situ CO; generation was proposed
[19-26]. Most of these in situ CO; generating methods involve multiple streams of fluid injection
including aluminium salt/carbamide/surfactant, sodium carbonate/acid/surfactant, ammonium
carbamate/surfactant. The benefits of in situ CO, generation for EOR application include non-
reliance on natural CO; sources and construction of CO, transportation pipeline, better sweep
efficiency than CO, WAG, increased CO> GWR compared to CWI, simple and cost-effective, good
tertiary recovery at both below and above minimum miscibility pressure conditions and excellent
tolerance to salinity of reservoir brine [26]. Wang et al. [26], developed a method that uses urea

as the in situ CO;-generating agent. This system involves the injection of a single stream of urea
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solution which hydrolyzes under reservoir temperature and pressure to produce CO; and

ammonia according to the following two-step process:
NH,CONH, + H,0 - NH,COONH, (1)
NH,COONH, —» 2NH3 + CO, (2)

CO; dissolves in oil resulting in a decrease in oil viscosity, oil swelling, reduction in the surface
tension between oil and aqueous phases, re-pressurization of the formation and ultimately an
increase in the oil production and sweep efficiency. The swelling factor (SF) is defined as the ratio
of the volume of the CO; and oil mixture at reservoir temperature and pressure divided by the

volume of the oil without CO; at the same temperature and atmospheric pressure [27].

v a(PRT
SF = Ycozro 1(PRTR) (3)
Voil(Patm.TR)

where,

Vco,+0ir — volume of CO2 + oil mixture
Vi1 — volume of oil

Py —reservoir pressure

Tk — reservoir temperature

P,:m —atmospheric pressure

The swelling factor increases as the molecular weight of the crude oil decreases [28]. In their
experiments, Simon and Graue [28] obtained crude oil swelling factors of up to 1.37 at 160°F and
2037 psia. Holm [29] stated that CO; can expand the crude oil volume by up to 60%. The oil

swelling effect acts like an energy storage during the huff period and provides the driving force
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in the puff period. The increase in oil volume due to the swelling leads to an increase in oil
saturation and thus increase in oil relative permeability. The discontinuous oil droplets previously

trapped in the pores gradually merge with the flowing oil phase as the oil swells [26].

The degree of viscosity reduction depends on the amount of dissolved CO;, the initial viscosity of
the oil and the reservoir temperature and pressure. Viscosity reduction will increase with the
concentration of dissolved CO; in oil. Likewise, the higher the initial viscosity of the oil, the higher
the degree of viscosity reduction. Moreover, viscosity reduction will be higher at lower
temperatures, due to higher CO; solubility in oil [26]. Dissolved CO; can reduce the viscosity of
the crude oil by 5 to 10-fold [29]. The degree of viscosity reduction and oil swelling is higher for
the CW —hydrocarbon system compared to a similar system with pure CO; [30]. Emera and Sarma
[27] developed correlations based on Genetic algorithm to predict the physical properties of the
CO; — ail system including CO; solubility, oil swelling factor, CO2 — oil density and viscosity, over
a wide range of oil gravities, pressures up to 5000 psi, oil molecular weight > 490, oil viscosities

up to 12,000 cP and temperatures up to 284 °F.

The ratio of the concentration of COz in the oil phase (C¢o, ) to the concentration in the aqueous

phase (Cco,,w) at equilibrium is referred to as the partition coefficient of CO2 (K¢o, ow)-

Cco,,0 (4)

Kco,ow = Ccomw

It is a measure of the solubility of CO; in both immiscible phases, therefore it is dependent on
both temperature and pressure. The partition coefficient of CO, decreases with pressure,
implying that the solubility of CO; in water increases more than the solubility of CO; in oil, with

increase in pressure. Conversely, the CO; partition coefficient increases with temperature.
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Moreover, the change in partition coefficient with pressure is more significant at higher
temperatures [17]. According to Altunina and Kuvshinov [31] the partition coefficient of CO; in
the oil-water system in the temperature range of 35 — 100 °C and pressure range of 10 — 40 MPa
is between 4 and 10, which implies that the concentration of CO; in the oil phase is 4 to 10 times

the concentration of CO; in the aqueous phase.

The mass transfer of CO, from the aqueous phase to the oil phase is driven by the CO;
concentration gradient in the hydrocarbon and the aqueous phases and also by the higher
solubility of CO; in oil compared to the aqueous phase. Bagalkot and Hamouda [30] measured
the diffusion coefficient of CO, in a CW — hydrocarbon system at different pressures ranging from
145 — 870 psi and temperature of 25 °C, using the axisymmetric pendant drop shape analysis
(ADSA) method. The diffusion coefficient of CO; in the CW — decane system was determined to
range from 0.0683 —0.0169 x 10° m? s The diffusion coefficient of CO; in brine is a function of
temperature, pressure, salinity, salt composition and viscosity. The effective diffusivity will also
depend on the porosity and tortuosity of the porous media [17,32]. The diffusion coefficient of
CO; increases with temperature. The diffusion coefficient of CO, in water decreases with

pressure, however this effect is quite small at temperatures below 120 °C [33].

Ammonia provides an added benefit to the system because it reacts with some of the
components of crude oil to form in situ surfactants which can help to alter the wettability of the
porous media from oil wet to intermediate wet or water wet [34]. Wang et al. [26] evaluated the
tertiary oil recovery performance of urea using sandpack flooding at different conditions of flow
rate, urea concentration, oil API, presence or absence of divalent ions and pressure ranging from

below minimum miscibility pressure (MMP) to above MMP conditions.
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All the applications of in situ CO; generation for EOR purposes in literature have been conducted
with sandstone or carbonate reservoirs. In this study, we conduct a series of experiments
designed to study the applicability of in situ CO; generation for EOR in liquid-rich shale
formations. Tests were conducted with brine only, brine plus surfactant, brine plus urea and a
ternary mixture of brine/surfactant/urea. Shale outcrops from the Woodford formation were
used as the porous media and dodecane was used as the hydrocarbon fluid. First, we evaluated
the compatibility of the surfactant with brine and urea solutions under the test conditions. Then
we measured the interfacial tension (IFT) between the formulated fluids and dodecane at
ambient and test temperature conditions, to quantify the change in IFT at different conditions
and the relationship between the amount of recovered oil and IFT. We also quantified the
wettability alteration potential for the different fluid formulations by contact angle
measurements and related it to the amount of recovered oil. Lastly, soak tests designed to closely
simulate the huff-n-puff technique were performed with oil-saturated shale core samples to
determine the oil recovery potential of the different fluid formulations under reservoir
temperature and pressure. The genetic algorithm-based correlations for predicting MMP,
developed by Emera and Sarma [35] were used to calculate the MMP of dodecane and CO; at a
reservoir temperature of 250°F. The calculated MMP value was 3200 psi, therefore tests were

run at 1500 psi and 4000 psi to represent below MMP and above MMP reservoir conditions.
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2.2 Materials

2.2.1 Porous media properties

We used cores from Woodford shale outcrop as the porous media for the experiments. The cores
used were 1 inch in diameter and 2 inches long and were obtained from two blocks of outcrop
shale to minimize rock property variations. Four cores were drilled from a 5-inch by 2-inch by 3-
inch block (Outcrop A) and five cores were from a 15-inch by 15-inch by 5-inch (Outcrop B). The
porosities of all the cores was measured using helium porosimeter and ranged from 5 to 7.5% for
outcrop A and 5.5 to 7.6 for outcrop B. Further petrophysical properties analyses were carried
out for outcrop B and are listed in Table 2-1. FTIR analysis for outcrop B shows that the primary
minerals are Dolomite (47.6 wt%), Quartz (15.6 wt%), Calcite (4.7 wt%) and clays including illite,

kaolinite, chlorite and mixed clays (17.9 wt%). The total organic carbon content is 12.7 wt%,

which is consistent with published data for the Woodford outcrop [36].

Table 2-1 Physical properties of Woodford core samples (Outcrop B) used in the experiments

Permeability, Kn2 (micro darcy)

Porosity, Helium

Average grain

Total organic

. . . . (%) density carbon
1500 psi effective | 4000 psi effective (g/cm?) (TOC), wts
pressure pressure
0.057 0.043 55t0 7.6 2.5 12.7

2.2.2 Qil properties

Dodecane from Acros Organics was used as the oil for the experiments. At 68 °F and atmospheric

pressure, the density and viscosity of dodecane are 0.749 g/mL and 1.468 cP respectively, while
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at 121 °C, the values are 0.674 g/mL and 0.420 cP [37,38]. The interfacial tension for the

dodecane water interface at atmospheric pressure and 68 °F is 52.87 mN/m [39].
2.2.3 Surfactant properties

The surfactant used for the experiments is a 12-carbon branched chain sodium diphenyl oxide
disulfonate with an activity of 45.3 wt%. It is anionic and compatible with a broad range of high
electrolyte solutions such as brine, acids and alkalis. The pH of the surfactant is 10.3 and the
critical micelle concentration in 0.1M NaCl at 25 °C is 0.007 g/100g. The molecular structure of

the surfactant is shown in Figure 2-1

SO,Na SO,Na

Figure 2-1 Molecular structure of surfactant used in the experiments

2.2.4 Other materials

High-purity urea (99 wt%) was purchased from Acros Organics. Urea is highly soluble in water,

up to 50 wt% at 68 °F [40]. Potassium chloride (99 wt%) was purchased from Sigma-Aldrich.

2.3 Methodology

The workflow for the experiments can be categorized into the following steps:

1. Determination of the surfactant compatibility/stability at test conditions
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2. IFT measurements between the oil phase and EOR chemical formulations
3. Contact angle measurements to quantify the wettability alteration potential of the
formulations

4. Core soaking experiments to determine the oil recovery potential of the formulations

Below we discuss the experimental procedures in more detail.

2.3.1 Surfactant compatibility

Compatibility tests were performed to ensure that the surfactant remains stable under the test
conditions. All the fluid formulations were prepared with 5 wt% KCI as the base brine. The
stability of the surfactant was tested by preparing a 0.2 wt% surfactant solution in 5% brine and
a 0.2% wt% surfactant/ 10 wt% urea in 5% brine. The solutions were placed in an oven at the test
temperature of 121 °C and heated for 72 hours. It was assumed to be a stable solution if it

remained clear and there was no visible precipitation.

2.3.2 IFT measurements

The IFT measurements between the oil phase and the EOR chemical formulations were
performed with a spinning drop tensiometer (Grace Instrument M6500) and a pendant drop
tensiometer (Biolin Scientific Attension Theta). The M6500 and Attension Theta can measure IFT
in the range of 10 to 102 mN/m and 0.01 to 1000 mN/m respectively. The spinning drop
tensiometer was used for the formulations that contained surfactants, due to the ease of
measuring lower IFT values, while the pendant drop was used for the formulations that did not
have surfactants. IFT measurements were conducted at room temperature for all the fluids.

About 30 mL of each fluid formulation was prepared separately and then divided into two bottles
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with about 15 mL each. Then an equal volume of dodecane was added in each bottle and
transferred to a slow-rotating mixer to equilibrate the oil and aqueous phases for 24 hours. One
sample of each formulation was then used to measure the IFT at room temperature. The other
sample was heated for 72 hours at 121 °C, transferred to the rotating mixer and cooled to room
temperature while equilibrating. The IFT between the oil and aqueous phase was then measured.
We repeat the IFT measurements at least three times for each sample and report the average

values. A detailed description of the measurement procedure is given elsewhere [34].

2.3.3 Contact angle measurements

The contact angle measurements were carried out with the Biolin Scientific Attension Theta,
using the captive bubble method. The shale core samples used for the wettability measurement
were not aged in dodecane prior to measuring the contact angle since dodecane does not contain
any polar components and consequently will not affect the rock surface wettability [41]. Similar
tothe IFT measurements, the EOR formulations were tested before and after heating for 72 hours
at 121 °C. The surface of the shale core is carefully polished before immersing it in the EOR fluid
formulation. It is then allowed to equilibrate with the fluid before attaching a drop of dodecane
to the shale surface and measuring the contact angle. A detailed description of the test procedure

is given elsewhere [34].

2.3.4 Core soaking/oil recovery experiments

The core soaking experiments were performed to evaluate the oil recovery potential of the EOR
formulation fluids. The setup for the test is shown in Figure 2-2. The Woodford shale outcrop

core samples were first prepared using the following procedure:
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1. The cores were dried in an oven at 100 °C until their weight was constant

2. The porosity of the cores was then determined with a helium porosimeter

3. The dried cores were saturated with dodecane under a vacuum for 24 hours

4. The cores were then transferred to a high-pressure vessel and saturated with dodecane
at 5000 psi for 24 hours

5. The amount of dodecane imbibed was determined by the weight difference between the

dried sample and the saturated sample

The saturated cores were then transferred to the core holder and soaked in the EOR fluid at 121
°C and 1500 psi or 4000 psi for 72 hours. The EOR fluid is contained in the piston accumulator.
The syringe pump is used to maintain the pressure in the system at 1500 psi throughout the test
period. After the soaking period, the setup was allowed to cool to room temperature, while
maintaining the test pressure. The recovered oil was collected in the graduated sample collector
by slowly opening valve 3 as shown in Figure 2-2. For the test at 4000 psi, we gradually reduced
the pressure to 1500 psi using the syringe pump, before slowly opening valve 3 to collect the
recovered oil. The system was then flushed with brine at a slow rate of 0.01 mL/min until all the

produced oil was recovered.
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Figure 2-2 Setup for the oil recovery experiments

The characteristics of the core samples used in the oil recovery tests are shown in Table 2-2.

Table 2-2 Characteristics of Woodford core samples used in the oil recovery tests

Grain
Dry weight, Diameter, Length, density, Porosity,

Sample EOR Fluid g cm cm g/mi %

1 5% KCl 60.99 2.54 5.01 2.53 5.05
2 10% urea 59.92 2.54 4.95 2.54 5.83
3 0.2% surfactant 58.57 2.54 4.96 2.52 7.49
4 10% urea + 0.2% surfactant  57.76 2.54 4.87 2.52 7.16
5 5% KClI 59.15 2.54 4.94 2.50 5.46
6 10% urea 58.62 2.54 493 2.50 6.30
7 10% urea 58.85 2.54 4.92 2.52 6.56
8 0.2% surfactant 57.68 2.54 4.94 2.49 7.56
9 10% urea + 0.2% surfactant 58.05 2.54 4.97 2.49 7.56

*All the tests were conducted at a pressure of 1500 psi except tests 5 and 7 which were

conducted at 4000 psi.
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2.4 Results and Discussions

This section presents and discusses the results of the compatibility tests conducted with the
different EOR fluid formulations. We investigated the effect of salinity, temperature and the
hydrolysis of urea on the stability of the fluid systems. Additionally, the IFT and contact angle
measurement results are presented and discussed. Finally, we present the results of the core

soaking experiments to determine the oil recovery potential of the EOR fluid formulations.

2.4.1 Compatibility tests

We used the transparency and absence of precipitates as an indication of the surfactant
compatibility and stability. Figure 2-3 shows that the fluids remain transparent with no visible
precipitates after they have been heated in the oven at 121 °C for 72 hours. This was expected
since in general, sulfonates including those with alkoxy groups, are stable at high temperatures

due to the presence of a sulfur-to-carbon bond which is not susceptible to hydrolysis [42].

Figure 2-3 Compatibility test results. 1 - surfactant/dodecane and 2 - surfactant/urea/dodecane.
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2.4.2 IFT measurement

The results of the IFT tests are shown in Table 2-3. As mentioned earlier, all the EOR fluid
formulations were prepared with 5 wt% KCl as the base brine and the IFT measurements were
performed at room temperature. The samples that were heated to 121 °C for 72 hours were
cooled down to room temperature before performing the IFT measurements. Adding urea or
surfactant to the fluid formulation lowers the IFT between dodecane and the liquid phase. The
IFT values are in good agreement with the values reported by Wang et al. [34]. However, the IFT
values obtained in this work are slightly higher since we used 5% KCI as our base fluid, while
deionized water (DI) was used as the base fluid in their work. It has been observed by various
authors that the IFT between non-polar oils and brine generally increases with an increase in
salinity though this trend can be affected by the aging time [43,44]. Urea is a nonionic hydrotrope
that has properties similar to surfactants, but to a lesser degree, decreases the IFT as its
concentration increases in aqueous solutions [34,45-47]. Jones [45] measured the IFT of aqueous
urea — n-decane and aqueous urea + surfactant — n-decane interfaces and concluded that urea
raises the CMC of the surfactant but does not affect the adsorption of the surfactant at the oil -
aqueous interface. Since the surfactant concentration used in this study is significantly above the
CMC, the increase in CMC should not affect the performance of the system. The IFT value for the
10% urea formulation was significantly lower after heating. This is due to the hydrolysis of the
aqueous solution of urea to form ammonia and CO; both of which have IFT-reducing effects. For
the formulations with surfactants, the IFT values after heating are slightly lower than before
heating. This further confirms the stability of the sulfonate surfactant at high temperatures and

salinity as shown in the previous section. It also shows that the IFT-reducing properties of the
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surfactant are not affected by the ammonia and CO; in aqueous solution. Wang et al [48]
reported that the pH in aqueous solutions of urea can increase up to 10 after hydrolysis due to

the dissolved ammonia.

Table 2-3 Results of IFT measurements between dodecane and the EOR fluid formulations

IFT, mN/m
Fluid Before After heating
5% KCI* 46.7+0.1
10% Urea*™ 40.3+04 26.3+0.5
0.2% Surfactant** 0.9+0.0 0.4+0.0
10 % Urea/0.2% Surfactant** | 1.1+0.0 0.6+0.0

* Measured with pendant drop tensiometer; ** Measured with spinning drop tensiometer

2.4.3 Contact angle measurement/ wettability alteration

The results of the contact angle measurements between dodecane and the shale surface are

shown in Table 2-4 and Figure 2-4.

Table 2-4 Results of the contact angle measurements

Contact angle, °
Fluid Before heating | After heating
DI 29.0+24
5% KCl 33.8+2.2
10% Urea 18.3+1.6 19.3+2.9
0.2% Surfactant 30.3+2.9 25.2+3.3
10% Urea/0.2% Surfactant | 26.6 +1.5 24.3+3.0
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Wettability is the readiness of an immiscible fluid to spread onto a solid surface in the presence
of other immiscible fluids. Solid surfaces can demonstrate 3 different types of wettability
behavior which can be quantified by measuring the contact angle between the wetting or non-
wetting phase and the solid surface. Generally, a porous medium is considered to be water wet,
intermediate wet or oil wet if the contact angle is 0° to 75°, 75° to 105° or 105° to 180°,

respectively [41].

