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Abstract
Even though Low-Salinity Waterflooding (LSW) has been under investigation as a promising Enhanced Oil Recovery (EOR) technique for almost three decades, most of the studies in the literature are focused on investigating the controlling mechanism, while the effect of temperature was rarely studied systematically. So, it is crucial to understand the effect of temperature on LSW to see if LSW can be applicable at elevated reservoir temperatures.
	The present work investigates the effect of temperature on LSW in sandstones integrating thermodynamic modeling and core-flooding experiment. In the thermodynamic front, we used Surface Complexation Modeling (SCM) to study the effect of salinity and temperature on the adherence of crude oil to sandstone surface over a range of temperatures up to 150ºC. Two brines have been used to represent the case of high and low salinity. In addition, the heterogeneity of the crude oil composition has been considered by using three crude oils with different Total Base Number to Total Acid Number ratio (TBN/TAN). On the other hand, we introduced a core-flooding workflow to determine the impact of temperature on LSW in sandstones.  Gray Berea sandstone that have around 9% clay content has been used in core-flooding tests at different displacing temperatures 55ºC and 25 ºC.
The results from SCM show that temperature has a clear effect specially in Crude-oil/Brine/Rock system that has basic or neutral oil. In other words, any experimental work done at low temperatures might give a misleading result about the success of LSW projects, and further investigation at elevated reservoir temperatures should be done. On the other hand, experimental results from core-flooding experiment wasn’t very conclusive. However, it gives an indication that the Low salinity waterflooding is not effective as a secondary recovery mode for the used system.
xii
[bookmark: _Toc310579468][bookmark: _Toc15488660][bookmark: _Hlk13066545]Chapter I: Introduction
Low salinity waterflooding has been proven as a successful EOR technique in laboratory and the field. Many experimental studies have been implemented to investigate the mechanisms involved and the favorable conditions. On the other side, the number of studies that investigated the temperature effect is not enough to capture the impact. This work is devoted to improving the current understanding of the effect of temperature on the mechanisms governing LSW.
[bookmark: _Toc15488661]Research Objective
On a broad scale, the study’s aim is to investigate the effect of temperature and salinity on LSW in sandstones.
The objectives of this work can be classified as follows:
· Examining the feasibility of LSW as an EOR technique in sandstones at relevant elevated reservoir temperatures.
· Investigating the effect of crude-oil heterogeneity on the performance of LSW. 
[bookmark: _Toc15488662]Organization of the work
The present work is divided into 5 chapters including the current introduction. The Following chapter presents a literature review on the impact of LSW in sandstones, proposed mechanisms, and temperature effect. Chapter III discusses the thermodynamic model used and the obtained results. Chapter IV presents the experimental workflow followed and interpretation of the results. Finally, chapter V summarizes the key findings and suggested recommendations for future work.
 
[bookmark: _Toc310579469][bookmark: _Toc15488663]
Chapter II: Literature Review
Waterflooding is one of the most widely applied Improved Oil Recovery (IOR) techniques, the main aim of waterflooding when firstly applied was to maintain the reservoir pressure and fortunately this technique has been evolved over the years. Morrow and his co-workers [1, 2, 3, and 4] reported a positive impact on crude oil recovery with lowering the total salinity of the injected water. As a result, Low Salinity Waterflooding (LSW) technique has gained a great attention and many experimental works was implemented to investigate this technique and gain more understanding of the mechanisms involved. In general, LSW has exhibited significant enhancement in oil recovery in several lab and field studies [5, 6, 7, 8, and 9]. it has been reported to have a positive effect using water with salinity up to 5,000 ppm [10].
1. [bookmark: _Toc15488664]Total Salinity of Different Brines.
Low salinity brine usually has a total salinity lower than 5000 ppm [10]. Whereas, the total salinity of sea water is approximately around 35000 ppm, while in some cases the total salinity of formation brine could exceed 200,000 ppm [9].
1. [bookmark: _Toc15488665]Low-Salinity Water-flooding Effect.
Low-Salinity Effect (LSE) term is coined to describe the case at which decreasing the salt content of the injected water leads to an increase in the recovered oil. LSE has been reported in both secondary and tertiary recovery mode in many experimental studies. For instance, Tang and Morrow (1997) reported LSE in secondary recovery mode, where the oil recovery factor increased by 6% when the salinity of the injected brine was reduced from 240,000 ppm to around 240 ppm in Berea sandstone cores [11]. In the meantime, more tangible impact was observed in other experimental work, using also Berea sandstone cores. Ashraf et al. (2010) reported a 20% increase in the oil recovery factor when the injected brine salinity was decreased from around 250,000 ppm to around 250 ppm, as shown in Fig. 2 [12]. On the other hand, LSE was reported also in a tertiary recover mode in many experimental studies [13,14]. In the same vein, recent attention is paid to optimization of the water salinity used in hydraulic fracturing operations. For instance, Mehana et al. (2018) experimentally investigated the impact of the salinity on water dynamics in shale reservoirs. They also studied the fluid/rock interactions and physiochemical mechanisms impact on the well performance [15,16]. It is worth noting that in some cases decreasing the salinity of the injected brine in both secondary and tertiary recovery mode didn’t result in enhancement in the oil recovery. The extensive different results obtained from experimental studies, which are sometimes contradictory highlights the complexity of the mechanisms responsible for LSE. This leads to the importance of discussing the controlling factors and involved mechanisms.
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[bookmark: _Toc15488714]Fig.  1- LSE in a secondary recovery mode (After Ashraf et al., 2010)