Before Heating After Heating

DI

KCl

e [0

Urea

Surfactant

Urea/Surfactant

ada
ddg

Figure 2-4 Results of the contact angle measurements showing images of the dodecane drop on

the shale surface

From the result of the contact angle in DI, the shale sample is originally water-wet. This could be
because we used shale outcrop cores for our tests. The contact angle increased with an increase
in salinity from 0 to 5% KCl, indicating a decrease in the water wetness of the shale sample. This

is in agreement with previously reported data by several authors [49,50]. Change in the electric
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charge at the oil/brine and brine/rock interface is the primary reason for wettability alteration
[49]. Introducing urea in the system resulted in a decrease in the contact angle compared to the
DI case. Urea is a weak acceptor of protons [51]. The ionization caused by the urea in solution
could lead to an increase in the negative charge at the interfaces of oil/brine and brine/rock and
subsequently to an increase in the repulsion forces between rock and oil, making the rock more
water wet. The hydrotropic properties of urea could also be a factor in the increase in water
wetness. The fluid formulation with 0.2% surfactant showed a negligible change in contact angle
compared to the DI case. However, combining urea and surfactant resulted in a decrease in the
contact angle. Mixtures comprising of hydrotropic agents and surfactants exhibit different
solution properties, which may be superior to those of the individual components, due to
synergistic effects [46]. Additionally, hydrotropes influence the efficiency of surfactant
solubilization in aqueous solutions. After heating and hydrolysis of the urea solution, the change
in contact angle was negligible. Both fluid formulations with surfactant showed a decrease in
contact angle. This further confirms the stability of the surfactant at the test conditions. In
general, the wettability alteration effect of the various fluid formulations was not very significant,
except the urea-only case. This could be due to the fact that the outcrop shale rock samples used
in this study were originally water-wet. More wettability alteration effect will probably be
observed if the rock sample was originally oil-wet. Also, the mechanism of wettability alteration
due to the reaction of aqueous ammonia (alkali) with the acid components of crude oil to form
in situ surfactants was not observed in this study since dodecane does not contain such acid

components.
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2.4.4 Core soaking/oil recovery tests

The results of the oil recovery tests are shown in Table 2-5.

Table 2-5 Results of the oil recovery tests

Oil recovery, %
Fluid Woodford A | Woodford B | Woodford B
@ 1500 psi @ 1500 psi @ 4000 psi
5% KCl 5.9 5.9
10% Urea 14.9 23.0 243
0.2% Surfactant 19.9 211
0.2% Surfactant/ 10% Urea 23.5 22.2

The test results in Woodford A and B show good repeatability, except the 10% urea case in
Woodford A. This could be due to trapping of recovered oil in the high-pressure core holder or
along the flow lines. After each test, we made sure the flow lines were well flushed until no more
oil was collected in the sample collector (pipette), but there is a possibility that some of the
recovered oil was missed in this case. All the tests showed a substantial increase in oil recovery
compared to the 5% KCl base fluid case. Therefore, adding urea or surfactant to the 5% KCl base
fluid improves the oil recovery. The mechanisms that have been proposed for the improved oil
recovery for the in situ CO, generating system using urea as the gas generating agent include oil
swelling and viscosity reduction, wettability reversal and IFT reduction [34]. Using the
correlations developed by Emera and Sarma [27], the mole fraction of CO; dissolved in dodecane
at the experimental conditions of 250 °F and 1500 psi is estimated as 0.52. The dissolved CO; in
the crude oil will lead to an estimated oil swelling factor of 1.16 at the test conditions. This implies

that the dissolved CO; will increase the volume of the dodecane by about 16 %.
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To investigate the effect of miscible versus immiscible CO,/dodecane conditions, tests were run
at 1500 psi and 4000 psi for the 10% urea fluid. As we mentioned earlier, the calculated MMP of
the CO,/dodecane system is 3200 psi at 250°F. The test results show a negligible increase in the
oil recovery from 23% to 24.3%. A similar phenomenon was observed by Wang et al. [26] in their
sand pack flooding tests. They observed better EOR performance in the sub-MMP test compared
to the supra-MMP case, which was attributed to the absence of a separate CO, phase during the
urea flooding. The generated CO; is dissolved in the aqueous phase and when it comes in contact
with oil, it will migrate into the oil phase due to the high solubility of CO; in oil. Upon depletion
of the CO; concentration in the aqueous phase, the reaction equilibrium will shift towards the
generation of more CO; [26]. Therefore, there is no benefit to running the test at above MMP

condition.

The results for Woodford B at 1500 psi show that synergism is not realized by combining urea
and surfactant. This could be due to the original water wettability of the shale outcrop cores used
in this test. In this case, the wettability and IFT altering effect of the surfactant and aqueous
ammonia is minimal. Most shale reservoirs are oil wet therefore the potential of the surfactant
and ammonia to reduce IFT and alter wettability to more water wet conditions will be greater.
Hence, greater wettability reversal may be achieved by combining urea and surfactant. We

intend to investigate this scenario in our future tests.

Figure 2-5 and Figure 2-6 show a plot of the oil recovery versus IFT and contact angle respectively,
to establish any relationship between oil recovery, IFT reduction and wettability reversal. We
used the oil recovery results from Woodford B at 1500 psi except for 5% KCl where we used the

result at 4000 psi. We do not expect the oil recovery for 5% KCl to be dependent on the test
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pressure as the result for Woodford A shows. From the plots, there is no clear relationship

between the oil recovery and IFT values. However, with a decrease in the contact angle to more

water-wet conditions, the oil recovery slightly increases.
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Figure 2-5 Oil recovery versus IFT
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2.5 Conclusions

1. Theinsitu CO; generation fluid system evaluated in this work shows a substantial increase
in the oil recovery compared to the base case of only brine.

2. Adding urea or a compatible surfactant to brine substantially improves the oil recovery.

3. There is no benefit to running the in situ CO; generation EOR at above MMP conditions.

4. Both IFT reduction and wettability alteration play important roles in improving oil
recovery. However, under the tested conditions, there is a stronger relationship between
the oil recovery and wettability alteration.

5. Under the tested conditions, synergism was not realized by combining urea and

surfactant.
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6. Additional tests are required to determine whether synergism between urea and

surfactant occurs in oil-wet cores.
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Chapter 3 Enhanced Oil Recovery Formulations For Liquid-rich Shale Reservoirs

Abstract

The aim of this study is to evaluate in-situ CO, formulations and their oil recovery potential in
liquid-rich shale reservoirs. The process involves injecting the CO,-generating compound,
aqueous solutions of urea, into the tight formation where it hydrolyzes to generate adequate
amounts of CO; under reservoir conditions. Additionally, we study the synergistic effects of
coupling urea with a thermally stable anionic surfactant to further improve oil recovery

performance from low-permeability shale formations.

We designed the experimental procedures to simulate the huff-n-puff operation for oil recovery.
Imbibition tests were carried out with oil-saturated Woodford outcrop shale cores for 3 and 14
days soaking periods. To assess recovery performance and mechanisms, tests were conducted
with four different formulations: brine only, urea in brine, thermostable anionic surfactant in
brine, and a blend of urea and surfactant in brine. Surfactant stability at test temperature was
investigated. Furthermore, interfacial tension (IFT) and wettability alteration tests were

conducted to understand their effect on total recovery.

Results revealed that the selected enhanced oil recovery (EOR) recipes are stable at reservoir
conditions and compatible with the crude oil sample. There is a distinct difference in the oil
recoveries for the 3-days and 14-days soaking periods in the case of the ternary
brine/urea/surfactant mixture. This might indicate that the oil recovery processes in the shale
cores are not only controlled by multiple mechanisms, such as wettability alteration, IFT

reduction, fluid imbibition and CO; diffusion, but are also time-dependent. Oil recovery in the
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case of the ternary mixture is 4% and 18% of the original oil in place (OOIP) after soaking periods
of 3 days and 14 days, respectively. Combining urea with surfactant in the formulation showed a
favorable synergistic effect in releasing oil from the shale core samples, leading to higher oil
recovery after a 14-day soaking period. The oil recovered in the case of 14-days soaking time for
the brine only, binary brine/urea, binary brine/surfactant, and ternary urea/surfactant/brine
mixture was 7%, 9%, 5%, and 18% of the OOIP, respectively. Furthermore, we observed that both

IFT reduction and wettability alteration play critical roles in improving oil recovery.

3.1 Introduction

The immense amount of oil and gas in shale and other tight formations has been unlocked with
horizontal drilling and hydraulic fracturing. However, production from these very low
permeability reservoirs declines sharply after the first couple of years, with very low primary oil
recovery in the range of 5 — 10% [1,2]. Therefore, there is a great interest to evaluate and apply
enhanced oil recovery techniques to improve the estimated ultimate recovery (EUR) of these oil-
rich tight formations. CO; is widely used for EOR applications in conventional reservoirs and is
increasingly being utilized in unconventional reservoirs, with the US Department of Energy
reporting that proper CO; utilization in EOR could help the US to deal with the dual challenges of
reduction of greenhouse emissions and energy independence [3]. It has a lower minimum
miscibility pressure with shale oil compared to other commonly utilized EOR gases like nitrogen
and methane. The injected CO; dissolves in crude oil resulting in several EOR favorable effects
such as a decrease in oil viscosity, oil swelling, reduction in the surface tension between oil and
aqueous phases, re-pressurization of the formation and ultimately leading to an increase in the

oil production and sweep efficiency. In general, CO; injection for EOR application can be in the
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form of gas flooding (continuous gas flooding or cyclic injection commonly referred to huff-n-
puff), carbonated water injection (CWI), or water alternating gas flooding (WAG). During the huff-
n-puff process, CO; is injected into the reservoir at a given pressure (the huff stage). The well is
then shut-in for a predetermined period to allow the CO; to soak the reservoir and mobilize the
hydrocarbon in place. Lastly, the well is put on production to recover the mobilized hydrocarbons
during the puff stage. Hawthorne et al [4] proposed that in tight formations, the majority of the
injected CO; gas will flow through the natural and induced fractures, and that the displacement

mechanisms that occur in conventional reservoir rock matrix do not apply.

There are numerous operational and technical challenges that could hinder the economic
application of CO, EOR in the field, including CO; availability, lack of infrastructure for CO;
transportation, early gas breakthrough, gravity segregation, viscous fingering, low solubility of
CO; in water, and asphaltene deposition, among others [5]. Over the years, numerous efforts
have been made to address these challenges with limited success [6—9]. In-situ CO, generation is
among the most promising improvements to address the inadequacies of CO; EOR [10-17]. The
benefits of in-situ CO, generation for EOR applications include non-reliance on natural sources of
CO3, no need for construction of a CO; transportation pipeline, better sweep efficiency than CO;
WAG, higher CO; gas-water ratio (GWR) compared to CWI, simple and cost-effective operations,
good tertiary recovery at both below and above minimum miscibility pressure (MMP), and
excellent tolerance to high salinity reservoir brine [18]. During CO,-EOR, a significant portion of
the CO; injected remains trapped within the formation and cannot be produced back to the
surface with the produced oil, gas or water [19]. Therefore, in-situ CO, EOR could contribute to

the reduction of CO; in the atmosphere through carbon sequestration and storage, especially if
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the CO; used to manufacture the CO,-generating compound is captured from industrial waste
streams or ambient air. An in-situ CO,-generating method that uses the injection of a single
stream of urea solution as the gas-generating agent was proposed by Wang et al. [18]. The
aqueous urea solution hydrolyses at elevated reservoir temperature and pressure to produce

CO; and ammonia according to the following equations:

NH,CONH, + H,0 — NH,COONH, (1)

NH,COONH, - 2NH; + CO, (2)

Urea is highly soluble in water, up to 512 grams/L at 20 °C [20] and aqueous solutions can
spontaneously hydrolyze at higher temperatures, with an increase in the rate of hydrolysis as the
temperature rises. For example, the half-life of urea solution at 80 °C and 120 °C are 24.9 days
and 1.0 days, respectively [21]. One metric ton of urea will generate about 0.73 metric tons (13.9
Mscf at standard conditions of 60 °F and 14.7 psi) of CO; gas upon complete hydrolysis. Urea in-
situ CO; EOR (ICE) is a combination of carbonated water injection and alkaline (NH4OH) flooding.
In the temperature range of 35 — 100 °C and pressure range of 10 — 40 MPa, the partition
coefficient of CO; in the oil-water system is between 4 and 10, whereas it does not exceed 6 x
10 for the more hydrophilic NHs molecules. This implies that most of the CO; is in the oil phase,
while most of the NH3 remains in the aqueous phase [22]. In the urea-ICE process, the generated
NHj3 dissolves in the aqueous phase to form ammonium hydroxide and increases the pH of the
aqueous phase to between 9 and 10 [23]. The ability of alkali to alter the wettability of reservoir
rocks from oil-wet to water-wet and reduce the oil-water IFT has been extensively studied and is

the basic principle for the use of alkaline flooding to improve oil recovery [24-26].
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During IOR processes in conventional and unconventional reservoirs, the three main forces that
control oil recovery are capillary, gravitational and viscous forces. In porous media, fluid capillary
rise is controlled by the wettability of the rock surface, fluid interfacial interaction and the radius
of curvature of the pore walls. If the porous medium is regarded as a bundle of capillaries with

an average radius, r, then the Young-Laplace equation can be written as follows [27]:

20y pcos6

Pp — Py = B = (3)

T

where Py is the pressure in the oil phase; Pw is the pressure in the water phase; P. is the capillary
pressure; awo is the IFT between the water and oil phase; 0 is the contact angle at the point of

intersection between the two fluid phases and the solid surface.

Surfactants can reduce IFT and alter the wettability of shale from oil-wet to mixed-wet or water-
wet, thereby enhancing oil recovery. There have been numerous simulation and lab studies on
surfactant imbibition EOR in shale [28-33]. Another important mechanism of surfactant

imbibition EOR is the reduction of aqueous phase trapping and formation damage in shale [34].

Based on the observations in the surfactant imbibition-dependent oil recovery experiments and
simulations in shale rocks, it can be deduced that in unconventional reservoirs, typically with
pores in the nano-size range, the initial imbibition of the aqueous phase is due to IFT reduction.
Subsequently, the oil film on the rock surface is stripped through ion-pair formation and micellar-
solubilization, thereby changing the wettability from oil-wet to water-wet [29,35]. The change in
wettability changes the capillary pressure from a negative to a positive value, which in turn leads
to more aqueous phase imbibition and expulsion of oil from the pores due to the countercurrent

flow mechanism. Maintaining moderate positive capillary pressure values will enhance the
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imbibition of the aqueous phase. Ultralow IFT, which will lead to very low capillary pressure
values might be detrimental to the imbibition and oil recovery process. Therefore, surfactants
that can change wettability from an initial oil-wet state to a water-wet state, while maintaining
a moderately high IFT may be more efficient for imbibition EOR applications. There have been
few field trials of surfactant imbibition EOR in shale reservoirs. Kazempour et al. [36] , carried out
laboratory evaluation and successful field trial of a surfactant blend designed to improve oil
recovery by imbibition. Their results show that the EUR can be improved by up to 25% when a
proper wettability-altering agent is injected into a shale reservoir. Bidhendi et al. [37] also
developed a set of surfactant-based chemical formulations that were studied in the lab for their
potential to alter the wettability of Wolfcamp cores and improve oil recovery. Their subsequent

field trial showed a 39% increase in the 180 days cumulative oil recovery and increased oil cut.

The literature on in-situ CO, generation for EOR (ICE) has focused exclusively on sandstone and
carbonate reservoirs. In this study, we conduct a series of experiments to evaluate the
applicability of urea ICE in liquid-rich shale reservoirs. Additionally, we study the synergistic
effects of coupling urea with a thermally stable ionic surfactant to further improve oil recovery
performance from low-permeability shale formations. We conducted tests with brine only, brine
plus surfactant, brine plus urea and a ternary mixture of brine/surfactant/urea. Woodford shale
outcrop samples were used as the porous media and Woodford stock tank crude oil was used as
the hydrocarbon fluid. In our previous study, we used dodecane as the hydrocarbon fluid [5].
First, the compatibility of the surfactant with brine and urea solutions was evaluated under the
test conditions. Next, the adsorption of the surfactant on porous media was quantified. IFT

between the formulated fluids and crude oil was measured at ambient and test temperature
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conditions to quantify the change in IFT at different conditions and the relationship between the
amount of recovered oil and IFT. The wettability alteration potential for the different fluid
formulations was quantified by contact angle measurements and related to the amount of
recovered oil. Finally, soak tests were performed on oil-saturated shale core samples to
determine the oil recovery potential of the different fluid formulations under reservoir
temperature and pressure. The soak tests were designed to closely simulate the huff-n-puff

technique.

3.2 Experimental

3.2.1 Porous media

Woodford shale outcrop cores were used as the porous media for the experiments. The cores
were 1-in in diameter and 2-in long and were obtained from the same block of outcrop shale to
minimize variation is rock properties. The petrophysical properties of the core samples are shown

in Table 3-1 [5].

Table 3-1 Petrophysical properties of Woodford core samples used in the experiments

Permeability, Kn2 (micro darcy)
Porosity, Grain Density Total organic Average
Helium (%) | (g/cm?) carbon (TOC), | pore size,
1500 psi effective | 4000 psi effective | 1€ ° g Wit% nm
pressure pressure
0.057 0.043 59t07.2 2.50t02.54 12.7 27

The average pore size was measured with the low-pressure nitrogen adsorption technique and
the LECO C844 carbon analyzer was used to measure the TOC. Fourier transform infrared (FTIR)

spectroscopy analysis of the core samples show that the main mineral components are dolomite
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(47.6 wt%), quartz (15.6 wt%), calcite (4.7 wt%), siderite (8.0 wt%) and clays including illite,
kaolinite, chlorite and mixed clays (17.9 wt%). The characteristics of the core samples used for

the

3.2.2 Oil properties

Woodford stock tank crude oil was used for the tests. The density and viscosity of the crude oil
at room temperature were 0.83 g/cc and 10 cP respectively, while at 120 °C, the viscosity was 2.8
cP. The API gravity of the crude oil was 38.8 °, so it can be classified as light crude oil. The total
acid number (TAN) of the crude oil was 0.13 mg KOH/g-sample. SARA (saturates, aromatics, resins
and asphaltenes) analysis of the crude oil showed that it has 78.3 wt% saturates, 19.1 wt%

aromatics, 2.6 wt% resins and no asphaltenes.

3.2.3 Surfactant properties

We selected a 12-carbon branched-chain sodium diphenyl oxide disulfonate surfactant with an
activity of 45.3 wt% for our experiments. It is anionic and compatible with a broad range of strong
electrolyte solutions such as acids, alkalis and brine, and has excellent thermal stability. The
surfactant has a pH of 10.3 and the critical micelle concentration (CMC) in 0.1M NaCl at 25 °Cis

0.007 g/ 100 g. The molecular structure is shown in Figure 2-1.

3.2.4 Other materials

High-purity urea (> 99 wt%) was purchased from Acros Organics. ACS grade Potassium chloride

(=99 wt%) was purchased from Sigma Aldrich.
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3.3 Methodology

Experiments were carried out to quantify the oil recovery potential of different EOR chemical
formulations and understand the different mechanisms and factors that play a role in the EOR

process. The experimental workflow can be categorized as follows:

1. Determination of the compatibility/stability of the surfactant at test conditions

2. Determination of surfactant adsorption on the porous media

3. Measurement of the IFT between the oil phase and EOR chemical formulations in the aqueous

phase

4. Measurement of contact angle to determine the effectiveness of the EOR chemical

formulations to alter wettability

5. Core soaking experiments to determine the oil recovery potential of the formulations

Details of the experimental procedures are discussed below.