[image: ]	









[bookmark: _Toc15488715]                  Fig.  2- LSE in a tertiary recovery mode (After RezaeiDoust et al., 2011)

[bookmark: _Toc15488666]Mechanisms of low-salinity waterflooding
Despite more than three decades of research, the mechanisms underpinning LSE is still debatable. The complexity of the subsurface system and the heterogeneity of the crude oil composition have posed several research challenges where a multitude of mechanisms are tangled [17, 18, 68, 69]. For instance, sheng, in his critical review, listed seventeen mechanisms for the IOR observed during LSW [19]. Most of these mechanisms suggest that LSW alters the wettability to a state more favorable for oil recovery [20]. In this section, I briefly discuss the most agreed-upon mechanisms: 

[bookmark: _Toc15488667]3.1 Multi-component Ion Exchange (MIE)
Multi-component Ion Exchange (MIE) is one of the most agreed-upon mechanisms [17]. MIE is based on the cation exchange between the mineral surface and the formation brine [21, 22]. Naturally, the divalent cations adsorbed on the mineral surface act like bridges between oil molecules and the mineral surface, forming organometallic complexes.  MIE suggests that these bridges could be broken when the divalent ions are exchanged with monovalent ones. Reducing the interactions between the oil and rock leads to a more water-wet state and a better oil recovery.
Lager et al. (2008) proposed four kinds of bridges that form between oil and mineral surfaces as shown in Fig. 3. These bridges are highly affected by the water composition [23].  
[image: ]Recently, statistical thermodynamics studies have been probing various subsurface phenomena [24, 25]. Underwood et al. (2015) observed that these bridges are independent of water salinity in their molecular simulations [26]. Greathouse et al. (2017) also observed slight impact for the salinity on the organic adsorption and ion pairing [27]. On the other hand, classical thermodynamics have extensively contributed to the current understanding of low-salinity.  For instance, Myint and Firoozabadi (2015) studied the thin film dynamics in relation to the water salinity [28]. However, most of these contributions are relying on the surface complexion model to estimate the surface charge and potential in contact with varying salinity water.








[bookmark: _Toc15488716]      Fig.  3-: The main bridging mechanisms observed during low-salinity waterflooding 
                                                      (After Underwood et al., 2015)
[bookmark: _Toc15488668]3.2 Chemical Mechanism, 
This chemical mechanism has been proposed by Austad and his co-workers [8, 13, 29]. This mechanism can be summarized in the following steps: 1-when low salinity brine is introduced to displace the high salinity brine, the H+ ions replace Ca 2+ at the negative sites of the clay surface, this results in an increase in the pH near the clay surface. This reaction is an exothermic reaction, so an increase in the temperature supposed to suppress this replacement reaction. 2- The accompanied increase in the pH to LSW results in desorption of basic and acidic materials from the clay surface. 
[bookmark: _Toc15488669]3.3 Double-Layer Expansion (DLE)
This mechanism was first proposed by lightelm et al. (2009), after a set of experiments they concluded that cation exchange might be partially responsible for LSE. However, the expansion of electrical double layers due to the decrease in the ionic strength is the main mechanism beyond LSE [30]. Electrical Double Layer (EDL) is based on the fact that minerals have a charged surface when they become in contact with aqueous solutions. This charge is neutralized by attracting oppositely charged particles [31], as shown in Fig. 4.  For sandstone reservoirs, usually both the rock and crude oil surface are negatively charged, which means that oil will not bind to the rock surface due to having the same charge. In the case of high salinity brine, there are enough cations in the brine to screen off the negative charge on both crude oil and rock surfaces. This screening causes a decrease in the negative electrical potential at the slipping plane between the brine solution and the charged surface, which is known as zeta potential. This suppression of the electrical repulsive forces between the rock and crude oil surface, enables the oil to interact with the rock surface causing local oil wetness. On the other hand, low-salinity brine reduces the screening potential of the cations in the brine solution. This leads to an expansion in the diffuse electrical layer around the oil and rock particles and increases the zeta potential of both surfaces and the electrical repulsive forces between the oil and rock surfaces, resulting in releasing the oil from the rock surface. Fig. 5 presents a schematic that summarizes this mechanism.
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[bookmark: _Toc15488717][image: ]           Fig.  4-: Schematic of Electrical Double Layer EDL (After Subtech 2014)
[bookmark: _Toc15488718]Fig.  5-: Schematic of DLE (After Myint and Firoozabadi 2015), (a) Counterions adsorbed to the negatively-charged brine/oil and brine/rock interfaces. The potentials at the two interfaces are estimated by the zeta potentials ζ1 and ζ2. (b)when the brine salinity is decreased, the screening from the counterions becomes weaker. (c) The double-layer expansion (DLE) appears as a thicker brine film that is indicative of a more water-wet state.
In a subsequent work, Nasralla and Nasr-El-Din (2014) concluded that zeta potential measurements could be correlated to contact angle measurements and core-flooding tests for brine solutions of different salinity and pH values, which made them conclude that electrical double layer expansion could be the primary mechanism for LSE [32]. On the other hand, Mehana and Fahes (2018) suggested limited impact of DLE mechanism based on their molecular scale investigation [33].   
[bookmark: _Toc15488670]3.4 Increased pH and reduced IFT similar to alkaline flooding
[image: ]McGuire et al. (2005) proposed that formulation of surfactant from the residual crude oil, due to elevated pH that accompanies the low-salinity waterflooding and the resulted decrease in interfacial tension between the crude oil and brine, might be the main mechanism of having LSE [34]. They related the increase in pH to the generation of hydroxyl ions resulted from the interaction with the rock minerals. Evidences of increasing the pH during low-salinity waterflooding leaded to their conclusion that low salinity waterflooding behaves in a similar fashion to alkaline flooding. Having this condition of high pH, the alkaline reactive components are saponified by the reaction showed in Fig.  6. On the other hand, they argued that low-salinity waterflooding is more effective than alkaline flooding due to the lack of divalent cations in low salinity brines, which makes the created surfactant due to saponification more effective





[bookmark: _Toc15488719]Fig.  6-: saponification mechanism of elevated pH and removal of harmful multivalent cations due to low salinity injection. (After McGuire et al. 2005)
[bookmark: _Toc15488671]3.5 Fine mobilization
Tang and Morrow (1999) proposed fine mobilization as a possible mechanism beyond LSE [36]. They attributed the mobilization of fines to the expansion of the electrical double layer (EDL). Introducing the low salinity brines expands the electrical double layer in the aqueous phase between particles, which increases the tendency for stripping of fines and so oil recovery is increased.  They correlated having LSE from several core-flooding experiment to having potential mobile fines. As they tried different sandstones that have different clay contents, and they found that the effect of low salinity waterflooding is greatly reduced in the case of low clay contents. Furthermore, they found that stabilizing mobile fines by firing eliminates the LSE. A schematic for this mechanism is shown in Fig.  7.

[bookmark: _Toc15488672]3.6 Mechanism in play
[bookmark: _Toc7107001][bookmark: _Toc7107075][bookmark: _Toc7107002][bookmark: _Toc7107076][bookmark: _Toc5347495]None of the proposed mechanisms could solely justify having LSE in all the cases. For each mechanism there are some experimental evidences that confirm being involved. Whereas, many other evidences indicate that the same mechanism is not involved other cases where LSE was witnessed. So, it is commonly believed that a combination of those mechanisms is responsible for having LSW [35].
[bookmark: _Toc15488673]Temperature effect
One of the main factors that still need further investigation is the effect of temperature on low-salinity waterflooding. RezaeiDoust et al. (2010) investigated the effect of aging temperature on low-salinity waterflooding in sandstone samples from a field in the North Sea [37].  After several core-flooding experiments, they found that there is no LSE from the core samples that were aged at 60ºC and 130ºC, whereas when the aging temperature was 90ºC, there was a noticeable low-salinity effect (LSE) at different displacing temperatures (60, 90 and 130ºC). They concluded that there is an optimum aging temperature to have a LSE which in their case was 90ºC.In a subsequent work, Aksulu et al. (2012) investigated the effect of temperature on a newly proposed chemical mechanism for the LSW [29]. The mechanism proposes an exothermic reaction which involves the desorption of active cations from the mineral surface as a main factor controlling the wettability alteration process. Therefore, the temperature would have a substantial effect on the performance. After several core floods using two reservoir cores, they concluded that the desorption rate of the active cation from the clay surface is positively correlated with the temperature.