3.3.1 Surfactant compatibility

Compatibility tests were performed to determine the stability of the surfactant under the EOR
test conditions. Tests were performed with two different formulations: a binary solution of 0.2
wt% surfactant in 5 wt% KCI brine and a ternary solution of 0.2 wt% surfactant, 10 wt% urea and
5 wt% KCl. Around 30 grams of the solutions were placed in a sealed glass vial and heated to the
test temperature of 120 °C for 14 days. The solution was assumed to be stable if it remained clear
with no visible precipitation at the end of the test period. A high-performance liquid

chromatography (HPLC) analysis was also performed to measure the surfactant concentration
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before and after the aging period. The HPLC is equipped with a UV-vis detector which was set at
230 nm wavelength. This wavelength was determined from a wavelength scan of the surfactant
solution to determine the most adsorbed wavelength using a UV-vis spectrophotometer. A
reverse phase C18 chromatography column separated the surfactant from the solution at 25 °C.
The mobile phase was acetonitrile and water in a 75/25 volume ratio and the pumping rate was
1 mL/min. The samples were first filtered through a 0.2-micron syringe filter before measuring
the surfactant concentration. Surfactant calibration curves were prepared using different
concentrations of surfactant ranging from 0.05 to 0.2 wt% surfactant in a 5 wt.% KCl base brine
solution. The calibration curve establishes the correlation between surfactant concentration and

the area of the signal peak from the UV detector.

3.3.2 Static surfactant adsorption

The surfactant adsorption test was performed at reservoir temperature. Oil-saturated shale
samples were first crushed and passed through an ASTM 50 sieve with openings no larger than
300 microns. The particles that passed through the sieve were used for the adsorption test. A 0.2
wt% surfactant solution was prepared in 5% KCI, and 20 grams of the solution was then loaded
into a 30 cc glass vial containing 1 gram of the crushed porous media. Multiple replicate vials
were prepared. The weight ratio of the surfactant solution to the porous media was 20: 1. After
hand-mixing, the samples were transferred to an oven with the temperature maintained at 120
°C. After a predetermined time interval, one of the vials was removed from the oven. After a brief
cooling period, a sample was taken from the vial and filtered through a 0.2 micron pore size
syringe filter to remove any shale particles and stop the adsorption process. The cooling and

sampling times were taken into account when determining the adsorption time. The
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concentration of the surfactant in the sample was determined using the HPLC method described
in the previous section. Surfactant concentration measurements were repeated at least 3 times
to obtain an average value with a standard deviation. Surfactant adsorption was calculated at

each time step using the following equation:

i f -3
(c;urf—c )xmsmfxm
Oaas = ] (4)

Myrock

Where 6,4, is the amount of surfactant adsorbed on the rock surface (mg/gram-rock); Csiurf is

the initial concentration of surfactant in solution before equilibration with the rock (ppm); Cs’;rf
is the final concentration of surfactant in solution after equilibration with the rock (ppm); mg,,f

is the total quantity of the surfactant solution (gram); m,., . is the total quantity of rock (gram).
3.3.3 IFT measurements

To cover a broader range of IFT values, we used a spinning drop tensiometer (Grace Instrument
M6500) and a pendant drop tensiometer (Kruss DSA 100) to measure the IFT between the oil and
the aqueous phase. The spinning drop tensiometer was used for the surfactant solutions, due to
the ease of measuring samples with low IFT values (< 1 mN/m). For the solutions that did not
contain surfactants, we used the pendant drop tensiometer to measure the IFT. IFT
measurements were conducted at ambient temperature and pressure conditions. A detailed
description of the spinning drop tensiometer measurement procedure is given in our previous
work [5,23]. Briefly, a predetermined volume of each EOR fluid formulation was mixed with an
equal volume of crude oil in sealed glass vials and equilibrated for 24 hours in an end-over-end

rotating mixer at 8 rpom. A portion of the equilibrated fluid was then used to measure the initial
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IFT between the oil and aqueous phase, while the remainder was transferred to the oven and
heated to 120 °C for 3 days or 2 weeks. After the heating period, the vials were transferred to the
rotating mixer and cooled to room temperature. Then, the IFT between the oil and the aqueous
phase was measured and recorded as IFT after heating. For the pendant drop measurements, we
collected the aqueous phase from the vial and transferred it into a quartz glass cuvette. The oil
phase was transferred into a syringe with a J-shaped needle. The tip of the needle was then
submerged into the aqueous phase and an 8 L oil bubble was created. Then a high-resolution
camera recorded the shape of the oil bubble for the duration of the test. Due to the time
dependence of crude oil IFT in brine [38], the oil bubble was allowed to equilibrate for 30 minutes
while recording. The IFT was automatically calculated by the software using drop shape analysis
which relies on the Young-Laplace equation. The IFT measurements are repeated at least 3 times

to obtain an average value with a standard deviation.

3.3.4 Contact angle measurements

We used a drop shape analyzer (Kruss DSA 100) to carry out the contact angle measurements,
using the captive bubble method at ambient temperature and pressure conditions. Prior to
performing the contact angle measurements shale trims of 1-inch diameter and about 0.25-inch
thick were prepared by polishing the surface using an aluminum oxide grinding wheel. The
purpose of polishing the surface is to eliminate any errors in contact angle measurement due to
surface irregularities. The shale trims were then aged in crude oil at 80 °C and 5000 psi for 2
weeks. Afterward, the initial contact angle of the trims was measured in freshly prepared 5% KClI
solution as the aqueous phase. The trims were then soaked in the different EOR formulations at

120+ 2 °Cand 1500 psi for 3 days or 2 weeks in a high-pressure core holder, using the same setup
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and procedure used in the oil recovery experiments, described in the next section. After the
soaking period, the setup was allowed to cool to room temperature and the trims were removed.
Any excess fluid on the surface of the trims was wiped with lint-free kimwipes before the contact
angle measurement. The fluid in the high-pressure core holder was recovered and used as the
aqueous phase in the contact angle measurement. A detailed description of the measurement

procedure is given in our previous work [23].

3.3.5 Core soaking/oil recovery experiments

Oil recovery experiments were performed to evaluate the oil recovery potential of the different
EOR fluid formulations. The set-up and procedure for the test are described in detail in our
previous work [5]. Briefly, 1-inch diameter by 2-inch length Woodford shale outcrop core samples
were dried and saturated with Woodford crude oil under a vacuum for 24 hours at room
temperature. The cores were then transferred to a high-pressure/ high-temperature vessel and
saturated with Woodford crude oil at 80 °C and 5000 psi for 2 weeks. The initial amount of oil in
the samples was determined by the weight difference between the dried and oil-saturated
samples. Afterwards, oil recovery tests were carried out with the oil-saturated cores for 3 days
or 14 days at 120 £ 2 °C and 1500 or 4000 psi. After the test, the recovered oil was collected in a

graduated sample collector. The experimental setup is shown in Figure 2-2.

The oil recovery is determined with the following equation:

Oil recovery (% OO0IP) = (E) X 100 (5)
Po

Where v,,. is the volume of oil recovered (ml); m,; is the initial amount of oil in the core samples,

determined by the weight difference between the clean and the oil-saturated cores (gram); p, is

47



the oil density at room temperature (g/ml). The characteristics of the core samples used in the

oil recovery tests are shown in Table 3-2.

Table 3-2 Characteristics of the Woodford shale core samples used in the oil recovery tests

Test duration,  Dry weight, Grain density, Diameter, Length, Porosity,

Sample  EOR Fluid days g g/ml cm cm %
1 5% KCI 3 56.39 2.54 2.54 4.71 7.12
2 10% urea 3 58.10 2.51 2.54 4.85 5.89
3 0.2% surfactant 3 56.82 2.50 2.54 4.77 5.85
4 10% urea + 0.2%

surfactant 3 58.78 2.51 2.54 493 6.45
5 5% KCI 14 58.96 2.51 2.54 4.94 6.30
6 10% urea 14 58.87 2.50 2.54 4.93 6.00
7 0.2% surfactant 14 58.45 2.53 2.54 4.91 7.22
8 10% urea + 0.2%

surfactant 14 58.80 2.54 2.54 491 6.73

3.4 Results and Discussion

3.4.1 Surfactant compatibility tests

The long-term stability of the surfactant at reservoir conditions must be taken into consideration
when designing the fluid system for EOR application. The EOR formulations that contained
surfactants were tested to make sure that the surfactant remained stable under the test
conditions of high temperature, salinity and pH. We tested the 0.2 wt% surfactant in 5 wt% KCI
brine and the ternary solution of 0.2 wt% surfactant, 10 wt% urea and 5 wt% KCl brine. We used
solution transparency and the absence of phase separation or precipitates as an indication of
surfactant stability. Both surfactant-containing formulations remained transparent and there
were no significant phase separations or precipitates after heating in the oven at 120 °C for 2
weeks. The stability of the surfactant solution was confirmed with HPLC analysis to determine

the concentration of the surfactant before and after incubation. Figure 3-1 shows the result of
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the HPLC analysis of the 0.2 % surfactant sample before and after incubation at 120 °C for 2
weeks. The result shows that the concentration of the surfactant, which is calculated from the
area of the curve under the chromatography signal peak, did not change after the 2 weeks
incubation period. This result was anticipated since sulfonate and disulfonate surfactants contain
sulfur-to-carbon bonds which are not susceptible to hydrolysis even at high temperatures

[39,40].
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Figure 3-1 HPLC signals of surfactant before and after incubation at 120 °C for 14 days

3.4.2 Static surfactant adsorption

The result of the adsorption of surfactant on crushed shale samples is shown in Figure 3-2. The
total adsorption of the surfactant after equilibrium was 4.9 mg/gram of rock which is low. Other
authors have reported adsorption values of 7.4 to 8 mg/gram of rock for anionic surfactants on

shale substrates [41]. From the plot, it is evident that most of the surfactant adsorption occurs in
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the first 2 hours. Some adsorption of the surfactant on the porous media is necessary to alter the
wettability of the rock surface and reduce the IFT between the oil and aqueous phase. However,
excessive surfactant adsorption will lead to loss of the surfactant in the areas of the reservoir
near the wellbore and reduce the amount available to alter wettability or reduce IFT in the target
producing zone. Many factors play a role in the amount of surfactants adsorbed by the porous
media including the charge carried by the surfactant and rock particles and the content of clays
in the porous media. The core used in our tests is composed of mainly dolomite (47.6 wt%), clays
(17.9 wt%), and silica (15.6 wt%). The isoelectric point of dolomite has been reported as <6 or 7
[42] so under the reservoir conditions we would expect the dolomite to be either positively or

negatively charged.
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Figure 3-2 Surfactant adsorption on crushed shale

However, when the porous media encounters the alkaline treatment fluid containing the
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surfactant, it may become negatively charged which will repel the negatively charged surfactant
molecules and deter their adsorption on the porous media. Ammonia and other alkalis have been
used to effectively reduce the adsorption of surfactants on porous media [39,43—-45]. Clays and
silica on the other hand are generally negatively charged at reservoir conditions [46] which
should have a deterrent effect on anionic surfactant adsorption. However, clays also have a very
high surface area which could boost surfactant adsorption. The loss of surfactant due to
adsorption on the porous media will help inform the economic viability of using the surfactant to

enhance oil recovery.

3.4.3 |IFT measurements

The results of the IFT tests are shown in Table 3-3. The IFT measurements were performed at
room temperature and the samples that were heated to 120 °C were cooled down to room
temperature before measuring the IFT. The results of the IFT between urea and crude oil before
heating were in agreement with the results obtained by Wang et al. [23]. Moreover, the IFT value
between crude oil and 5% KCI before heating was significantly lower than the IFT value between
dodecane and 5% KCI from our previous work [5]. The same trend was observed for crude oil and
dodecane with urea solution prior to heating. This is also in good agreement with the results
obtained by Wang et al. [23]. This is due to the presence of surface-active organic acids and bases
dissolved in the crude oil. For the surfactant-containing solutions, we see a dramatic drop in IFT

compared to the solutions without surfactants.
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Table 3-3 Results of IFT measurements between crude oil and the EOR fluid formulations

IFT, mN/m

Before heating | After heating
Fluid

3 days 14 days

5% KCI* 14.7 £ 0.0 15.3+0.2 15.3+0.1
10% Urea” 12.1+0.2 7.9+0.1 9.7+0.1
0.2% Surfactant™ 0.5+0.1 0.5+ 0.0 0.8+0.1
10 % Urea/0.2% Surfactant™ [ 0.5+ 0.0 0.2+0.0 0.3+0.0

* Measured with pendant drop tensiometer; ** Measured with spinning drop tensiometer

This indicates that the surfactant used in this test can reduce the IFT between the aqueous and
oil phase to low values without dropping to the ultra-low IFT region. This is desirable since
ultralow IFT values will decrease the capillary driving forces for imbibition according to the Young-
Laplace equation (Equation 3). Ultralow IFT, which will lead to very low capillary pressure values,
might be detrimental to the imbibition and oil recovery process in shale reservoirs [29,30].
However, we did not explore the validity of this hypothesis experimentally due to the scope of

the work reported herein.

After heating the fluids we observed a drop in the IFT for the brine and urea solutions. A similar
observation was reported in our previous work with dodecane for the brine and urea solutions
[5]. The slight drop in the IFT for the urea solution is due to the NH3; and CO; generated by the
thermal hydrolysis of urea. The generated NHs; dissolves in the aqueous phase to form
ammonium hydroxide and increases the pH of the aqueous phase to between 9 and 10. The
ability of alkali to reduce the oil-water IFT and alter the wettability of reservoir rocks from oil-wet

to water-wet has been extensively studied and is the basic principle for the use of alkaline
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flooding to improve oil recovery [24-26]. The chemical reaction between the alkaliin the aqueous
phase and the organic acids in the hydrocarbon phase generates in-situ surfactants. The
surfactants can accumulate at the oil-water interface to lower the IFT and/or can adsorb onto
the rock surface to alter the wettability of the reservoir rock. The alkali effect is not significant in
this case due to the relatively low acid number of the Woodford crude oil used in our tests. For
the surfactant-containing solutions, the IFT remains unchanged even after heating the fluids. This
further confirms that the surfactant remains stable under the high temperature and pH
conditions used in our study. It also shows that the presence of CO; and NHs in aqueous solution
does not affect the stability of the surfactant. In our previous work with dodecane, we observed
a slight drop in the IFT from 0.9 to 0.4 mN/m for the binary solution of surfactant in brine and 1.0
to 0.6 mN/m for the ternary solution of surfactant, urea and brine after heating [5]. In summary,
combining urea with 0.2 wt. % of the thermally stable anionic surfactant results in more IFT

reduction between the aqueous and oil phases compared to the fluids without the surfactant.

3.4.4 Contact angle measurements/wettability alteration

We used captive bubble contact angle measurements to evaluate the wettability alteration

potential of the different EOR fluids. A sample measurement is shown in Figure 3-3.
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Figure 3-3 Sample captive bubble contact angle measurement

Generally, a porous medium is considered to be water wet, intermediate wet or oil wet if the
contact angle is 0° to 75°, 75°to 105° or 105° to 180°, respectively [47]. The results of the contact
angle measurements between Woodford crude oil and shale surface are shown in Figure 3-4 and

Figure 3-5.
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Figure 3-4 Results of contact angle measurements after 3 days soaking test
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Figure 3-5 Results of contact angle measurements after 14 days soaking test

In our previous work, we established that the shale outcrop samples were originally water wet
with contact angle of 33.8° in 5% KCI [5]. After aging the shale cores in Woodford crude oil at 80
°C and 5000 psi for 2 weeks, the wettability was altered from water wet to oil wet. This is due to
the presence of surface active molecules such as aromatics and resins in the crude oil which
interact with the rock minerals [48]. The SARA analysis of the crude oil shows that it has 19.1 wt%
and 2.6 wt% aromatic and resin components, respectively. After soaking the oil-saturated shale
cores in the EOR solutions for 3 days and 14 days, the wettability of the cores was altered to a
more water-wet state. This is partly due to the release of some of the oil from the shale surface.
The change in wettability also showed a time dependence, with an increase in the change in
wettability after 14 days of soaking compared to the change after 3 days of soaking. The
activation energy or energy barrier for the chemical reactions necessary to induce wettability
alteration is critical. Several factors affect the activation energy for the wettability modification

including the reservoir temperature, the strength of the bond between polar oil components and

55



the mineral surface, the solvency of the polar components, and the reactivity of the ions in the
injected water [49]. If the reaction rate is slow, then the wettability of the surface will change
over time until an equilibrium condition is attained. The change in contact angle for the different
fluid systems is shown in Table 3-4. Here the change in contact angle is the difference between
the initial contact angle of the oil-saturated core sample and the final contact angle after soaking

the core in the EOR fluid.

Table 3-4 Change in shale contact angle after soaking in EOR fluid

Fluid 3 days 14 days

5% KCI 376+12.3 | 61.1%+59
10% Urea 57.2+7.4 83.3+55
0.2% Surf 15.5410.2 |22.4+6.9
10% Urea + 0.2% Surf | 49.3+6.5 77.6+29

The 0.2% surfactant solution showed the least effect on the wettability of the shale samples. As
mentioned earlier, the Woodford shale samples used in our study consist of mainly dolomite
(47.6 wt%), clays (17.9 wt%) and quartz (15.6 wt%). Alvarez et al. [50] studied the wettability
alteration of Wolfcamp shale cores made up of mainly calcite and dolomite rock minerals. They
observed that anionic surfactants were less effective at altering the wettability of Wolfcamp
shale cores compared to a blend of nonionic/cationic surfactants. During the aging process of the
shale rock in oil, we would expect the negatively charged organic carboxylates from the crude oil
to adsorb on the positively charged dolomite surface during aging. Hence, the inability of the
anionic surfactant to substantially alter wettability could be due to the inability of the surfactant
to irreversibly desorb the anionic organic carboxylates from the rock surface [51]. This is also in

agreement with the proposed mechanisms for wettability alteration by surfactants namely: ion-
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pair formation, hydrophobic interactions and micellar solubilization [35,52,53]. The highest
degree of wettability alteration was obtained with the EOR fluid with 10% urea. This is also in
agreement with our previous work with dodecane-saturated woodford shale samples [5]. The pH
of the freshly prepared urea solution before hydrolysis was 7.97. The pH after 3 days of
incubation at 120 °C was 10.24 and 9.78 after 14 days. The increase in pH is due to the NHjs
produced by the hydrolysis of urea, which dissolves in the brine to form ammonium hydroxide.
There are several mechanisms involved in the alteration of wettability by NHs including,
electrostatic interactions due to pH alteration, structural and solvation interactions due to the

formation of in-situ surfactants and NHs adsorption [23].

Table 3-5 Change in EOR fluid pH after the incubation period

pH
EOR fluid 0 day 3 days 14 days
0.2% surfactant 8.54 6.97 6.42
10% urea 7.97 10.24 9.78
0.2% surfactant/10% urea | 8.33 9.69 9.8

* Note: All fluids were prepared with 5% KCl as the base fluid. The incubation temperature was

120 °C.

Crude oil normally contains acidic components such as carboxylate, fatty and stearate acid groups
and basic components such as amine groups. The surface charge of crude oil droplets in water is
the net charge of the acid-base interactions. The carboxylic acid group undergoes significant
deprotonation at a pH range of 3 — 4, while the basic amine component starts to become

protonated below the pH range of 4 —5 [54]. Buckley et al [55] reported the point of zero charge
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of crude oil samples at between pH values of 3 to 5. This indicates that the oil droplets will be
negatively charged at the pH values of the hydrolyzed urea solutions, after incubation at 120 °C,
as shown in Table 3-5. As mentioned earlier in the surfactant adsorption section, the shale rock
surface composed mainly of dolomite, clay and quartz will also be negatively charged at this high
pH condition. Therefore, we will expect a repulsive electrostatic interaction between the crude
oil and the rock surface, which could induce wettability reversal to a more water-wet condition.
The acid number of the Woodford crude oil was 0.13 mg KOH/g, which indicates the presence of
some acid components in the oil that can generate in-situ surfactants. The generated in-situ
surfactant will contribute to the wettability reversal. Hsieh [56] and Clark et al. [57] reported the
modification of the surface free energy of silica substrates due to the heat of adsorption of NHs
on their surface. The modification of the surface energy is directly related to the wettability
characteristics of the surface [58]. Lastly, the removal of the polar components of the oil from

the rock surface due to the aforementioned mechanisms will also lead to a reversal in wettability.