Gamage and thyne (2011) also studied the effect of temperature using Berea sandstone. They found that the effect of LSW on the rock samples that are aged and displaced at the same temperature in the tertiary recovery is decreasing with increasing the temperature [38]. In the same vein, Aghaeifar et al. (2015) concluded that the combination of high reservoir temperature above 100ºC and formation water with a high salinity is most likely not favorable for observing LSW EOR effects [39]. Along the same line, Xie et al. (2017) concluded that water chemistry controls crude/Brine/Rock interaction in the case of LSW rather than temperature [40]. They also suggested that LSW can work at high temperature reservoirs in the case of high Acid Number, above 2 mg KOH/g.
[image: ]
[bookmark: _Toc15488720]Fig.  7-: Role of potentially mobile fines in Crude Oil/Brine/Bock interactions and increase
in oil recovery with decrease in salinity. (After Tang and Morrow 1999)
[bookmark: _Toc15488674]Favorable conditions for LSE
As a result, for the observations of the experimental investigation on LSW in sandstones, a number of necessary conditions have been suggested as necessary conditions to have LSE. Morrow & Buckley (2011) and Jackson et al. (2016) listed the following conditions [10, 9]:
1. Significant clay Fraction.
2. Presence of formation water.
3. Significant reduction in salinity of injection brine.
4. Exposure to crude oil containing acid or basic polar components to create mixed- or oil-wet initial conditions.
5. Presence of multivalent ions in the connate water.
These conditions are necessary; however, they are not sufficient criteria to evaluate the success of LSW. In some cases, where those conditions are satisfied no LSE was observed [9].
[bookmark: _Toc15488675]Cases of Non-successful LSW
As mentioned in the previous section, in some cases even when all the reported favorable conditions for LSW exist, no LSE was witnessed. This is a direct indication about the complexity of this EOR mechanism [32, 41, 42].
[bookmark: _Toc15488676]Evolution of LSW
Recently, several published studies investigated new hybrid EOR techniques that incorporate LSW with other commonly known techniques. As an example, the combination of LSW and surfactant flooding has been investigated as an emerging hybrid EOR technique [43, 44]. This indicates the importance and the potential of LSW as a standalone EOR technique and a key player in other hybrid EOR techniques.
[bookmark: _Toc15488677]Flow Assurance Issue
An important factor that should be taken into consideration is the effect of total salinity and salt types of the injected brine. Many studies investigated the effect of salinity on forming a stable crude-oil/water emulsion, and in most of the cases it was reported that low ionic strength brines tend to form more stable emulsions [45, 46]. This issue can be a serious problem specially in the case of using Electrical Submersible Pump (ESP), which can provide the required energy to mix the crude oil with the brine and form very stable emulsion. This can cause serious flow assurance issue.












[bookmark: _Toc15488678]Chapter III: Thermodynamic Modelling of the Temperature Impact on Low-salinity Waterflooding Performance in Sandstones
1. [bookmark: _Toc15488679]Abstract
Low-Salinity Waterflooding (LSW) has emerged as an innovative technique to improve oil recovery. Extensive research has been devoted to providing a better-understanding of the mechanisms involved and to optimize its performance. Among those mechanisms, Multi-component ion Exchange (MIE) mechanism explains the coordination of surface complexes in a way that highlights the essence of LSW.  However, the temperature impact on LSW is still poorly understood. We used Surface Complexation Modeling (SCM) to study both oil/brine and mineral/brine interfaces up to a temperature of 150ºC. Given the heterogeneity of the oil interface, we studied three oil interfaces with varying TBN/TAN ratios (1:3, 1:1, and 3:1). We found that temperature is a critical factor in estimating the LSW performance. While temperature reduces the pH range at which LSW yields positive effect for basic oil, it shifts the pH window at which LSW has potentially negative results to lower pH values for neutral oil. In addition, the temperature magnifies the ability of LSW in enhancing the surface potential. Our results support the need of conducting experimental work at the relevant reservoir temperature to evaluate the performance of LSW.

1. [bookmark: _Toc15488680]Introduction
Brady et al. (2012) used SCM to study the performance of LSW in sandstone at different pH values and at temperatures up to 100ºC [47]. They investigated the LSW effect on both rock/brine and oil/brine interfaces. Using coordination chemistry, they studied the impact of both ion type and concentration on the complexes formed at oil/brine and rock/brine interfaces where the attraction between these complexes is used as a proxy for oil adhesion to the rock. They also introduced the concept of bond product, which represents the product of the concentration of oppositely-charged complexes on the interfaces. Consequently, high concentration product means high oil adhesion. Brady et al. (2013) extended their scope to examine the effect of kaolinite impurity and the dissolution of calcite in sandstone [48]. They found that kaolinite impurity could induce a negative charge on the kaolinite basal planes which could coordinate to the oil. Besides, the dissolution of calcite decreases the efficiency of LSW since the divalent nature of the calcium ions would trigger a number of bridges between the oil and the rock.
[image: ]








[bookmark: _Toc15488721]Fig.  8-: Important Oil/Sandstone electrostatic attraction pairs. (After Brady et al., 2012)

In another dimension, Brady et al. (2015) used SCM to investigate the impact of oil properties on LSW performance in sandstone [49]. Their results highlighted the significance of the accurate estimation of oil properties in forecasting LSW performance. Using the same approach, Brady et al. (2016) optimized the properties of fracturing fluids (pH, salinity, and hardness) to enhance oil recovery [50]. They observed that oil/rock adhesion is inversely proportional to both salinity and pH for basic crude. On the other hand, oil/rock adhesion is enhanced upon the addition of calcium ions in the case of acidic crude. Mahani et al. (2017) used SCM to estimate the electrokinetics of calcite where the surface potential of the calcite surface is calculated and validated by experimental measurements [51]. Many other studies used SCM to study fluid/rock interactions [52-56].
This work aims to provide a better understanding of the impact of temperature on LSW performance using SCM. The rest of the study is organized as follows:  in the methodology section, a brief background is presented about the modelling approach and the input parameters used; in the results section, the impact of temperature on the molecular species, LSW performance, and the surface potential is discussed; and at the end, the final remarks are summarized in the conclusions.
[bookmark: _Toc15488681] Methodology
In this section, we briefly present the thermodynamic model used along with the input parameters and model details.
[bookmark: _Toc15488682]3.1 Surface Complexation Model
Surface complexation model (SCM) describes the sorption of species from solution on the mineral surface at the equilibrium state.  The main principle is that water molecules and dissolved species form bonds with exposed lattice-bound ions at mineral surfaces [57]. While simulating the equilibrium the model takes into account the mass balance in the system including the sorption surface sites, as long as the electrical charge of the surfaces that varies greatly with pH, ionic strength, and solution composition.  These sorption site behaves much like a complexing ligand in solution, having the surface area and sites density, this gives the concentration/activity of sorption sites.  Then, using the equilibrium constants of the reactions between that site and various ions, we will have a number of mass action equations that can be solved to give the concentrations of surface species as well as those of the usual aqueous species [58]. However, as the solid phase will be charged when it becomes in contact with water, the equilibrium constants should be adjusted to account for having the sorption sites in a charged field. The electro-kinetics of the interface is described assuming either constant capacitance, double layer, or triple layer theories.  However, the double layer model is widely-used for LSW modelling due to its simplicity.  We used SCM in this study using PHREEQC [59]. 
The surface sites with the complexes that will form control the charge of the surface that could be positive or negative. A second layer that separates the sorbing surface from the bulk solution called the diffuse layer. The role of the diffuse layer is to make screening to the surface charge to achieve local charge balance [32], which means that the net charge of the diffuse layer should be opposite to the sorbing surface charge [60]. During sorption, the ions should move through a charged electrical field and react chemically at the surface, so we should take into account the electrostatic and chemical contributions to the free energy change of the reaction [60], using the following equation:
                                                              
Where G is Gibbs free energy and the subscripts tot and ads stands for total and chemical adsorption energy, Z is the charge number (unitless) of the sorbed species, F is Faraday constant, and ψ is the potential. An equilibrium constant K represents the chemical effects on free energy. Multiplying K by the Boltzmann factor, gives a complete account of the reaction’s free energy, including electrostatic effects [2], Boltzman factor:

Where, ∆z is the change over the reaction in the charge on surface species, R is the gas constant (8.3143 J mol-1 K-1), and TK is absolute temperature (K). 
 The main equations in PHREEQC are mole-balance equation, aqueous mass balance equations, activity coefficient model and saturation index. Relating the equilibrium constant for each species formation reaction after taking into account electrostatic effects to the activity product of each reaction, we can build mass action equation that will be solved in way to keep constant mass for all the components at the system and make the diffuse layer charge balance the sorbing surface [61]. The activity coefficients are calculated according to the extended Debye-Huckel equation [62],

where A and B are the temperature-dependent coefficients, whereas ai and bi are the ion-specific fitting parameters. The ionic strength, I, can be described as where Zi is the charge number of ionic species i in solution and n is the total number of ionic species i in aqueous solution.