The 5 wt% KCl showed better wettability alteration potential than the anionic surfactant solution.
This could be due to the same mechanisms involved in low salinity water (LSW) injection for EOR
purposes. Low salinity water is an aqueous solution of dissolved salts at a concentration
significantly less than the formation produced water. In conventional reservoirs, oil recovery
using LSW can be more than that obtained using produced water. Wettability alteration and
improved oil recovery in carbonate reservoirs are believed to occur when the surface charge at
the oil-brine and rock-brine interfaces are similar [54]. Laboratory experiments using LSW in
unconventional reservoirs indicate there are several mechanisms that could be responsible for

the oil recovery. These mechanisms include wettability alteration, detachment of clays,
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multicomponent ion exchange, desorption of polar components from rock surfaces, formation
of cracks in shale due to LSW imbibition and osmosis [33]. The pH of the 5 wt% KCl was 7.84. As
in the case of the urea solution, we would expect the main mineral components of the shale and
the oil droplets to be negatively charged at this pH, leading to a repulsive electrostatic interaction
between the crude oil and rock surface. This could induce wettability reversal to a more water-

wet condition.

The combination of urea and surfactant altered the wettability to a slightly lesser degree than
the urea-only solution. The same trend was also observed in our previous work with dodecane-
saturated shale samples [5] and could be due to the inability of the surfactant to irreversibly
desorb the anionic organic carboxylates from the rock surface which may also interfere with the
efficiency of the ammonia-induced wettability alteration. More work is needed to understand
the interaction between the ammonia and anionic surfactant and the effect of this interaction

on the wettability alteration of the shale.

3.4.5 Core soaking/oil recovery tests

The results of the oil recovery tests are shown in Figure 3-6.
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Figure 3-6 Oil recovery results for the different EOR fluids and soaking times

Results are shown for both the 3 days and 14 days soaking tests for the 3 tested EOR fluids plus
the base fluid. The oil recovery increased with an increase in the soaking time for all the tested
fluids. This is not surprising since the shale rock samples used in our test have extremely low
permeability. Additionally, the core samples were aged in crude oil which altered the wettability
of the cores to an oil-wet state. To increase oil recovery in shale oil reservoirs through water
imbibition, it is necessary to modify the wettability of the shale matrix to a more water-wet state
and overcome capillary forces in the shale nanopores. Maximizing water imbibition into the
matrix/microfractures can lead to increased counter-current flow and increased oil recovery.
Moreover, the generated CO2 needs to migrate from the aqueous phase into the oil phase. This
process is mainly governed by molecular diffusion which could be a very slow process, especially
in unconventional reservoirs, and therefore requires a longer soaking period [59]. For the 14 days
test, the recovery from the 10% urea case was lower than the recovery from the combination of

urea and surfactant, despite the generation of CO; and ammonia in both cases. This could be due
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to the higher IFT (9.7 mN/m) in the urea case compared to the combination of urea and surfactant
case (0.3 mN/m). While most of the laboratory evaluation of surfactant EOR in shale has
highlighted wettability alteration as the more important oil recovery mechanism, a few have
attributed higher oil recovery to IFT reduction [33,60,61]. This could suggest that there is an

optimum combination of wettability reversal and IFT reduction that results in higher oil recovery.

The oil recovery for the surfactant-only case was limited by the inability of the surfactant to
substantially alter the wettability of the shale from oil-wet to a water-wet state and the absence
of in-situ generated CO,. The surfactant altered the wettability from oil-wet (119 °) to
intermediate wet (96.7 °) state for the 14 days test. For the 5% KCl case, the oil recovery was low
despite the relatively high wettability alteration. This could be due to the higher IFT values in
addition to the absence of in-situ generated CO,. The results for the 14 days soaking test show
that synergism is realized by combining urea and surfactant. We hypothesize that the reduction
in IFT by the anionic surfactant and the alteration in wettability by the generated ammonia allows
the EOR fluid to penetrate further into the shale core sample. Thus, the generated CO; has more
contact with the crude oil thereby facilitating improved oil recovery. In general, the more surface
area of the rock matrix that can be contacted by the in-situ generated CO,, the more the quantity

and rate of hydrocarbon recovery [62].

The molecular weight of the Woodford crude oil can be estimated using the Cragoe correlation
[63] :

6084

MW, =
°API-5.9

(6)

Where MW, is the molecular weight of the crude oil (g/mole) and °API is the API gravity (degrees
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API). Using the above correlation, the molecular weight of the Woodford crude oil is estimated
as 185 g/mole. Using the correlations developed by Emera and Sarma [64], the mole fraction of
CO; dissolved in the Woodford crude oil at the experimental conditions of 250 °F and 1500 psi is
estimated as 0.49. The dissolved CO; in the crude oil will lead to an estimated oil swelling factor
of 1.047 at the test conditions. This implies that the dissolved CO; increases the volume of the
crude oil by about 5 %. The solubility of CO; in the crude oil and the swelling of the oil due to the
dissolved CO: is less for the crude oil compared to dodecane, due to the higher specific gravity

and molecular weight of the crude oil.

Figure 3-7 and Figure 3-8 show the plots of the oil recovery versus IFT for the 3 and 14 days tests,
respectively. From these plots, there is no clear relationship between the oil recovery and IFT
values. A similar observation was made in our previous study with dodecane-saturated Woodford
shale samples [5]. Other researchers studying shale EOR using aqueous surfactant solutions have

also observed the non-relationship between IFT values and oil recovery [65,66].

71 Oil recovery @ IFT (After heating)

7 20
a 6
@]
S 5 15 ¢
S <
L 4 Z
S 10 E
g 2 5
61

0 0

5% KClI 0.2% Surf  10% Urea 10% Urea +
0.2% Surf

Figure 3-7 Qil recovery versus IFT for the 3 days EOR test
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Figure 3-8 Oil recovery versus IFT for the 14 days test

Figure 3-9 and Figure 3-10 show the plots of the oil recovery versus the change in contact angle
for the 3 and 14 days tests, respectively. Since the initial contact angles for the oil-saturated cores
were similar, as shown in Figure 3-4 and Figure 3-5, we used the change in contact angle to
compare the performance of the different EOR fluids. There appears to be no clear relationship
between the oil recovery and the change in contact angle for the 3 and 14 days tests. The lack of
a clear relationship between the oil recovery, IFT and wettability alteration could be due to the
complex mechanisms involved in the oil recovery process besides wettability alteration and IFT
reduction, such as CO; diffusion. This is in contrast to our observation in the tests with dodecane-
saturated shale core samples where we observed a slight increase in oil recovery with a decrease
in the contact angle [5]. In that work, we obtained oil recoveries of 5.9 %, 21.1 %, 22.2 % and 23.0
% OOIP for the 5% KCI, surfactant-only, urea plus surfactant and urea-only fluids, respectively.
However, the difference between the oil recoveries for the different EOR fluid systems was quite

small and could be within experimental error. Moreover, the dodecane-saturated shale cores
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used in our previous work were water-wet since dodecane does not contain surface active

components that will alter the wettability of the shale cores.
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Figure 3-9 Oil recovery versus the change in contact angle for the 3 days test
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Figure 3-10 Qil recovery versus the change in contact angle for the 14 days test

The results also show that with the combination of urea and surfactant, the surfactant only needs
to be capable of reducing the IFT between the oil and aqueous phase since the generated

ammonia can alter the wettability of the shale cores from oil-wet to water-wet, especially for oil
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samples with higher acid numbers. This implies that a broader range of surfactants can be used

in the in-situ CO; generation fluid system.

To investigate the effect of miscible versus immiscible CO,/crude oil conditions, the 2 weeks EOR
tests were run at 1500 psi and 4000 psi for the 10% urea fluid. The minimum miscibility pressure
(MMP) for pure CO; with Bakken light crude oil samples at 110 °C was determined to be 2528 psi
[67], therefore we expect our crude oil sample to have an MMP value within the same range. The
test results show a negligible increase in the oil recovery from 8.9 % to 10.4 % OOIP. We observed
a similar phenomenon in previous tests conducted by our research group with dodecane-
saturated shale core samples and sand pack flooding tests [5,18]. This is attributed to the absence
of a separate CO; gas phase during urea flooding. The proposed mechanism is that the generated
CO;is dissolved in the aqueous phase and when it encounters oil, it will migrate into the oil phase
due to the higher solubility of CO; in the oil. The urea hydrolysis reaction equilibrium will shift
towards the generation of more CO;, upon depletion of the CO, concentration in the aqueous
phase [18]. This implies that there is no apparent benefit to running the test at pressures above

the MMP.

3.5 Conclusions

Laboratory tests with crude oil-saturated shale cores show that the use of in-situ generated CO;
in liquid-rich shale is a viable EOR option. Both IFT reduction and wettability alteration play
important roles in improving oil recovery from shale. The best oil recovery was achieved with the
hybrid EOR formulation that combines urea and surfactant. The generated ammonia alters the

wettability of the shale from an oil-wet state to a more water-wet state while the surfactant
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reduces the IFT, thereby facilitating the imbibition of the EOR fluid into the shale matrix. The

imbibition of the EOR fluid into the shale matrix allows the generated CO; to contact more oil

and promotes oil recovery through a counter-current flow mechanism. Under the tested

conditions, synergism was realized by combining urea and surfactant, especially for the longer

duration (14 days) oil recovery test. Test results also show that there is no benefit to running the

in-situ CO; generation EOR at above MMP conditions.
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Chapter 4 Low-temperature In Situ €O, Enhanced Oil Recovery

Abstract

The new generation in situ CO; enhanced oil recovery (ICE), which delivers CO; by injection of a
CO; generating agent solution, was proven to offer robust recovery performances and potential
cost and workflow benefits. However, the developed ICE systems are either formulated with a
complex fluid recipe or a simplified version of a fluid system limited by high-temperature
requirements. This work focused on removing the requirement of high reservoir temperature in
our previous work while maintaining the simplicity of the single fluid injection system. Urease is
studied as the catalyst for urea hydrolysis and evaluated experimentally. The denaturation
behavior of urease and the reaction kinetics of the catalyzed urea hydrolysis process are tested
at different urea concentrations, urease concentrations, and temperatures. Four sets of one-
dimensional sand pack flowthrough experiments are conducted to verify the tertiary recovery
potential of the newly developed low-temperature ICE system with different lithology. The extent
of wettability alteration and the recovery mechanism for different lithologies was determined
through core sample imbibition experiments and direct contact angle measurements. From the
experimental results, urease-catalyzed urea hydrolysis is proven to be effective in tertiary oil
recovery applications below the 50 °C reservoir temperature range with urea conversion ratio up
to 68.7%. The selected low-temperature ICE system (10 wt% urea solution with 31 U/g urease)
had superior tertiary recoveries(Ety) in the flowthrough test for sandstone (E+=31.3%) and
limestone (E«=27.5%) than the corresponding high-temperature cases. Imbibition tests of this

improved formulation with various porous media show distinct wettability reversal trends
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towards a more water-wet state post-imbibition. This trend is associated with the produced NH3
and CO; due to urea hydrolysis. Both oil-aged sandstone and limestone imbibition tests show
noticeable water wetness improvement. The observations of this work significantly expand the

operational envelopes of the current ICE system.

4.1 Introduction

COz-enhanced oil recovery is well-proven in field applications [1] and is the most commonly used
enhanced oil recovery(EOR) technique in the US [2]. The diversity of CO-related EOR applications
has expanded tremendously over the years. Foam-assisted CO; EOR, carbonated water injection,
and CO; water alternating gas [3-8] have been extensively studied to improve EOR performance
by providing better mobility control during flooding. However, CO; availability limits its
application to some CO,-suitable reservoir candidates [9]. The in situ CO, EOR(ICE) developed by
our research group was initially designed to overcome the challenges associated with offshore
reservoir applications, including the dependence of the CO; EOR process on the availability of a
CO; source, CO; transportation and injection infrastructure, by delivering CO; indirectly to the
reservoir through the injection of a single gas generating agent solution. The introduced chemical
decomposes at reservoir conditions and releases significant amounts of CO,. Under the offshore
reservoir context, the reservoir temperature could range from 158 °C [10] to over 176 °C [11].
With high enough temperatures, the previous studies did not consider CO; generation reaction
rate kinetics-related issues. However, for onshore reservoir applications, low reservoir
temperatures are commonly reported. To expand the operational envelope of the ICE to onshore,
shallow brown reservoirs, the operating temperature needs to be lowered to around the 50 °C

range [12]. Aqueous phase injection for shale reservoirs has also proven effective [13, 14]. There
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is also a lot of potential for CO; shale EOR [15]. Urea injection application showed good tertiary
recovery in a pilot test in Liaohe oil field[16]. After the urea-assisted steam treatment [17], the
water cut of the production well decreased from 94.8% to 85.1%. Based on the laboratory study,
the chemical cost of the urea application is estimated to be S6 per additional barrel of oil [18].
Moreover, a urea-related EOR study showed good prospects for bitumen reservoirs [19] and
liquid-rich shale [20]. Hence, the application of the ICE as an aqueous phase injection with CO,-
related EOR mechanisms also needs to be explored for shale applications. For example, some
Eagle Ford wells have reservoir temperatures of around 101 °C [21], which is lower than the
operating temperature of the previously published ICE system. Therefore, a study on the low-

temperature compatible ICE system is necessary.

The currently available low-temperature CO, generating systems are based on acid and base
reactions with dual fluid systems and multiple slug injections. Some examples in the literature
include low pH HEDTA-EDTA-carbonate reservoir [22, 23], citric acid-carbonate reservoir [24],
bicarbonate-citric acid [25], sodium carbonate-acid [26-28] and carbonate salt-acid-surfactant
[29, 30]. To maintain the single-fluid ICE system's simplicity, we targeted the one slug injection

single-fluid system in this work.

Our previous high-temperature ICE system used urea as the gas-generating agent because of its
accessibility, large manufacturing scale, minimum human/environmental concerns, and superior
water solubility for EOR field operations. Therefore, the ideal solution would be to keep the
currently available system by adding a catalyst to reduce the required reservoir temperature.
Multiple potential urea hydrolysis catalysts are available for this purpose. Sodium Ortho

Vanadate and Vanadium Pentoxide are reported to be effective in catalyzing the urea hydrolysis
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by Schell [31]. However, we did not see catalyzed urea hydrolysis using Sodium Ortho Vanadate

and Vanadium Pentoxide at our target temperature range (around 50 °C).

Urea is hydrolytically stable under ambient conditions. Some researchers claimed that the half-
life of urea at 38°C and pH 7 is 3.6 years, and the urease-catalyzed hydrolysis of urea is at least
1014 as fast as spontaneous urea hydrolysis [33]. Sumner [34] first crystallized urease as a pure
protein and reported that it might act as an enzyme. Urease catalyzes the hydrolysis of urea to
form carbamate, which spontaneously decomposes to CO, and NHs. In nature, bacteria, fungi,
yeast, and plants produce urease, which catalyzes urea degradation to nitrogen for their growth
[35]. Therefore, for decades, urea has been one of the most used nitrogen fertilizers worldwide.
However, the active urease on the soil surface catalyzes the urea hydrolysis resulting in 70%
nitrogen loss to the environment before the target plant utilization. To meet the future challenge
of food security, urease inhibitor studies have attracted a lot of research interests [36]. In
contrast, urea application in the petroleum industry requires low-temperature urease catalyzed
hydrolysis of urea. The overwhelmingly studied urease inhibitors could be used to guide the study

of catalyzed urea hydrolysis.

Ureases are nickel-dependent enzymes that catalyze urea hydrolysis as shown in the following
equation [37]:

spontaneous

NH,CONH, + Hy0 ———% NH,COOH + NHs + Hy0 2" ONH3; + H,CO5  (6)
H,CO5 & H,0 + CO, (7)

H,0 + NH;(aq.) & OH™ + NH} (8)
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Since the available urease inhibitor studies are performed under normal biological conditions,
i.e., low urea/urease concentration, atmospheric pressure, and pH control, EOR-related urease
study needs to be performed to gain more insights into this application. Type Il urease is found
in jack beans and is extensively studied. Therefore, type Il urease is selected in this work. The
application costs can be lower if jack bean powder rather than purified urease is used. There are
currently no studies of urease application in petroleum extraction. Hence, urease catalyzed ICE
systems are studied to understand chemical concentration requirements and design as well as
reaction environment control. After the chemical slug formulation design, the newly developed
low-temperature ICE is tested in sand pack flooding to determine and compare its tertiary
recovery ability. Finally, imbibition tests and direct contact angle measurements are performed
to further explore the individual contributions of NH3 and CO; in different porous media. Besides
the temperature, all the experiments are performed at the same condition as our previously
published high-temperature work [38]. Dead crude oil is used in this research. Because of the
solution gas, the viscosity of live oil is notably lower than that of dead oil. Besides the viscosity,
the gas diffusion coefficient, the interfacial tension between phases, and the gas expansion
energy-induced oil production depend on the dissolved gas [39, 40]. Therefore, dead oil does not
account for some mechanisms of enhanced oil recovery process. This initial study focuses on the
basic mechanism of the chemical system. Additionally, this paper provides proof of concept for
applying urease catalyzed urea hydrolysis in enhanced oil recovery. With the result of this work,

the operational envelope is expanded to a much wider temperature range.
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4.2 Experimental

4.2.1 Material

Type |l urease (jack bean), 500-800 units/mL in glycerol solution, was purchased from Sigma-
Aldrich. One unit of activity corresponds to the amount of the enzyme that liberates 1.0 umol
NH3 from urea per minute at pH 7.0 and 25°C[41]. Urea (99 wt.%) was purchased from Acros
Organics. Abu Dhabi National Oil Company (ME oil) donated the crude oil. The Ottawa sand F-
75(99.7% Silica) was purchased from U.S. Silica for sand pack preparation. Berea sandstone core
(93% Silica, 16.2% porosity, 115 mD permeability) and Indiana limestone cores (98% Calcite
19.4% porosity, 64 mD permeability) were purchased from Kocurek Industries for the wettability

study.

4.2.2 Urease-catalyzed urea hydrolysis

Urease-catalyzed urea hydrolysis was performed at different temperatures. The tested
temperature range covered the common low-temperature mature oil field formation condition.
The urea concentration change during hydrolysis was determined and recorded to study the
hydrolysis kinetics. 2.5 wt.% or 10 wt.% urea solution with different urease concentrations was
prepared with deionized water (DI water). 20 ml of the mixture solution was loaded into a sealed
vial. In each hydrolysis test, multiple replicate vials of the individual targeted solution system
were prepared depending on the hydrolysis duration. The group of sample vials was then loaded
into the incubator at the targeted temperature. At each designated time interval, one of the vials
was taken from the incubator. No special treatment was applied to terminate the reaction at the

specified sampling time. The sample analysis was applied right after sample collection. pH of each
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collected sample was determined before any other analysis. The time for sampling and analysis
was taken into account to offset any timing errors caused by not terminating the reaction. Each
case was repeated three times to quantify the experimental uncertainty. Since the urease activity
is highly dependent on the pH, the urea concentration of the hydrolysis test is a crucial

parameter.

The urea solution was analyzed using a high-performance liquid chromatography (HPLC)
equipped with a UV-vis detector [42]. The wavelength of the UV detector was set at 200 nm. A
reverse-phase C18 column separated urea from the reaction mixture at 30 °C. A methanol and

water (5/95) solution was used as the mobile phase and the HPLC pumping rate was 0.7 mL/min.

4.2.3 Sand pack flooding

The sand pack flooding test was adopted from this group's previous work [18]. The setup for the
sand pack flooding tests is shown in Figure 4-1. This is the first study on a low-temperature
urease-catalyzed enhanced oil recovery system. Therefore, no electrolyte was introduced to the
system to prevent any possible complex phenomenon besides the reaction kinetics of the
enzyme-catalyzed reaction. The flowthrough test was performed at 1500 psi and 50 °C. Ottawa
sand and crushed Indiana limestone were used to prepare the sand pack which was then
saturated with crude oil and aged for 24 hours at 80 °C [18]. The sand pack was about 6.0 inches
long and 0.8 inches in diameter. Afterward, water flooding was initiated by injecting 6-8 pore
volume (PV) of water until the oil cut dropped to zero. Once the residual oil saturation was
established, 1 PV of treatment fluid was injected, followed by a 72-hour shut-in period. The shut-

in time was designed to allow enough urea hydrolysis and overcome the mass transfer resistance
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of CO; between the aqueous phase and the oil phase at the experimental condition. During the

urea hydrolysis reaction, water is consumed, leading to a decrease in the aqueous phase volume
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Figure 4-1 Setup for the sand pack flooding

and subsequent drop in pressure. To mimic a reservoir with a constant pressure boundary, we
used an ISCO 500D syringe pump to maintain a constant pressure in the system throughout the
test. The reaction-induced volume change is documented in our previous work [43]. After the
shut-in period, the water flooding was resumed to collect all the mobilized oil until no additional

oil was produced.
4.2.4 Rock surface wettability alteration

The contact angle of the crude oil/brine/rock system was measured to study the wettability
alteration caused by the ICE treatment. A Berea sandstone and Indiana limestone core were used
for the contact angle measurement. Each core sample was polished with a 60-grit aluminum
oxide wheel. The dimensions of the polished core sample were 1-inch diameter and around 1 cm

thickness. For the base case test, the core was saturated with DI only. For the tested case, the
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cores were saturated and aged with crude oil for 24 hours at 80 °C. After the core aging, the
tested cores were treated by a low-temperature ICE imbibition at 1500 psi and 50 °C. A DI

imbibition at the same conditions benchmarked the ICE imbibition test.

The ICE solution or DI was loaded into the high-pressure cell. A syringe pump controlled the
pressure at a fixed 1500 psi to compensate for the pressure drop caused by water consumption
during the hydrolysis. Then the system was pressurized at 50 °C for 72 hours. Based on the
reaction kinetics of the low-temperature catalyzed system, the reaction stopped within 72 hours.
At the end of the imbibition test, the system was depressurized, cooled to room temperature

and the core sample and solution were recovered for contact angle measurement.

Before contact angle measurements, the excess fluid on the polished surface was cleaned with
lint-free Kimwipes. After the core sample preparation, the recovered solution was loaded into
the quartz cell and the core sample was submerged in the solution for 5 minutes before oil
contact. Each contact angle measurement was repeated at least three times to quantify the

experimental uncertainty.

The captive bubble method [38] was used to measure the contact angle when the rock surface
was submerged in the liquid. The oil bubble was generated by a "J" shaped 0.74 mm diameter
needle and carefully attached to the core surface. Then the bubble was allowed to equilibrate
with the solution and rock surface before contact angle measurement. The Biolin ATTENSION
Theta ADSA system recorded the video for 10 seconds at 12 frames per second when a stable
contact angle reading was obtained. At least three bubbles were generated for each solution to
estimate the standard deviation of the measurement. The core disc could be water wet(6<75),

oil-wet(6>115), or intermediate-wet(75<6<115).
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4.3 Results and Discussion

4.3.1 Urea hydrolysis

In the previously published urease study, the urea concentration used in the experiments was
relatively low since the research interest was enzyme inhibition. The tested urea concentration
was at a few millimolar to 2.5 molar range [37, 44]. The optimal pH for urease activity was
reported as 9.0 and 7.0. Therefore, the pH of urease-related studies was controlled with a buffer
at pH=9.0 [44, 45] or pH=7.0 [46, 47]. For jack bean urease, pH=7.0 was commonly used as the
optimal in the activity studies [41, 48-51]. Urea concentration and reaction temperature can also
affect urease activity. The optimal temperatures for urease activity were reported at different pH

values [52].

The reaction rate of the urease-catalyzed ICE system is characterized in this section. For the ICE
application, one primary target is to achieve enough chemical conversion ratio and reaction rate
with minimum cost and fluid complexity. The other target is to generate enough CO, and NHs to
mobilize the residual oil. Therefore, in this study, the only modification was the introduction of
urease to the currently available ICE system. No buffer was introduced to control the solution
pH. The buffered system always showed better urease activity than the non-buffered system [45,
51, 53]. Also, heavy metal ions in the solution affect urease activity [48]. Therefore, this section
is designed to study the urease activity without buffer and salt at high urea concentrations. The
hydrolysis of urea in a possible ICE application is explored in this section since no urease-related

enhanced oil recovery application exists in the literature.
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Figure 4-2 Urea concentration change of the jack bean urease catalyzed hydrolysis system at
different temperatures. 2.5 wt.% urea and 0.31 unit/g urease

Figure 4-2 shows the urea concentration change of the jack bean urease-catalyzed hydrolysis
system. Based on the literature review, the first target of this work is to test the effect of jack
bean urease on catalyzing possible ICE systems at low reservoir temperature conditions. Since
the study for the activity of jack bean urease [50] and soil urease [45] showed a temperature
dependence, the possible optimal temperature in the urease-catalyzed ICE system was also
studied. The highest temperature was selected to be the same as the well-studied low-
temperature CO, EOR candidate (50 °C) [54]. The urea hydrolysis reaction rate for high-
temperature reservoirs was shown to be high enough for the ICE treatment purpose [18]. 2.5
wt.% urea with 0.31 units/g urease systems were tested as the initial system at different

temperatures without buffers to prove the concept.

From Figure 4-2, the 0.31 units/g urease can hydrolyze urea at low-temperature conditions
without buffer. The pH displayed in the plot is the average pH of three samples at different

hydrolysis temperatures because the pH of different samples at the same hydrolysis time are
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very similar. The pH of the solution increased quickly within the first 1000 minutes and plateaued
at pH=9.55. Overall, the concentration trend at different temperatures showed no significant
difference and the final urea concentration after hydrolysis were similar. The conversion ratio of
30, 40, 50 °C samples was 27.2%, 28.5% and 27.9% respectively. The measured conversion ratio
agrees with the literature reported jack bean urease optimal temperature [37]. After 2133
minutes, the urea concentration of the three cases stabilizes at around 18000 ppm, indicating
full denaturation of urease at this condition. Pettit et al. [51] studied the stability of different
urease, including the jack bean urease. In their buffered system, the urease solution showed a
similar effect as the observation in Figure 4-2. For example, the half-life of the jack bean urease
at 37 °C was measured to be 1.3 days. Overall, the half-life of all their tested urease samples
decreased with an increase in temperature. For some low-temperature cases, the urease activity
plateaued at a certain value. Comparing the documented literature data to the measured data in
this work, the half-life of jack bean urease in our tested condition was much shorter than their
buffered case, which could be attributed to the high urea concentration [52] and elevated pH in

our tests.
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Figure 4-3 Urea concentration change of the jack bean urease catalyzed hydrolysis at different
temperatures with different urease dosages and 10 wt.% urea

Based on the observations from the initial urease-catalyzed tests, it could be concluded that the
non-buffered high urea concentration system could be hydrolyzed at low temperatures by simply
adding urease. However, the low conversion ratio in a 2.5 wt.% urea system is not enough to be
used as an ICE system to mobilize the residual oil [18]. Therefore, the potential of the urease-
catalyzed system needs to be further expanded. A faster reaction rate, higher conversion ratio,
and more generated CO; and NHs quantity would be the ideal candidate for ICE. Figure 4-3 shows
the urea concentration change of the jack bean urease-catalyzed hydrolysis system with higher
urea and urease concentrations. The pH displayed in the plot is also the average pH since no
significant pH difference is observed among the samples analyzed at the same time interval. The
final pH and the overall urea concentration trend of the high urea concentration test are similar
to the low urea concentration test. The urea concentrations drop in the first 1000 minutes, then

plateau at a certain concentration. The urease denaturation time shown in Figure 4-3 is shorter
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than the low urea concentration test. Therefore, the urease denaturation time is dependent on
the urea concentration but not the temperature at the tested conditions. This observation is
inconsistent with the observation reported by Pettit et al. [51], which could be mainly attributed

to the buffer usage and urea concentration difference between these tests.

The 3.1 unit/g and 31 unit/g tests had the same urease denaturation time, which indicates that
the urease denaturation time is not dependent on the urease concentration in the high urea
concentration non-buffered system. The final urea conversion ratios for the 3.1 units/g system
are 27.9% and 33.0% at 30 °C and 50 °C, respectively. For the 31 units/g system, the final urea
conversion ratios are 63.3% and 68.7% at 30 °C and 50 °C, respectively. The 50 °C test showed
better conversion ratios. Compared to the previous test, two more observations could be
deduced. Firstly, the urea hydrolysis product concentration is different in 3.1 units/g and 31
units/g cases. However, the urease denaturation time is the same. Therefore, the urease
denaturation time is not dependent on the urea hydrolysis product concentration. Secondly, with
a shorter urease denaturation time in the high urea concentration test, a higher urease dosage
could achieve a better conversion ratio and reaction rate. Urease activity is also dependent on
the urea concentration [52]. Therefore, the conversion ratio increases nonlinearly with the
increase of the urease units and urea ratio in this section. The proof of concept of the urease-
catalyzed high-concentration urea hydrolysis is provided in this section. The achieved urea
conversion ratio of the proposed system falls within the known ICE operation envelope [18],
which makes the low-temperature ICE possible. A more detailed study of the urease catalyzed

ICE system needs to be carried out in the future.
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Figure 4-4 pH of the ICE system

Figure 4-4 compares the pH of the current ICE systems and NHs(aq) solution. The NHs(aq)
concentration was selected to have the same NHz concentration as 90% hydrolyzed urea solution
(e.g., 35 wt.% urea corresponds to 15% NH3s). The NHs(aq) solution had the highest pH. The
resulting solution after urea hydrolysis reaction at 120 °C had a much lower pH than aqueous
NHj3 solution with a similar concentration of NHs. This is due to the CO; generated during the
hydrolysis of urea, which will reduce the solution pH. The urease catalyzed urea solution showed
a lower pH than the 120 °C hydrolyzed urea solution. The pH of the urease-catalyzed system was
mainly affected by the carbamic acid formed in eq 1 and the buffer in the original urease solution,
which was used to preserve the urease activity. The low pH could reduce the scaling possibility

in the reservoir application.

4.3.2 Low-temperature ICE sand pack flooding

In the previous section, we showed that the non-buffered low-temperature urease-urea

hydrolysis system could generate enough NHs and CO; for tertiary recovery applications.
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Therefore, the goal of this section is to provide evidence of the tertiary recovery in porous media
under reservoir conditions. The pressure dependence of the proposed urease-urea system is not
studied. All the urease inhibitor-related studies in the literature were conducted at ambient
conditions with relatively low temperatures. Data at high-pressure reservoir conditions do not

exist. Also, the previous low-temperature urea hydrolysis tests did not involve any porous media.

Urease is a large organic molecule and could be adsorbed onto the porous media grain surface.
The urease catalyzed low-temperature urea hydrolysis reaction rate could improve or deteriorate
due to the urease adsorption. Therefore, these potential effects were explored by different

experimental designs.

Sandstone (Ottawa sand) and limestone (crushed Indiana limestone) were selected for the study
to show the effect of porous media surface property and mineralogy. Both grains had sieve sizes
between 105 to 250 microns. Besides the predetermined temperature, the rest of the
experimental conditions were set to be the same as the previously published work [38] to reveal
more information from the comparison. The NHs(aq) flooding was used as the baseline to
benchmark the effect of the proposed low-temperature ICE system. The concentration of the
NHs(aq) solution was prepared to match the urea conversion ratio of the hydrolyzed system for
each case. The water consumption during the urea hydrolysis was not considered for the
corresponding NHs(aqg) concentration calculated from the urea conversion ratio. The consumed
water was compensated with DI water by using the syringe pump to control the pressure at a

constant value. The parameters of the sand pack studies are summarized in Table 4-1.

88



Table 4-1 Summary of the Sand Pack flooding experiments conditions

Residual Oil P bilit
Test Chemical Slug Porous Media esiauat i ermeability,

. . H 0,
" Oil type Type Type Satuzatlon, mD Porosity, %
%

1 M'dd(')iel'EaSt Low T ICE Ottawa Sand 31.32 3879 33.88

p  Middlefast 4.12 % NH; Ottawa Sand 32.40 4080 34.90

3 Mlddlg-East Low T ICE Crus.hed Indiana 41.43 4687 37.87
oil Limestone

4 Mlddll.E-EaSt 4.12 % NH; Crus'hed Indiana 41.55 4465 36.80
oil Limestone

*Note: In all tests, sand pack aging time was 24 hours (80 °C), the injection rate was 0.3 mL/min, DI was

used in water flooding, back pressure was 1500 psi, and the test temperature was 50 °C.
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Figure 4-5 The effect of the CO; in the low-temperature ICE system for sandstone

Figure 4-5 The effect of the CO2 in the low-temperature ICE system for sandstone shows the
tertiary recovery of the proposed low-temperature ICE system for sandstone. Based on the
previous hydrolysis test, 10% urea with 31 U/g urease solution was selected for the test. The

NHs(aq) solution flooding was also performed for comparison. In this test, the conversion ratio
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of the urea was 72.75%, which corresponded to 4.12 wt% NH3z(aq) solution at the experimental
condition. Therefore, 4.12 wt% NHs(aq) flooding was performed as the base case against the ICE
test. The pressure dependence was explored in this test. 1500 psi was selected to be the

backpressure, which could be compared with the previous work of our group.

The dashed line shown in Figure 4-5 indicates the injection of the chemical slug. The water
flooding stages of both ICE and NHs tests reached residual oil saturation at about 6 PVs injection.
The residual oil saturation of the ICE and NH3 are 31.3% and 32.4%, respectively. The similar
residual oil saturation showed good porous media structure repeatability of the sand packs. For
the NHs(aq) flooding case, the oil saturation started to drop during the injection of the NH3(aq)
slug, which indicates that the oil mobilization started at the time the NH3(aq) solution contacted
the sand grain surface and residual oil. The acid number of the ME oil used in this test is 0.19 mg
KOH/g [38]. The aging process could make the sand grain of the sand pack more oil wet [55].
Therefore, the elevated alkalinity of the aqueous phase and the water wetness improvement of
the sand grain caused by the ammonium hydroxide could account for the tertiary recovery. The
tertiary recovery was 7.4%. Compared to the previous study from our group [38] in Figure 4-7,
the tertiary recovery in this test is lower than the previous similar high-temperature test(13.16%).
The previous test had a higher NH3 concentration (15%). In the 15 % NH3(aq) test, the wettability
reversal-related mechanism recovered extra oil when the IFT reduction-related mechanism in
both cases were similar. Therefore, receiving a lower tertiary recovery in the low-temperature

test is reasonable.

The low-temperature ICE system in Figure 4-5 shows a better tertiary recovery (31.3%) than the

corresponding NHs(aq) flooding. The oil breakthrough behavior of the low-temperature ICE is
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different from the NH3(aq) solution flooding. Because only a minimal amount of the chemicals
responsible for the tertiary oil recovery are generated during the chemical injection and the
unreacted urea-urease mixture cannot induce tertiary recovery, the oil production starts after
the shut-in reaction in the ICE system. While the oil breakthrough behavior matches our previous
high-temperature ICE system, the test in this work shows higher tertiary recovery with less
chemical dosage at a lower temperature than the tertiary recovery of the high-temperature
system (26.09%) [38]. The reason for the lower tertiary recovery of the high-temperature system,
despite having 3.5 times more chemical dosage, is that the lower CO; solubility at 120 °C reduced
the tertiary recovery potential of the CO,. Experimental and modeling works [56, 57] suggest that
CO; oil solubility decreases with an increase in temperature. From the CO; solubility estimation
based on the model proposed by Emera and Sarma [58, 59], the CO; solubility increased by 34.5%
when the temperature dropped from 120 °C to 50 °C, while keeping other parameters constant.
Therefore, receiving a higher tertiary recovery in the low-temperature ICE system with less
chemical dosage is reasonable. It also suggests that the 35% chemical dosage was not optimized
in the high-temperature system. Less than 10% chemical could achieve a similar recovery since
the CO; solubility at high temperatures is lower. Also, comparing the corresponding NHs(aq)
cases in the low and high-temperature tests, the sandstone wettability was responsive to NH3
with no significant temperature dependence. Hence, the extra oil production in the low-

temperature ICE test could be attributed to the CO; oil solubility effect.
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Figure 4-6 The effect of the CO; in low-temperature ICE system for carbonate

Figure 4-6 shows the performance of the low-temperature ICE system in carbonate porous
media. The crushed limestone was also sieved to 105 to 250-micron diameter range for better
consistency. 10% urea solution with 31 U/g urease was tested at 1500 psi and 50 °C to be
compared with the corresponding NHs(aq) solution treatment. The urea conversion ratio in this
carbonate test was 84.18%, with a generated NH3 concentration equivalent to 4.77% NHs(aq)

solution.

Around 8 and 10 PVs water flooding were applied to reach residual oil saturation for low-
temperature ICE and NHs(aq) systems, respectively. The DI flooding in the NHs(aq) test
established a residual oil saturation of 41.55%, and the residual oil saturation of the ICE test was
41.43%. The residual oil saturation in these tests showed high consistency in the porous media
structures. The NHs(aq) test served as a reference to separate the NH3 and CO;-related tertiary
recovery mechanism. Wang et al. [38] studied the wettability alteration of NH3 on carbonate and
concluded that the wettability alteration caused by NH3 was insignificant. Therefore, the tertiary

recovery mechanism is primarily dominated by IFT reduction caused by the introduced NHs. The
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tertiary recovery in the low-temperature test was 4.1%, within the experimental error of the 2.8%
recovery for the high-temperature system in our previous study [38]. The high-temperature test
had three times as much NHs; dosage as the low-temperature test. This observation was

reasonable because the wettability of the carbonate system is not very responsive to NHs.