The main equations to be solved in a SCM are mole-balance, aqueous mass balance, activity coefficient model, and saturation index.  Initially, the electrostatic effects are overlooked, where the intrinsic thermodynamic constants are used to solve the mass action and balance equations for surface reactions.  After the concentrations of surface species are determined, the surface charge and potential are estimated respectively.  Having the surface potential, we recalculate the apparent thermodynamic constant which takes into account the electrostatic effects.  Consequently, the previous steps are repeated till a convergence is achieved.
[bookmark: _Toc15488683]3.2 Sandstone Surface Reactivity
[image: ]Given the morphology of the sandstone pores, the reactive surface area is dominated by clay minerals [20]. Clay minerals possess large specific surface area which is 100-1000 times that of quartz [48, 60]. Therefore, we used kaolinite as a proxy for sandstone, which is in line with the literature [40, 47, 48]. Kaolinite minerals usually occur as discrete particles in sandstone pores as shown in Fig.2.44

[bookmark: _Toc15488722]Fig.  9-:  Kaolinite mineral presents as discrete particles in sandstone pores along with SEM images (modified after Neasham, 1977)
[bookmark: _Toc15488684]3.3 Acid and Base Number
Total Acid Number (TAN) is a measure of the quantity of base required to titrate a sample, in a specific solvent to a specific end-point, expressed in milligrams of potassium hydroxide per gram of oil [64].  On the other hand, Total Base Number (TBN) is a measure of the quantity of a specific acid required to titrate a sample, in a specific solvent to a specific end-point, expressed in milligrams of potassium hydroxide per gram of oil [65]. The TBN/TAN ratio is an essential parameter that should be identified in order to understand the interactions between the oil interface and water or rock.  Dubey et al. (1993) reported a positive correlation between the TBN/TAN ratio and both the wetting reversal pH and the isoelectric point [66]. The TBN/TAN ratio controls the wettability state of the rock since it affects the type and magnitude of charge on the oil/water interface.  This leads to a water-wet state in the case of similar charges on both interfaces or moving toward a more oil-wet condition in the case of opposite charges.
[bookmark: _Toc15488685]3.4 Model Details
We used the SCM proposed by brady and Krumhansi (2012 & 2013), where the diffuse Layer model is used to account for the interactions between the crude oil and sandstone [47, 48]. The inputs include the type and density of surface sites, water composition, and the geochemical reactions.  The parameters used in our work are adopted from Brady et al.  and are summarized at Table 1, [47]. Kaolinite surface is modeled using two surface sites, >Al-O-H and >Si-O-H. On the other hand, the oil surface contains two functional groups, namely carboxylate group and nitrogen base group. To represent the heterogeneity of oil composition, we modelled several scenarios having different concentrations of the functional groups.
In this study, the high salinity brine has 0.4 M NaCl and 5 mmol CaCl2 and represents connate water.  On the other hand, low salinity water, which represents the injected water, is diluted 20 times.  We investigated two scenarios, the native case where only connate water is in contact with the oil and rock surfaces, and the injection scenario where a mixture of connate and injected water with 5 and 95 % respectively is used.  We studied the temperature effect up to 150ºC. Three TBN/TAN ratios of 1:1, 1:3 and 3:1 are employed, Keeping the total site densities on the oil surface to be 3.34 μmol/m2.  We collected the surface potential and the concentration of surface complexes at the oil/water and rock/water interfaces, then we calculated the Bond Product Summation (BPS). After that, we estimated the difference in PBS product by subtracting the low salinity value from the high salinity one; a positive difference is equivalent to a potential for enhancement in oil [image: ]recovery.
[bookmark: _Toc15488709]Table 1:  Reaction kinetics for surface complexation model for both oil and kaolinite surfaces
[bookmark: _Toc15488686]Results
[bookmark: _Toc7396074]In this section, we discuss the impact of temperature on the complexes formed on the rock and oil interfaces, the adhesion between the interfaces, and the surface potential.
[bookmark: _Toc15488687] 4.1 Species Concentration on Oil and Rock Surfaces
[bookmark: _Hlk13457217]The main three species that form on the kaolinite surface are >Al/Si-O−, >Al/Si-O-H2+ and >Al/Si-O-Ca+, as shown in Fig. 10.   The results show that the concentration of >Al/Si-O− and >Al/Si-O-Ca+ increases with increasing the pH, whereas the concentration of >Al/Si-O-H2+ concentration is at its maximum value at lower pH values. Note that >Al/Si-O− is the dominating species over the whole range of pH with values around an order of magnitude more than the other two species, and since it is negatively changed, it is reasonable to conclude that the positive species on the oil surface will control the binding of the oil to the rock surface.  This is in line with the fact that several minerals have a negatively charged surface when they become in contact with aqueous solutions.  This negative charge is neutralized by attracting positively charged particles [23].  At the same temperature, the high salinity condition tends to have a higher concentration of >Al/Si-O− and a lower concentration of >Al/Si-O-Ca+ than the low salinity condition.  We also observed that he differences between the recorded concentrations in the cases of low and high salinity is higher at higher temperatures in most of the cases investigated in this study.  It is worth noting that the low salinity condition tends to have a higher concentration of >Al/Si-O-H2+ than the high [image: ]salinity condition at a given pH value regardless of the temperature. 
[bookmark: _Toc15488723][bookmark: _Hlk13889159]Fig.  10-:  Species concentration on kaolinite surface