Figure 4-6 also shows the performance of the low-temperature ICE system. The CO; and NHj3
combined system generated 27.5% tertiary recovery, which was higher than the NHz-only
flooding. The oil breakthrough happened after the chemical reaction for the ICE system while the
NHs3 system produced extra oil during the chemical injection stage. The same reasons as the
sandstone tests shown in Figure 4-5 explain these oil breakthrough behaviors. The low-
temperature ICE for carbonate yields significantly higher tertiary recovery than the 120 °C ICE
system (12.37%). This observation is different from the sandstone tests, where the low-
temperature ICE for sandstone only generated slightly higher tertiary recovery than the 120 °C
ICE. Since the high-temperature ICE used a high chemical dosage, the NH3-induced tertiary
recovery could account for 50% of the total tertiary recovery in sandstone. The increased CO;
solubility in the low-temperature ICE test compensated for the tertiary recovery loss caused by

low NH3 concentration.
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Figure 4-7 Tertiary recovery comparison between low-temperature and high-temperature [38]
ICE

In contrast, the wettability of carbonate is not responsive to NHs. Only the in situ formed
surfactant could generate a small portion of the tertiary recovery. Therefore, the increased CO;
solubility improved the tertiary recovery for the low-temperature carbonate test since the high
NHs dosage in the previous high-temperature test was ineffective, and no tertiary recovery was
compensated. It could be observed that if the NH3 contributions are deducted from the total
tertiary recovery in both low and high-temperature ICE tests, the COz-induced recovery in both
sandstone and carbonate is similar. This observation indicates that the amount of generated CO;
could saturate the residual oil in both cases. The CO, part of the ICE system could be simplified

to a carbonated water injection system [60].

From the collected urea conversion ratio in Figure 4-5 and Figure 4-6, the urease-catalyzed urea
hydrolysis does not show pressure dependence at 1500 psi. The conversion ratio is similar to the

low-pressure test tube tests. However, the presence of the porous media shows a positive effect
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on urea conversion. The conversion ratio for the batch test in Figure 3 is 68.74% which is lower
than the sandstone (72.75%) and carbonate (84.18%) tests. There is evidence that urease
adsorption on the porous media could help protect the enzyme activity [61]. The related

mechanism still needs to be explored in the future.

4.3.3 Low-temperature ICE imbibition and wettability study

The wettability of the porous media controls the residual oil saturation and its distribution [62,
63]. The preferred pristine reservoir wettability condition for ICE system is oil-wet because the
ICE system alters the wettability of the mineral surface from oil-wet to water-wet [38]. Therefore,
it is necessary to quantify the wettability alteration ability of the low-temperature ICE. Both
sandstone and carbonate cores were aged and tested for this study. The low-temperature ICE
was benchmarked by the DI soaking test at the same condition. The measured contact angles are

summarized in Table 4-2.

Table 4-2 The contact angle with different fluid treatments and mineralogy

Sandstone Carbonate

Clean, ° 27.1+17 399+04
Aged, ° 121.8+1.3 1454+2.1
DI Soaking, ° 948+0.5 1379+%1.0

Low-temperature ICE,° 27.3+0.6 585%0.4
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Figure 4-8 Sandstone contact angle change with different treatments; a: Clean, b: Qil Aged, c: DI
Soaking, d: ICE Soaking

Figure 4-8 shows sample images from the sandstone test. The clean Berea core is water-wet in
DI/ME oil system. The same conclusion was documented by Teklu et al. and Al-Rossies et al. [64,
65]. After aging with ME oil at 80 °C for 24 hours, the sandstone wettability was altered to oil-
wet [66]. DI and low-temperature ICE tests were performed on different cores. After the DI and
low-temperature ICE soaking for 72 hours at 1500 psi and 50 °C, the DI case turned from oil-wet
to intermediate-wet, corresponding to a 27° reduction in the contact angle. The contact angle
change could be attributed to hydrocarbon production during the DI imbibition process. The oil-
wet behavior of the sandstone after the aging process was caused by the adsorption of the polar
components in the crude oil on the sandstone surface [67]. Since the original silica surface was
water-wet, DI water imbibition released some of the adsorbed oil during the soaking. Therefore,
a small contact angle change was observed. On the contrary, the low-temperature ICE
significantly improved water wetness, restoring the clean sandstone wettability. This is similar to

the observation for the ICE system treatment at 120 °C, and is a combination of NH3-induced
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wettability alteration(electrostatic interaction and structural interaction related) and CO;-induced

hydrocarbon release [38].
. b
(e d

Figure 4-9 Carbonate contact angle change with different treatments; a: Clean, b: Oil Aged, c: DI
Soaking, d: ICE Soaking

Figure 4-9 shows the results for the carbonate test. The clean and oil-aged samples showed
similar wettability alteration behavior to sandstone. The oil wetness improvement of the
carbonate by oil aging was also documented by Teklu et al. [64]. The only difference between
sandstone and carbonate was that the clean carbonate is less water-wet than sandstone and the
aged carbonate is more oil-wet than sandstone. The point of zero charge (PZC) of sandstone is
between 2.2 and 2.8, and the PZC for carbonate is between 9.4 and 9.6 [68-70]. The crude oil PZC
was reported at 3 [71]. Because the DI system has a pH of around 6 the carbonate can have a
stronger attraction to oil drops than sandstone does at this condition. After the DI soaking, the
contact angle change was within experimental error. It can be concluded that DI could not release

the pre-saturated oil during aging. The adsorbed oil was not released during the DI imbibition.
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After the low-temperature ICE treatment, the wettability of the carbonate core was altered to
water-wet. This alteration was caused by the oil removal by the generated CO.. It can be deduced
that the low-temperature ICE system showed the same effect on the aged sandstone and

carbonate wettability as the high-temperature tests [38].

4.4 Conclusions

Laboratory and pilot tests proved that urea is effective in high-temperature EOR processes. We
explored the enzyme-catalyzed system to expand the operating temperature range of urea-
related EOR processes. This paper successfully demonstrates that the urea ICE system could be
applied to low-temperature reservoirs. The proposed low-temperature ICE system showed
tertiary recovery as high as 31.3% at 1500 psi and 50 °C. The urease-catalyzed urea hydrolysis is
studied under non-buffered and high urea concentration conditions, which are applicable in the
petroleum industry. From the urea concentration analysis during the low-temperature
hydrolysis, the reaction rate of urease-catalyzed urea hydrolysis is not significantly dependent on
the temperature (ranging from 30 to 50 °C). The urease was denatured in the non-buffered
system within 2000 minutes. Low-temperature ICE yields higher oil recovery than the high-
temperature case since the CO; solubility in oil at low temperatures is higher than that at high
temperatures. At low-temperature conditions, the CO;-related mechanism contributes more
than the NHs-related mechanism toward tertiary oil recovery. Contact angle measurements
conducted after the imbibition tests showed that the urease-catalyzed ICE system improved

water wetness for both carbonate and sandstone cores.
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Chapter 5 Modified Enzyme Catalyzed Low-temperature In Situ cO,-enhanced Oil

Recovery

Abstract

In situ COz-enhanced oil recovery (ICE) delivers CO; to the target reservoir through the injection
of an aqueous solution of a CO,-generating compound, urea. This method offers potential
improvements in oil recovery, operational efficiency, and superior economic performance
compared to conventional gas injection techniques for enhanced oil recovery (EOR). At
temperatures below 80 °C, the rate of spontaneous decomposition of urea in aqueous solutions
to release CO, and ammonia is not high enough for EOR applications. The utilization of urease,
an enzyme that catalyzes urea hydrolysis, has shown effectiveness in EOR applications in low-
temperature reservoirs. In this work, we investigated the use of crude extracts from jack beans
as a source of urease enzyme for low-temperature ICE. We also conducted batch tests to study
the kinetics of the urease-catalyzed hydrolysis of urea at different temperatures and to examine
the adsorption of the crude enzyme extract on porous media. One-dimensional sand pack
flowthrough experiments were conducted with different lithologies at 50 °Cand 70 °C to evaluate
the tertiary oil recovery potential of low-temperature ICE using the modified formulations. The
results show that urease was effectively extracted from jack beans using a simple and cost-
efficient extraction procedure. Urease-catalyzed hydrolysis of urea in the batch tests show that
the crude urease extract was effective in generating CO; at the test temperatures with urea
conversion rate of over 95 % at 50 °C. The urea hydrolysis rate and urea conversion ratio were

lower at 70 °C compared to 50 °C. The adsorption tests show that urease was significantly
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adsorbed on limestone surfaces while the adsorption on sandstone was insignificant. The
flowthrough tests show that the tertiary recovery for the limestone and sandstone tests were
lower at 70 °C compared to 50 °C. The tertiary recoveries at 50 °C were 28.0 % and 10.6 % for the
limestone and sandstone tests, respectively. At 70 °C, the tertiary recoveries were 22.5 % and 8.6
% for the limestone and sandstone tests, respectively. Overall, the simplicity of the technique
used to produce the crude urease extract from jack beans will significantly reduce the cost of
enzyme-catalyzed low-temperature ICE, thus overcoming a major economic barrier and enabling

practical applications in the oilfield.

5.1 Introduction

CO; is used extensively in the US for enhanced oil recovery (EOR) applications in both
conventional and unconventional reservoirs. It has gained significant attention in recent years
due to its potential for mitigating carbon emissions and increasing oil production rates [1-3].
When CO; dissolves in oil, it leads to a series of EOR favorable phenomena, including decrease in
oil viscosity, oil swelling, reduced interfacial tension between oil and water phases, re-
pressurization of the formation, and ultimately, increased oil production and sweep efficiency.
Generally, CO; injection for EOR applications can take the form of gas flooding (continuous
injection or cyclic injection — commonly known as huff-n-puff), carbonated water injection (CWI),
or water-alternating- gas (WAG) flooding. The implementation of CO; EOR continues, however,
to be hindered by operational and technical challenges such as CO; availability, CO;
transportation availability, pipeline corrosion, gravity segregation, viscous fingering, early gas
breakthrough, asphaltene deposition, and the low solubility of CO; in water, among others [4].

Numerous endeavors have been undertaken to enhance the effectiveness of CO, EOR [5-9]. One
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of the most promising approaches to mitigate some of the limitations associated with CO; EOR is
the concept of in situ CO, EOR [10-17] . It involves the injection of a solution or multiple solutions
which interact at reservoir conditions to generate CO; inside the reservoir. In situ generation of
CO; for EOR applications offers several potential advantages over alternative methods, including
non-reliance on natural sources of CO;, elimination of need for a dedicated CO; transportation
pipeline, improved sweep efficiency compared to WAG process, higher CO, gas-water ratio
(GWR) than CWI method, simplicity and cost-effectiveness, good tertiary recovery performance
at both below and above the minimum miscibility pressure (MMP) and tolerance to high salinity

reservoir brine [18].

Altunina and Kuvshinov [19,20] proposed the use of an ammonium nitrate/carbamide
(urea)/surfactant system to generate an in situ alkaline buffer system and CO, for EOR purposes.
The hydrolysis of the urea at reservoir temperature generated CO; which dissolved in the oil
phase and ammonia which combined with the ammonium nitrate to form an alkaline buffer
system in the aqueous phase. The adsorption of the surfactant on reservoir rock in the alkaline
buffer system was less than the adsorption of surfactant in a surfactant/water system without
the alkali. Their EOR fluid system was used in combination with steam flooding in a pilot test for
a high-viscosity oil formation in Siberia, with an average 40 % increase in oil production. The
same authors also proposed another multi-component fluid system that combined an aqueous
solution of an aluminium salt, urea and surfactant with a gel-forming system to generate an
inorganic gel and CO; in the reservoir. The gel improved the sweep efficiency during reservoir
flooding. These fluid systems were complex which could result in operational difficulties in the

field and could also impact their economic viability. Gumersky et al. [12] proposed the use of
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successive injection of aqueous solutions of hydrochloric acid and sodium carbonate , which
reacted in situ to generate CO;. A surfactant and polymer could also be added to the fluid system
to create stable foams which help displace the oil during the flooding process. Qil recovery was
improved by an additional 16 % compared to displacement by water, in lab tests. This system
involves the injection of multiple streams of fluid, which, again, might complicate field
application. Bakhtiyarov [21] proposed the sequential injection of aqueous solutions of an acid
and base (carbonate salt) which react in the reservoir to yield CO,. Water soluble foam generating
surfactants can also be added to improve sweep efficiency, according to the author. The
proposed fluid system was successfully applied in a pilot test and resulted in increased oil and
reduced water production. For field application, however, the process might be complicated due
to the use of multiple fluid injection streams similar to the system proposed by Gumersky et al.
[12] . In 2010, Shiau et al. [14] investigated the use of aqueous solutions of ammonium carbamate
and 2-Amino-2-methyl-1-propanol (AMP) as in situ gas generation agents for EOR purposes.
Ammonium carbamate solutions generated significant amounts of CO; at elevated temperatures
above 85 °C, while the AMP solutions required much higher temperatures above 100 °C to
generate significant amounts of CO,. In a subsequent sand pack column test, the carbamate
solution recovered an additional 9.7% OOIP when paired with a polymer and surfactant
compared to a polymer surfactant system without carbamate. The oil recovery was negligible
when the carbamate solution was used without added surfactant, especially for light crude oil.
The ultralow IFT achievable with the added surfactant enhanced oil mobility due to increased

capillary number.
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Multiple streams of fluid injection are used in most of these proposed in situ CO, generating
methods including surfactants, polymer, alkali and acid systems, to enhance the CO; generating
capacity, harness synergistic effects and dissolve reservoir rocks (for example by the interaction
of acid and carbonate rock). Wang et al. [18] proposed a simplified system involving the injection
of a single stream of urea solution as the CO; generating agent. Urea is non-toxic, easy to handle
and highly soluble in water up to 512 grams/L at 68 °F [22]. It is widely used in fertilizers as a
nitrogen source and is readily available in bulk quantities at a reasonable price. The primary raw
material used to manufacture urea is natural gas, therefore most new urea manufacturing plants
are located in areas with large natural gas reserves, which will likely be close to the oilfields where

urea can be used for EOR.

Aqgueous solutions of urea ranging in pH from 2 to 12 are stable to hydrolysis at ambient
conditions with a long half-life of 40 years at 25 °C and 3.6 years at 38 °C [23,24]. The rate of urea
hydrolysis increases, however, with temperature, with a half-life of 24.9 days and 1.0 days at
temperatures of 80 °C and 120 °C, respectively, according to the urea hydrolysis study conducted
by our research group [25]. Urease-catalyzed hydrolysis of urea is at least 104 times as fast as
the uncatalyzed reaction at pH 7.0 and 38 °C [26,27]. Urease can be found in bacteria, plants and
some invertebrates, with jack bean as the most common commercial source. The activity of
urease is dependent on multiple parameters such as pH, temperature, salt concentration, urea
concentration, and pressure. For jack bean urease, the optimum pH for enzyme activity is at pH
71t07.5[27,28]. Under buffered conditions, at temperatures between 10 °C and 50 °C, the urease-
catalyzed urea hydrolysis rate is nearly doubled for every 10 °C rise in temperature [29]. However,

when the temperature rises further, above 60 °C, the activity of the enzyme decreases until it
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completely halts at 100 °C [30]. Urease activity will not be adversely affected within the range of
typical pressures encountered in oil and gas operations [28]. The urease-catalyzed hydrolysis of

aqueous urea solution is shown in Equations 1 — 3 [31,32].

urease + H,0 (spontaneous)
NH,CONH, + H,0 —— NH,COOH + NH, H,CO; + 2NH; (1)
H,CO; & H,0 + CO, (2)
H,0 + NH; < OH™ + NH} (3)

Commercially available urease enzyme is expensive mainly due to its limited production in a
refined state, intended for specialized uses such as research, the food industry, and medical
applications [33]. When implementing low-temperature urease catalyzed ICE in the field, bulk
guantities (in the range of tonnes) of urease will be required. Consequently, it is crucial to
decrease the expense associated with urease enzyme to render low-temperature ICE applications
economically viable. Previous studies have demonstrated that urease can be extracted from
various plant and bacterial sources with the use of relatively simple techniques requiring only
basic laboratory equipment [30,33-35]. In our previous work we demonstrated the application
of highly purified commercially available urease in low-temperature urease-catalyzed ICE. In that
work, urease was used to catalyze the hydrolysis of urea at a relatively low reservoir temperature
of 50 °C. Flowthrough tertiary oil recovery tests showed that the low-temperature ICE system
effectively recovered oil from sandstone and limestone sand packs. The urease plus urea
solutions were prepared with deionized (DI) water and all the waterflooding stages were
performed with DI water, to reduce the complexity of the fluid system [36]. The work reported
herein evaluated the use of crude urease extracts from jack bean, instead of highly purified

commercial urease, for low temperature ICE applications. Crude urease extracts were evaluated

109



for urease activity, urea hydrolysis kinetics and urease adsorption on porous media. Tertiary oil
recovery flowthrough tests were also carried out to evaluate the oil recovery potential of ICE with
urease extracts. Furthermore, the urease plus urea solutions used in the tests were prepared in
artificial sea water (ASW), to replicate more realistic oil field conditions and evaluate the impact
of high ionic strength and the presence of divalent ions on the low-temperature ICE system. The
hydrolysis kinetics and flowthrough tests were performed at 50 °C and 70 °C to expand the range

of reservoir temperatures where the ICE system can be applied.

5.2 Experimental

5.2.1 Material

Whole Jack beans (Canavalia ensiformis) was purchased from Sigma-Aldrich. Urea (99 wt.%) was
purchased from Acros Organics. Crude oil was donated by Abu Dhabi National Oil Company (ME
oil). Ottawa sand F-75 (99.7% Silica) was purchased from U.S. Silica for sand pack preparation.
Indiana limestone cores (98% Calcite) were purchased from Kocurek Industries. Ammonium
hydroxide solution as 28% NHs in water was purchased from Sigma-Aldrich. Sodium chloride
(99.5 wt%), calcium chloride dihydrate (99%), potassium chloride (99%), magnesium chloride

(98%) and magnesium sulfate (99%) were purchased from Sigma-Aldrich. For high-performance

liquid chromatography (HPLC) purposes, acetonitrile (ACN) (HPLC grade, =99.93%) and water

(HPLC Plus) were purchased from Sigma-Aldrich. For Berthelot test, Phenol (=99.0 %), sodium

nitroprusside dihydrate (=99.0 %) and sodium hypochlorite solution (4.0 — 5.0 % available

chlorine) were purchased from Sigma-Aldrich.
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5.2.2 Urease extraction and characterization

Much work has been done to purify and crystalize jack bean urease [35,37,38], however, the
purification process is expensive and would make the use of urease in petroleum applications
uneconomical. Therefore, we decided to use urease extracted directly from jack beans, without
the expensive purification process. The extraction process was a modification of the method used
by Mateer and Marshall [34]. To extract urease from jack beans, the beans were finely ground to
a powder in a nut grinder. During the grinding process, it’s important to avoid heat buildup, which
could denature the enzyme. The powder was then passed through an ASTM 80 sieve with
openings no larger than 180 microns and the particles that passed through the sieve were
collected and used for enzyme extraction. One part of the powder was treated with five parts of
DI water and allowed to stand for one hour with occasional agitation. Whereas Mateer and
Marshall [34] used a ratio of one part of the powder to 10 parts of distilled water to extract urease
from the beans, our urease activity tests showed that using one part of powder to 5 parts of DI
resulted in less than 5% loss of urease activity due to a reduction in extraction efficiency with less
water. The suspension was then centrifuged for 10 mins at 335 RPM (17.5 x g) and filtered

through a 2.7 micron Whatman GF/D glass microfiber filter.