On the other hand, the main three species that form on the oil surface are −COO−, −NH+ and −COOCa+ as shown in Fig.11 and 12. -NH+ is dominant at low pH values, while −COOCa+ and −COO− are dominant in case of high pH values, which is in line with the kinetics of the reactions.  For example, in case of high pH, which means a low H+ concentration, the reactions at the oil surface are directed towards the products’ side.  However, in the case of low pH, a high H+ concentration is present, and the reactions on the oil surface are directed toward the reactants’ side, which leads to high concentrations of -NH+.   In the coming sections we will discuss the trends of positive species only since they are the ones that can be attracted to the rock surface, as mentioned earlier.
In the case of oil with a TBN/TAN ratio of 1:1, shown in Fig. 11b, we observe a reduction in the concentration of -NH+ as temperature increases for any given salinity or pH condition. The concentration of -NH+ is a key factor in estimating the efficiency of LSW since it binds to the rock surface specially at low pH conditions; A lower concentration boosts the efficiency of the waterflooding operations. This is in line with Brady et al. conclusion, that low-salinity waterflooding can have a positive effect by decreasing the bridges that can form by attracting -NH+ on the oil surface to the negative sites on the rock surface [47]. 
We also note a critical pH value at which the concentration plots of -NH+ for the cases of low and high salinity overlap.   Below this value, high salinity brine yields higher concentrations of -NH+, while low salinity dominates above it.  Interestingly, this pH value is temperature-dependent, since it decreases as the temperature increases.  In lay words, higher temperature hinders the efficiency of the low salinity brine since it shrinks the pH interval over which the low salinity is effective in reducing the concentration of -NH+.  The transition point is located at the approximate pH values of 5.4, 5, 4.7 for the temperatures of 25, 75,150º C respectively.  In this case of TBN/TAN ratio of 1:1, the scenario of high salinity results in higher concentrations of -COOCa+ as shown in Fig.5b.  This could be attributed to the abundance of calcium ions.
 For TBN/TAN ratios of 1:3 and 3:1, the concentration of -NH+ follows the same trend as that observed in the case of 1:1 ratio.  However, the TBN/TAN ratio affects the critical value.  As the ratio of TBN to TAN increases, the critical pH value seems to increase at all the temperatures considered.  Note that the pH window over which low salinity waterflooding can enhance oil recovery expands for higher TBN/TAN ratios.  Regarding the concentration of -COOCa+, we observed that at low TBN to TAN ratios, higher salinity consistently results in higher concentrations for a given pH value, while at high TBN to TAN ratios, the effect of salinity on concentration is not as evident.  the effect of temperature on the concentration in this case is also [image: ]highly dependent on the salinity and pH condition.
[bookmark: _Toc15488724]Fig.  11-:  The concentration of -NH+ for different TBN/TAN, a) TBN/TAN = 1/3 b) TBN/TAN = 1/1 c) TBN/TAN = 3/1
[image: ]
[bookmark: _Toc15488725]Fig.  12-: The concentration of -COOCa+ for different TBN/TAN, a) TBN/TAN = 1:3 b) TBN: TAN = 1/1 c) TBN: TAN = 3/1
[bookmark: _Toc15488688]4.2 Bond Product Summation
According to the coordination chemistry principles, the oppositely-charged complexes formed over oil/brine and rock/brine interfaces should attract each other’s.  To study the oil adhesion to the rock, we used the bond product summation (PBS) concept, which represents the product of the concentration of oppositely-charged complexes on the oil/brine and the rock/brine interfaces.  Higher BPS translates to more oil adhesion, which is not a favorable condition for oil recovery.  In the case of a TBN/TAN ratio of 3:1, the dominant concentration product is [-NH+][>Al/Si-O−], as shown in Fig. 13 for the case of 3:1 TBN/TAN ratio at 50ºC . We estimated the difference in PBS between low and high salinity water at different conditions of temperature and pH. This difference is used to create diagnostic maps as shown in Fig. 14, where we blue-colored the regions that lead to positive impact for LSW and orange-colored the negative ones. Positive impact for LSW is observed for most of the pH and temperature conditions in the case of acidic oil (TBN to TAN ratio of 1:3), except for a small region around a pH of 5 and a temperature higher than 120ºC. On the other hand, we observed a channel of negative impact separating positive impact regions for oil with a TBN to TAN of 1:1.  This channel comprises of high pH conditions at low temperature and low pH conditions at high temperature.  For the basic oil, we mainly observed positive impact at low pH conditions. The detailed graph that used to generate the diagnostic map are presented in the appendix.
[bookmark: _Toc15488689]4.3 Surface Potential
We observed a reduction in the magnitude of the surface potential as the salinity increases for all surfaces, which is consistent with experimental observations [32]. The difference between the surface potential at low and high salinity is presented in figure Fig.8 for both rock and oil surfaces.  Regarding the rock surface, the temperature is enhancing the low-salinity to magnify the potential for all pH. However, the extent of the salinity impact on the surface potential is dependent on the pH. We took into account the heterogeneity of the oil composition by considering three interfaces with TBN/TAN ratio of 1/3, 1/1 and 3/1. The temperature enhances the low-salinity effect at higher pH and diminishes it at lower pH. Acritical effect is observed for the temperature on the low-salinity effect for the basic crude. For instance, at low temperature similar effect is observed for both PH of 4 and 8, and pH of 7 and 5.  However, at higher temperature, this effect was weakened for both pH of 4 and 5 and enhanced  for  both 7  and  8.   In  a  broad  view,  the  temperature  would  enhance the performance of the low-salinity floods for all cases except cases with lower pH of 4 and 5.