The enzymatic activity of urease solutions was determined using the Berthelot method [39]. One
unit of activity corresponds to the amount of the enzyme that liberates 1.0 umol NHs from urea
per minute at pH 7.0 and 25°C [40]. The method determines the amount of ammonium ions
produced by the hydrolysis of urea in aqueous solutions and has a detection limit as low as 7 uM
(0.12 pug/mL) NHs [41]. The urease solutions were diluted with DI water in order to adjust the

concentration of urease to within the limits of the method. For the crude jack bean urease
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extracts we used a dilution factor of about 1601 consisting of 0.1 g crude jack bean extract plus
160 g DI water. 200 pL of the diluted urease solution was added to 800 pL of a 0.5 M urea solution
(pH adjusted to 6.9 to 7.0 using 0.05 M phosphate buffer or 0.25 M HEPES buffer) and the
reaction solution was transferred to an oven that was preset at 25 °C. The reaction was
terminated after 3 to 5 minutes by the addition of 5 mL of a phenol solution. Afterwards, 5 mL of
a hypochlorite solution was added and the reaction solution was allowed to stand for at least 30
minutes at 25 °C before measuring the absorbance of the solution at 635 nm wavelength using
UV-Vis. The absorbance value was then compared to a calibration curve to determine the amount
of ammonia nitrogen (NHs-N) in the sample. The calibration curve was prepared with ammonium
chloride solutions containing known amounts of NH3-N. The UV-Vis principle is based on Beer’s
law which states that the absorbance, A, is proportional to the path length, b, through the sample
and the concentration of the absorbing species, ¢ as shown in Equation 4.

A=g.b.c (4)

Where, ¢ is the proportionality constant called the extinction coefficient.

On the Thermoo Scientific Genesys 10S UV-Vis instrument Beer’s law was followed in the
concentration range of 0 to 2.27 ug/ml which corresponds to 0 to 25 ug of NH3-N since the total

solution volume was 11 ml.
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Figure 5-1 UV-Vis calibration curve showing the linear relationship between adsorption and
amount of NH3-N

The activity of the urease enzyme was then calculated using the following equation:

(5)

Units ) _ mNH3_N*df*1000

Urease activity (
mlenzyme

t+Venzyme*MnN

Where: myy,_y is the amount of ammonia nitrogen (in ug) produced by the urease which is
derived from the calibration curve; df is the dilution factor used to dilute the enzyme so that it
produces an amount of NH3-N within the calibration curve; 1000 is the conversion factor from pl

to ml; tis the time of the assay (in minutes); Vepzyme is the volume (in pl) of enzyme used; My is

the molar mass of Nitrogen (in pug/pmole).

Urease activity in a gram of jack bean powder was calculated using the following equation:

(VL Units ml enzyme
Urease activit ( ) = ' 6
Y \gram sotia (Zramsolidy (6)

mlenzyme
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5.2.3 Urease-catalyzed hydrolysis of urea

The urease-catalyzed hydrolysis of urea was studied at 50°C and 70°C. The test procedure is
similar to the procedure used in our previous work [36] with some modifications due to the use

of ASW. The composition of the ASW is shown in Table 5-1 [18].

Table 5-1 Composition of Artificial Seawater

Chemical Concentration, wt. %
NacCl 2.629
KCl 0.074
CaCl, 0.099
MgCl, 0.609
MgSOa4 0.394
Total 3.805

In our previous work with highly purified commercial urease, we established that urease
concentration of 31 U/g of solution was sufficient to effectively hydrolyze 10 wt. % urea solution
[36]. Therefore, we used solutions with urease concentration of 31 U/g of solution and 10 wt. %
urea in the work reported herein. Solutions containing urea and urease were prepared in DI and
ASW. About 20 mL of the prepared solution was loaded in glass vials, sealed and placed in an
oven at the designated test temperature. Multiple vials were prepared for each series of kinetics
tests. After a designated time interval, one of the vials was removed from the oven and mixed by
hand-shaking. Afterward, it was centrifuged at 335 RPM (17.5 x g) for 10 mins and then a sample
was collected from the supernatant. The sample was diluted with HPLC grade ACN at a ratio of 9
: 1 w/w. The addition of ACN precipitates out the urease and stops the hydrolysis reaction. The
diluted solution was then filtered through a 0.2-micron pore-size syringe filter before analysis.

The change in the concentration of urea with time was used to study the kinetics of urea
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hydrolysis. The concentration of urea in the solution was determined with HPLC using a UV-vis
detector set at 200 nm wavelength [42]. If the concentration of urea in the sample is too high,
then the sample is diluted with DI water or ASW before diluting with ACN. Calibration curves
were prepared with known concentrations of urea prepared in DI water or ASW and diluted with
ACN at 9: 1 w/w ratio to obtain the final desired urea concentration. The calibration solution was
also filtered through a 0.2-micron pore-size syringe filter before HPLC analysis. To separate urea
from the salt in ASW, we connected a cation exchange and hydrophilic interaction liquid
chromatography (HILIC) column in series with the analyte flowing through the cation exchange
column first before flowing through the HILIC column. The column temperature was set at 30°C.
The HPLC pumping rate was 1.5 mL/min and the mobile phase was acetonitrile and 0.1 M
ammonium acetate in a 94 and 6 volume ratio. The pH of the mobile phase was adjusted to 4.5
using glacial acetic acid. After each run, the columns were flushed with several pore volumes of
30/70 v/v ACN/ammonium acetate followed by 94/6 v/v ACN/ammonium acetate. At least three

replicate measurements were taken at each time interval.

5.2.4 Urease adsorption on porous media

The tests to evaluate the adsorption of urease on porous media were performed at room
temperature. First, Ottawa sand and crushed Indiana limestone were sieved through ASTM 60
and 140 sieves with opening sizes of 250 and 106 microns respectively. The particles that were
collected between the ASTM 60 and 140 sieves were used as the porous media for the test. 31
U/g urease solution was prepared with ASW, and 10 grams of the solution was then loaded into
a 20 cc glass vial containing 2 grams of porous media. The sealed vials were then rotated on a

rotary mixer with end-over-end rotation at 8 RPM to ensure adequate mixing between the urease
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solution and the porous media. A reference solution was prepared by loading urease solution in
a glass vial without porous media. After a designated time, a sample was collected from one of
the vials to determine the urease activity using the Berthelot method. The sample was filtered
through a 0.2 micron pore size syringe filter and diluted with DI water at a weight ratio of 1 : 30
before the activity measurement. A vial was prepared for each time interval tested for the porous
media-containing solutions, while one vial was used for the reference solution. The adsorption
of urease on the porous media was determined by comparing the activity of urease in the
solutions with porous media and in the reference solution, at each time interval. The relative
activity of the enzyme in the porous media was calculated by dividing the activity of urease in the
porous media by the activity of the urease in the reference solution. A 30 gram/L urea solution
prepared in DI water was used for the Berthelot activity measurement. The pH of the urea
solution was adjusted to 6.9 to 7.0 with 0.25 M HEPES buffer. At least two replicate

measurements were taken at each time interval.

5.2.5 Sand pack flooding

Sand pack flooding was performed to evaluate the oil recovery potential of the urease-catalyzed
hydrolysis of urea under low-temperature conditions. The setup for the sand pack flooding is
shown in Figure 4-1 and ASW was used instead of DI water. Tests were carried out at 50 £1 °C
and 70 £ 1 °C and operating pressure of 1500 psi, using the general procedure in our previous
work [36]. First, the porous media was prepared using a procedure similar to the approach used
to prepare the porous media in the adsorption tests described in the previous section. Then, the
sand pack was prepared by loading a specified amount of the sieved Ottawa sand or crushed and

sieved Indiana limestone into a steel pressure vessel. Afterward, the sand pack was saturated
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with crude oil and aged in an oven at 80 °C for 1 week. After the aging period, the sand pack was
placed in an oven set at the test temperature and connected to an ISCO 500D syringe pump and
back-pressure regulator. Water flooding was then initiated by injecting ASW at a flow rate of 0.3
ml/min and 1500 psi pressure until the oil cut dropped to zero. Once the residual oil saturation
was established, 1 pore volume (PV) of treatment fluid was injected after compensating for the
dead volume of the sand pack, followed by a 72-hour shut-in period. The purpose of the shut-in
period was to provide sufficient time for urea hydrolysis and mass transfer of CO; from the
aqueous phase to the oil phase. The syringe pump and back pressure regulator were used to
maintain the pore pressure at 1500 psi throughout the shut-in period. After the shut-in period,
the water flooding was resumed until all the mobilized oil was collected. The tertiary oil recovery

(Etr) was calculated using the following equation:

Etr = 100 (7)

Soj—Sor
— X

0j

Where So; is the oil saturation after water flooding and Sos is the oil saturation after in situ CO;

treatment.
5.3 Results and Discussion

5.3.1 Urease characterization

The first step in characterizing the enzyme was to determine its activity. This will determine the
effectiveness of the enzyme extraction method used in our studies. We determined the urease
activity in the jack bean extract with the Berthelot method. The average activity of the extracts
was calculated from Equation 5 and was 706 + 52 U/ml extract. The unit yield of the jack bean

was calculated from Equation 6 and was 2211 + 163 U/g jack bean powder. Tirkolaei, et al. [33]
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obtained urease activity value of about 2600 U/g for their crude urease extracts from sword jack
beans (Canavalia gladiate) in water. In their extraction process, the jack bean was first dehusked
and then soaked overnight in DI at 4 °C. Afterwards, the solutions containing the beans were
homogenized in a kitchen blender and filtered through a fabric to separate the enzyme-
containing solution from the solids. This was followed by centrifugation and the removal of
excess fat from the supernatant. The removal of the husk from the beans before extracting the
urease could explain the increased urease activity observed in their experiments. The husk
accounts for about 14 % of the mass of the beans [33], so taking this into account will yield an
activity value of about 2570 U/g for our extracts, which is in close agreement with their value.
Therefore, the simple and cost-efficient extraction method used in our study effectively extracts

urease from jack beans and can easily scale-up for field application.

5.3.2 Urea hydrolysis

We studied urease-catalyzed hydrolysis of urea to understand the reaction rate and efficiency of
the enzyme to convert urea to CO, and NH3 under different test conditions. We did not introduce
any buffers to control the pH of the system to replicate practical field applications where the use

of buffers will add extra cost to the ICE process.

Figure 5-2 shows the results of the urease-catalyzed urea hydrolysis reaction kinetics in DI water.
The result of the hydrolysis kinetics test from our previous work with high-purity commercial
urease is also shown on the plot for comparison purposes [36]. The urea conversion ratio for the
50 °C test was over 95 % after 753 minutes of reaction time. This was higher than the 58 %
conversion ratio we obtained after 753 minutes in our previous tests with high-purity commercial

urease. The final urea conversion ratio in that test was 68.7 % after 2200 minutes. The higher

118



hydrolysis rate obtained with the crude urease extracts can be attributed to the presence of other
jack bean proteins in the crude urease extract that protect the urease enzyme from rapid
denaturalization due to changes in environmental conditions [33,43]. The urea hydrolysis rate
was slower for the 70 °C test compared to the 50 °C test. The concentration of urea decreased
rapidly and then remained fairly constant after 759 minutes, indicating that the urease was
completely denatured at this point. The urea conversion ratio after 2220 minutes was 76.2 % for
the 70 °C test. The lower hydrolysis rate and urea conversion ratio is due to the thermal
denaturation of urease. The optimum temperature range for urease has been reported to occur
in the temperature range 45 — 65 °C [44]; however, urease denatures over time at high
temperatures [45,46]. Therefore, the reaction rate will initially increase with the increase in
temperature and then slow down as the urease denatures. For all three tests, the pH of the
solution increased rapidly and then plateaued at 9.99, 9.87 and 9.55 for the crude urease 50 °C

test, 70 °C test and commercial urease 50 °C test, respectively.
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Figure 5-2 Urea concentration change of the jack bean urease catalyzed hydrolysis at different
temperatures in DI

Figure 5-3 shows the results of the urease-catalyzed urea hydrolysis reaction kinetics in ASW.
Similar to the DI case, the rate of hydrolysis and urea conversion was higher for the 50 °C test,
which can be attributed to the denaturation of urease at higher temperatures. The use of ASW
in the fluid system slowed the hydrolysis rate. The urea conversion ratio for the 50 °C test after
375 minutes was 84.5 %, which is lower than the 90.9 % obtained in the DI test. However, the
urea conversion ratio for the 50 °C test after 764 minutes was over 95 %, which is similar to the
DI test. The final urea conversion ratio for the 70 °C test after 2220 minutes was 64.8 %, lower
than the 76.2 % obtained in the DI test. The influence of ASW on the hydrolysis rate and
conversion ratio is attributed to two factors: the increase in ionic strength compared to the DI
water case and the presence of divalent ions in ASW. Both factors can negatively impact the

stability of urease. This effect seems more pronounced for the higher temperature test at 70 °C.
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The concentration of urea is stable after 765 minutes indicating complete denaturation of urease,
similar to the DI case. The pH of the system increased from 6.71 and plateaued at 9.73 and 9.57

for the 50 °C and 70 °C tests, respectively, which is slightly lower than the DI case.
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Figure 5-3 Urea concentration change of the jack bean urease catalyzed hydrolysis at different
temperatures in ASW

5.3.3 Urease adsorption on porous media

The adsorption of urease on porous media was tested to understand the interaction between
the enzyme and porous media and what role this might play in EOR. High adsorption of urease
on porous media could lead to a loss of the enzyme near the wellbore, thereby reducing the

amount of enzyme available for urea hydrolysis at the targeted oil-producing zone. While
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immobilizing urease on solid surfaces through adsorption or other techniques enhances the
stability of the enzyme, particularly in terms of thermal and low pH conditions, it generally leads
to a decrease in enzyme activity [44,47]. Pinto Vilar and Ikuma [48,49] studied the adsorption of
urease, as part of a total bacterial protein extract, onto soils. Their results showed preferential
adsorption of the larger proteins in the extract onto the soils. Additionally, a smaller amount of
urease was adsorbed onto the sand-only soils (98.7% silica) compared to sand-silt mixtures. This
was attributed to differences in the electrostatic affinities between negatively charged urease
and negatively charged sand compared to urease and positively charged patches on the silt
surfaces in the sand-silt mixtures. Although the urease that was adsorbed on the solid surface
maintained some activity, an overall loss of activity was observed due to the adsorption of urease
on the soil surfaces. Pisani, et al. [50] also used density functional theory (DFT) to investigate the
binding ability of urease enzyme on quartz and other minerals. They simulated amino acids
comprising at least 5% of the urease enzyme and observed a low preference for the binding of
the amino acids on quartz. In general, protein adsorption behavior is a multifaceted process
governed by multiple parameters such as temperature, pH, ionic strength, and buffer
composition. In our experiment, we did not use a buffer to control the solution pH in order to
replicate actual reservoir conditions. The isoelectric points of crystalline urease from jack bean,
of quartz, and of calcite are at pH 5.0 to 5.1, 2 to 3 and 8 to 9.5, respectively [37,51]. Therefore,
we will expect the enzyme to interact differently with silica and limestone. The adsorption of
urease on sandstone and limestone is shown in Figure 5-4. The plot also shows the pH of the
solution, starting from the moment the urease solution was introduced to the porous media up

until the 24-hour mark. There was no significant change in the solution pH throughout the course
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of the experiment for each of the porous media. The pH of the solutions with sandstone and
limestone ranged from 5.4 to 5.6 and 6.9 to 7.6 respectively. The pH of the reference urease
solution without porous media ranged from 5.3 to 5.4 for the 24-hour period. The slight increase

in the pH of the solutions with limestone is due to the dissolution of limestone in the ASW [52].
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Figure 5-4 Adsorption of urease on porous media

We observed no adsorption of urease on silica within the 24-hour test period. This could be
attributed to the lack of charge affinities of the urease molecule for sandstone. The pH of the
solutions with sandstone was slightly above the isoelectric point of urease, therefore we will
expect the urease molecule to be negatively charged. The surface of sandstone will also be
negatively charged under these pH conditions. Therefore, there will be repulsive electrostatic
interactions between the sandstone and urease molecule, which will hinder adsorption [53].
Another factor that could hinder the adsorption of urease on sandstone could be the presence
of some larger proteins in the crude urease extract. Pinto Vilar and lkuma [48] observed that

larger proteins in a complex protein mixture of bacterial urease are preferentially adsorbed on
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sand surfaces. Urease is adsorbed on limestone as shown in Figure 5-4. Similar to the sandstone
case, this could be attributed to the charge affinities of the urease molecule for limestone. We
expect the surface of the limestone grains to be positively charged under the pH conditions of
the solution. Therefore, there will be attractive electrostatic interactions between the limestone
grains and urease molecules. Based on the adsorption kinetics study, we will expect the crude

urease to retain more net activity in sandstone porous media than limestone.

5.3.4 Low-temperature ICE sand pack flooding

Sand pack flooding tests were conducted to determine the effectiveness of the crude urease
extracts in a low-temperature ICE system. In our previous study [36], we used high-purity
commercially available urease from jack bean (Canavalia ensiformis) to study the feasibility of
the urease-catalyzed ICE system at 50 °C and DI water was used instead of brine. In this study we
expanded the temperature envelope to include 70 °C and ASW was used as the brine. Moreover,
the oil-saturated sand pack was aged for 7 days in this study while the aging time in our previous

feasibility study was 1 day. The parameters for the sand pack studies are summarized in Table

5-2.
Table 5-2 Summary of the sand pack flooding experiments
Test# Temperature, Chemical Slug Porous Media Residual Oil  Permeability Porosity, %
°C Type Type Saturation, % , mD

1 50 Low T ICE Ottawa Sand 52.6 3937 33.09

2 70 Low T ICE Ottawa Sand 47.7 3697 32.68

3 50 3.7 wt. % NH3 Ottawa Sand 52.3 3533 32.39

4 50 Low T ICE Crushed Indiana 57.7 4953 38.55
Limestone

5 70 Low TICE Crushed Indiana 57.3 4656 38.47
Limestone

6 50 3.0wt. % NH3  Crushed Indiana 56.7 4903 38.93
Limestone
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* Note: In all tests, sand pack aging time was 7 days (80 °C), the injection rate was 0.3 mL/min,
ASW was used in water flooding, back pressure was 1500 psi, and the oil type was middle-east

oil.

Figure 5-5 shows the tertiary recoveries of the sand pack flooding for sandstone at 50 °C and
70 °C. Around 8.5 and 9 PV was applied to reach residual oil saturation for the 50 °C and 70 °C
tests, respectively. The 50 °C test reached a residual oil saturation of 52.6 % and the residual oil
saturation of the 70 °C test was 47.7 %. The dashed line shown in Figure 5-5 indicates the injection
of the chemical slug. The tertiary recovery factor was 10.6 % and 8.6 % for the tests at 50 °C and
70 °C, respectively. The higher recovery at the lower temperature is expected due to the
increased solubility of CO; in oil at lower temperatures. Based on the CO; solubility model
proposed by Emera and Sarma [54], CO; solubility in oil would increase by about 14% when the
temperature is reduced from 70 °C to 50 °C, while keeping other parameters constant. The oil
recovery for the 50 °C test in this work is lower compared to the 50 °C test with sandstone in our
previous work [36]. In our previous work, we used DI water as the base fluid and the oil-saturated
sand pack was aged for 1 day before running the sand pack flooding. Zhou, et al. [55] showed
that the water wetness and the oil recovery by water flooding for sandstone cores decreased
with an increase in the time the cores were aged in crude oil from 1 to 240 hours. Moreover,
there was a period of more than one year between the time we ran the tests in our previous
work and the tests reported in this work. Within that period, the acid number of the crude oil
changed while in storage from 0.19 mg KOH/g to < 0.05 mg KOH/g. In our previous work [56], we
established that the oil recovery of crude oil-aged sandstone porous media, increases with an
increase in crude oil acid number. Therefore, the reduction in oil recovery could be due to the

longer aging time and the change in the acid number of the crude oil.
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Figure 5-5 The effect of temperature in low-temperature ICE system for sandstone

Sand pack flooding with NHs(aq) was performed to compare with the urea flooding case at 50 °C.
The NHs(aq) flooding will help isolate the contributions of NH3; and CO;-related mechanisms on
the tertiary recovery. The conversion ratio for the urea in the 50 °C sandstone test was 65.7 %,
corresponding to 3.7 wt. % NHs(aqg.). Figure 5-6 shows the result of the NHs(aq) flooding
compared to the urea flooding at 50 °C. About 9.5 PV of ASW was injected through the sand pack
to achieve a residual oil saturation of 52.3 % for the NHs(aq) flooding case. This is in good
agreement with the residual oil saturation for the urea flooding case and shows consistency in
the porous media structure. The tertiary oil recovery for the NH3s flooding was 2.6 %. The NHs-
related tertiary recovery is mainly due to the elevated alkalinity of the aqueous phase and the
water wetness improvement caused by the ammonium hydroxide. The NH3(aq) flooding recovery
is about 25 % of the tertiary recovery for the urea flooding case at 50 °C. This implies that 75 %

of the tertiary recovery in the urea flooding case is due to CO;-related oil recovery mechanism
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and 25 % is due to NHs-related mechanisms. This is in good agreement with the tertiary recovery
from the NHs(aq) and urea flooding in our previous low-temperature tests with DI water as the
brine [36]. In those tests, we obtained 31.3 % and 7.4 % tertiary oil recovery for the urea and
NHs(aq) flooding, respectively. Thus, the NH3 flooding oil recovery was about 24 % of the urea
flooding oil recovery, which is in good agreement with the 25 % obtained in our current tests
with ASW as the base fluid. In our previous high-temperature tests with sand at 120 °C [56], we
obtained 26.1 % and 11.1 % tertiary oil recovery for the urea and NH3s(aq) flooding, respectively.
This implies that about 43 % of the tertiary oil recovery was due to the NHs-related oil recovery
mechanisms and 57 % was due to CO,-related mechanisms. It is evident that CO, contributes
more to the tertiary oil recovery as the test temperature decreases from 120 °C to 50 °C. This is
reasonable since the solubility of CO; in oil is higher at lower temperatures, hence CO; will
contribute more to the total oil recovery compared to the higher temperature tests. However, in
the high-temperature tests, the urea and ammonia concentrations were higher at 35 wt % and

15 wt % respectively, which could also impact the oil recovery.
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Figure 5-6 The effect of CO; in low-temperature ICE system for sandstone

Figure 5-7 shows the tertiary recoveries of the sand pack flooding for limestone at 50 °C and
70 °C. Around 8.8 and 8.6 PV ASW was injected to reach residual oil saturation for the 50 °C and
70 °C tests, respectively. The 50 °C test reached a residual oil saturation of 57.7 % and the residual
oil saturation of the 70 °C test was 57.3 %. The dashed line shown in Figure 5-7 indicates the
injection of the chemical slug. The tertiary recovery factor was 28.0 % and 22.5 % for the tests at
50 °C and 70 °C respectively. Similar to the sandstone case, the higher recovery at the lower
temperature was expected due to the increased solubility of CO; in oil at lower temperatures.
The oil recovery for the 50 °C test was comparable to the oil recovery for the urea flooding with

DI as the brine.
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Figure 5-7 The effect of temperature in low-temperature ICE system for limestone

Sand pack flooding with NHs(aq) was performed to compare with the urea flooding case at 50 °C
and help isolate the contributions of NH3 and CO;-related mechanisms on the tertiary recovery.
The conversion ratio for the urea in the 50 °C limestone test was 53.8 %, corresponding to 3.0
wt. % NHs(aq). Figure 5-8 shows the result of the NHs(aq) flooding compared to the urea flooding
at 50 °C. About 9.3 PV of ASW was injected through the sand pack to reach a residual oil
saturation of 56.7 % for the NHs(aq) flooding case. The tertiary oil recovery for the NH3 flooding
was 2.9 %. According to research by Wang et al. [56], the impact of NH3 on carbonate wettability
alteration was determined to be insignificant. As a result, the main factor influencing tertiary oil
recovery was IFT reduction by the ammonium hydroxide. The NHs(aq) flooding recovery is about
10 % of the tertiary recovery for the urea flooding case which implies that 90 % of the tertiary
recovery in the urea flooding case is due to CO»-related oil recovery mechanism and 10 % is due

to NHs-related mechanisms. In our previous low-temperature tests with commercially available
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urease we obtained 27.5 % and 4.1 % tertiary oil recovery for the urea and NHs(aq) flooding,

respectively [36].
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Figure 5-8 The effect of CO; in low-temperature ICE system for limestone

This implies that 15 % of the tertiary oil recovery was due to NHs-related mechanisms and 85.1 %
was due to CO,-related mechanisms, which is similar to the values obtained in this work. Hence,
the contribution of NHs-related mechanism on the tertiary oil recovery is lower for the limestone
case compared to sandstone (25 %) and is consistent with our previous work [36,56]. It appears
that the longer aging time and change in oil acid number did not affect the tertiary oil recovery
for limestone compared to the sandstone case. This could be due to the higher oil wetness of
limestone and the reduced contribution of NHs-related mechanism on limestone oil recovery,

compared to sandstone.
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[36]

*Test was run with the crude urease tests. TTest was run with the commercial urease tests.

5.3.5 Effect of crude oil and porous media on urea hydrolysis

The urea conversion ratio for both sandstone and limestone porous media tests was lower than
the batch tests. This can be attributed to the presence of the porous media, crude oil, or both.
To investigate the effect of crude oil on the efficiency of urease enzyme to catalyze the hydrolysis
of urea, we carried out two sand pack flooding tests at 50 °C with water-saturated sandstone and
limestone. The sand packs were prepared similar to the oil saturated sand packs, however we
saturated the sand packs with ASW instead of crude oil. The urea conversion ratios for the
flowthrough tests are summarized in Table 5-3. The results show urea conversion ratio of 87.5 %
and 84.3 % for the sandstone and limestone, respectively. This is higher than the 65.7 % and
53.8 % urea conversion ratio obtained for the oil-saturated sandstone and limestone porous

media, respectively; however, it is lower than the 95 % or greater urea conversion obtained in
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the 50 °C batch tests discussed in section 5.3.2. The lower urea conversion ratio for the oil-
saturated sand pack compared to the ASW-saturated sand pack could be due to the presence of
substances in the crude oil, which potentially inhibit urease activity. It can also be due to crude
oil coating the enzyme and potentially obstructing its active sites. The lower urea conversion ratio
of the ASW-saturated sand packs compared to the batch tests could be attributed to the presence
of the porous media. The relatively high tertiary oil recovery despite the modest urea conversion
rate of the oil-saturated sand pack suggests that the system can be further optimized. One
optimization strategy will be to reduce the urea concentration, while leaving the urease
concentration the same. Lower urea concentration can increase the urea conversion ratio since
the activity of urease could be inhibited by higher urea concentrations [27,57,58]. Moreover, the
urease active sites to substrate ratio will increase if the urea concentration is reduced while
keeping the enzyme concentration constant. Another optimization strategy will be to deliver the
urea plus urease slug in two stages, with a shut-in period and water flooding after the first and

second stages.

Table 5-3 Urea conversion for the flowthrough tests

Porous media type Temperature, °C  Pore fluid type Urea conversion, %
Sandstone 50 Crude oil and ASW  65.7
Sandstone 70 Crude oil and ASW 55.4
Limestone 50 Crude oil and ASW 53.8
Limestone 70 Crude oil and ASW 52.6
Sandstone 50 ASW 87.5
Limestone 50 ASW 84.3

Some of the divalent cations in the ASW combined with the carbonate ion from the generated

CO; to form insoluble carbonates like calcium carbonate, which precipitate out of the solution.
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These precipitates could pose a problem for low permeability reservoirs; however we did not
observe any adverse effects in our flowthrough experiments due to the high permeability of our
sand packs. Hence, it is worth considering the preparation of the urease plus urea solution with
soft water to mitigate any potential issues related to the precipitation of carbonates.
Furthermore, if the hardness content in the formation water is high, a preflush may be necessary

to separate the reservoir brine from the chemical slug.

5.4 Conclusion

Using crude jack bean urease extracts makes urease-catalyzed in situ CO; EOR economically
viable compared to using high-purity commercially available urease. Urease was successfully
extracted with DI water using a simple method without any chemical additives. The extracted
urease effectively catalyzed the hydrolysis of urea at reservoir temperatures of 50 °C and 70 °C
and pressure of 1500 psi. The hydrolysis rate and conversion ratio of urea was lower at 70 °C
compared to 50 °C, due to the denaturation of urease at the higher temperature. Urease was
adsorbed on limestone surfaces which resulted in an overall decrease in enzyme activity, whereas
the adsorption of urease on sandstone was insignificant. The flowthrough sand pack tests show
that the tertiary recovery for the limestone and sandstone tests were lower at 70 °C compared
to 50 °C. This is due to the higher solubility of CO; in oil at lower temperature conditions. The
tertiary recoveries at 50 °C were 28.0 % and 10.6 % for the limestone and sandstone tests,
respectively. At 70 °C, the tertiary recoveries were 22.5 % and 8.6 % for the limestone and
sandstone tests, respectively. Moreover, the contribution of NHs-related mechanism on the

tertiary oil recovery is lower for the limestone case compared to sandstone.
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Chapter 6 Conclusions and Recommendations For Future Research

6.1 Conclusions

Chapter 2 focused on the development of effective ICE formulations for liquid-rich shale
reservoirs. We used a simple alkane (dodecane) as the oil phase and urea as the gas-generating
agent to investigate the applicability of ICE in liquid-rich shale reservoirs. Due to the extremely
low permeability of shale, we combined the gas-generating agent with a thermally stable anionic
surfactant to facilitate the imbibition of the ICE formulation into the shale matrix and enhance
the EOR performance of the formulation. Imbibition tests designed to simulate the huff-n-puff
operation were performed with oil-saturated shale samples using four different EOR
formulations: brine only, urea in brine, thermally stable anionic surfactant in brine and a mixture
of urea and surfactant in brine. The urea-only solution recovered up to 24% of the OOIP,
compared to 6% with brine and 21% with surfactant. Interestingly, combining surfactant with
urea did not provide additional benefits. This was attributed to the strong water wetness of the
dodecane-saturated shale cores. Additionally, there was no benefit to running the ICE operation
at conditions above MMP. This work provided a strong proof of concept for the potential of ICE

to significantly enhance oil recovery in liquid-rich shale reservoirs.

In Chapter 3 we further investigate the application of ICE in liquid-rich shale reservoirs. In this
chapter, we used crude oil instead of dodecane as the oil phase to investigate the applicability of
ICE in liquid-rich shale reservoirs. Imbibition tests that mimic the huff-n-puff technique were
conducted with oil-saturated shale samples using four different EOR formulations: brine only,

urea in brine, thermally stable anionic surfactant in brine and a mixture of urea and surfactant in
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brine. The study found that combining urea with the surfactant led to the best oil recovery
results. After 14 days of imbibition, this combination recovered 18 % of the OOIP, whereas brine-
only, urea in brine and surfactant in brine recovered 7 %, 9 % and 5 % of the OOIP, respectively.
Moreover, there was a distinct difference in the oil recoveries for the 3-days and 14-days
imbibition periods in the case of the ternary brine/urea/surfactant mixture. This might indicate
that the oil recovery process in the shale cores is dependent on the duration of the imbibition
period. Contact angle and IFT measurements showed that both wettability alteration and IFT
reduction play critical roles in improving oil recovery. The generated ammonia alters the
wettability of the shale from an oil-wet state to a more water-wet state while the surfactant
reduces the IFT, thereby facilitating the imbibition of the EOR fluid into the shale matrix. The
imbibition of the EOR fluid into the shale matrix allows the generated CO; to contact more oil
and promotes oil recovery through a counter-current flow mechanism. Furthermore, test results
show that there is no benefit to operating the ICE at conditions exceeding MMP. Results from

this chapter show that the use of in-situ generated CO; is a viable EOR option in liquid-rich shale.

In Chapter 4, we investigated the application of ICE in low-temperature oil reservoirs. The rate of
spontaneous decomposition of aqueous solutions of urea to release CO; and ammonia at
temperatures below 80 °C is not high enough for EOR applications. We used an enzyme, urease,
to accelerate the hydrolysis of aqueous solutions of urea at low temperature conditions. In this
proof-of-concept study we used highly purified commercially available urease and DI water was
used as the aqueous phase for all the solutions used in the tests. Moreover, no buffers were used
to stabilize the pH of the EOR formulations. The reaction kinetics of the catalyzed urea hydrolysis

was studied at different urea concentrations, urease concentrations, and temperatures. The
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results show that the hydrolysis reaction rate is not significantly dependent on the temperature
for the studied time and temperature range (30 to 50 °C). The denaturation of urease occurred
within 2000 mins and the denaturation time was dependent on the urea concentration but not
the temperature. Sand pack flowthrough tests showed that low-temperature ICE yields higher oil
recovery than the high temperature equivalents due to the higher solubility of CO; in oil at lower
temperatures. Moreover, flowthrough tests conducted with aqueous ammonia solutions to
isolate the contributions of CO, and NH3 related mechanisms showed that CO,-related
mechanisms contributed more towards tertiary oil recovery than the NH3-related mechanisms,
at low-temperature conditions. Imbibition tests with oil-saturated sandstone and limestone core
samples showed that the urease catalyzed ICE system changed the wettability of the cores from

oil-wet to water-wet.

In Chapter 5, we investigated the use of crude urease extracts from jack bean, instead of highly
purified commercial urease for ICE applications in low-temperature oil reservoirs. Using crude
jack bean urease extracts makes urease-catalyzed ICE economically viable compared to using
high-purity commercially available urease. Urease was successfully extracted from jack beans
using a simple and cost-efficient method without any chemical additives. Batch tests showed that
the crude urease extract was effective in generating CO; at the test temperatures with urea
conversion rate of over 95 % at 50 °C. The hydrolysis rate and conversion ratio of urea was lower
at 70 °C compared to 50 °C, due to the denaturation of urease at the higher temperature.
Adsorption tests were also performed, demonstrating that urease was significantly adsorbed on
limestone surfaces which resulted in an overall decrease in enzyme activity, whereas the

adsorption of urease on sandstone was insignificant. Finally, flowthrough sand pack tests showed
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that the extracted urease effectively catalyzed the hydrolysis of urea at reservoir temperatures
of 50 °C and 70 °C and pressure of 1500 psi. The tertiary recovery for the limestone and sandstone
tests were lower at 70 °C compared to 50 °C. This was attributed to the higher solubility of CO,
in oil at lower temperature conditions. Additionally, the contribution of NHs-related mechanism
on the tertiary oil recovery is lower for the limestone case compared to sandstone. The
observations of this work significantly expands the range of reservoir temperatures where ICE

can be applied.

6.2 Recommendations For Future Research

The effectiveness of combining ICE with an anionic surfactant was demonstrated using crude oil
saturated outcrop shale core samples. Further research should be conducted using field cores
from the targeted oil-producing reservoir to improve the reliability of the experimental results.
Moreover, additional huff-n-puff experiments should be conducted with shale cores that are
confined under pressure within a core holder. The cores can be fractured longitudinally and EOR

fluid introduced through one end to simulate flow through fractured shale rock.

The results of this research showed that urease catalyzed ICE could be applied to sandstone and
limestone reservoirs at temperatures below 70 °C. Further research can explore the application
of urease catalyzed ICE to shale and other tight reservoirs. This will require careful selection of
surfactants that can be combined with ICE without denaturing the urease enzyme. Additionally,
research can be conducted on the immobilization of urease enzyme on nanoparticles to improve

their catalytic activity and increase their stability. Magnetic iron oxide nanoparticles will be good
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candidates to investigate for this purpose since the enzyme-loaded nanoparticles can be

recovered and reused [1].

References

[1] Valls-Chivas A, Gdmez J, Garcia-Peiro JI, Hornos F, Hueso JL. Enzyme—Iron Oxide
Nanoassemblies: A Review of Immobilization and Biocatalytic Applications. Catalysts
2023;13:980. https://doi.org/10.3390/catal13060980.

143



	Acknowledgements
	List of Tables
	List of Figures
	Abstract
	Chapter 1 Overview
	1.1 In situ CO2 EOR
	1.2 Overview of Chapters

	References
	Chapter 2 Use of In Situ CO2 Generation in Liquid-Rich Shale
	Abstract
	2.1 Introduction
	2.2 Materials
	2.2.1 Porous media properties
	2.2.2 Oil properties
	2.2.3 Surfactant properties
	2.2.4 Other materials

	2.3 Methodology
	2.3.1 Surfactant compatibility
	2.3.2 IFT measurements
	2.3.3 Contact angle measurements
	2.3.4 Core soaking/oil recovery experiments

	2.4 Results and Discussions
	2.4.1 Compatibility tests
	2.4.2 IFT measurement
	2.4.3 Contact angle measurement/ wettability alteration
	2.4.4 Core soaking/oil recovery tests

	2.5 Conclusions

	References
	Chapter 3 Enhanced Oil Recovery Formulations For Liquid-rich Shale Reservoirs
	Abstract
	3.1 Introduction
	3.2 Experimental
	3.2.1 Porous media
	3.2.2  Oil properties
	3.2.3  Surfactant properties
	3.2.4 Other materials

	3.3  Methodology
	3.3.1  Surfactant compatibility
	3.3.2  Static surfactant adsorption
	3.3.3  IFT measurements
	3.3.4  Contact angle measurements
	3.3.5  Core soaking/oil recovery experiments

	3.4 Results and Discussion
	3.4.1  Surfactant compatibility tests
	3.4.2 Static surfactant adsorption
	3.4.3  IFT measurements
	3.4.4  Contact angle measurements/wettability alteration
	3.4.5  Core soaking/oil recovery tests

	3.5 Conclusions

	References
	Chapter 4 Low-temperature In Situ CO2 Enhanced Oil Recovery
	Abstract
	4.1 Introduction
	4.2 Experimental
	4.2.1 Material
	4.2.2 Urease-catalyzed urea hydrolysis
	4.2.3 Sand pack flooding
	4.2.4 Rock surface wettability alteration

	4.3 Results and Discussion
	4.3.1 Urea hydrolysis
	4.3.2 Low-temperature ICE sand pack flooding
	4.3.3 Low-temperature ICE imbibition and wettability study

	4.4 Conclusions

	References
	Chapter 5 Modified Enzyme Catalyzed Low-temperature In Situ CO2-enhanced Oil Recovery
	Abstract
	5.1 Introduction
	5.2 Experimental
	5.2.1 Material
	5.2.2 Urease extraction and characterization
	5.2.3 Urease-catalyzed hydrolysis of urea
	5.2.4 Urease adsorption on porous media
	5.2.5 Sand pack flooding

	5.3 Results and Discussion
	5.3.1 Urease characterization
	5.3.2 Urea hydrolysis
	5.3.3 Urease adsorption on porous media
	5.3.4 Low-temperature ICE sand pack flooding
	5.3.5 Effect of crude oil and porous media on urea hydrolysis

	5.4 Conclusion

	References
	Chapter 6 Conclusions and Recommendations For Future Research
	6.1 Conclusions
	6.2 Recommendations For Future Research

	References