[image: ][image: ]
[bookmark: _Toc15488726]Fig.  13[image: ]-:  The bond product between the different molecular species at 50ºC for a) TBN/TAN= 1:3 b) TBN/TAN = 1:1 c) TBN/TAN = 3:1 (the right) and the summation of all three significant concentration products observed (the left)


[bookmark: _Toc15488727][image: ]Fig.  14-:  The difference between the bond product summation for low and high salinity. The blue color indicates positive impact for low salinity while the orange refers to negative impact.  a) TBN/TAN = 1/3 b) TBN/TAN = 1/1 c) TBN/TAN = 3/1
[image: ][image: ]
[bookmark: _Toc15488728]Fig.  15:  The impact of temperature on the difference in surface potential between the low salinity and high salinity cases (low minus High) for a) oil with TBN: TAN = 1:1, b) oil with TBN:TAN =3:1, c) kaolinite and d) oil with TBN:TAN = 1:3 and 
[bookmark: _Toc15488690]Comparing to experirmetal results
The experimental results used in this section doesn’t have the same exact conditions used in the thermodynamic modeling, they are used to show that the conclusions we got from our model is comparable to what is present in the literature.
· Core-flooding experiment from Aghaeifar et al. (2015): core-flooding result is shown in Fig. 16. The oil used in this experiment is a basic oil with TBN and TAN equal to 1.17 and 0.25 mg of KOH/g respectively. High salinity formation water was injected at a secondary recovery mode, then sea water, after that 50 times diluted sea water. No LSE was witnessed in this case, where the displacement temperature was 110ºC. This is inline with the results from our model, which shows that for a system that has a basic oil, LSE can be witnessed only in case of low pH brine solutions. 
[image: ]








[bookmark: _Toc15488729]Fig.  16 Core-flooding test for a sandstone reservoir core at 110°C. (After Aghaeifar et al. 2015)

· Core-flooding experiment from Cissokho et al. (2010): core-flooding result is shown in Fig. 17. The crude oil used in this experiment was also a basic oil with TBN and TAN equal to 0.95 and 0.17 mg of KOH/g respectively. The results show a similar trend to our model for the basic oil. For a certain brine solution with a specific pH value, increasing the temperature could result in a great decrease in the LSE or even diminishing the LSE. This trend is depicted in the surface map for BPS difference for basic oil in Fig. 14C.
[image: ]












[bookmark: _Toc15488730]Fig.  17 Core-flooding test from a sandstone outcrop core at different displacing temperatures. (After Cissokho et al. 2010)

[bookmark: _Toc15488691]Conclusion
We used a thermodynamic modelling approach to investigate the impact of temperature on the performance of LSW. The following remarks summarize the main findings observed:
· Temperature enhances the concentration of the -NH+ complex on the oil interface for all TBN/TAN ratios studied.  On the other hand, it reduces the concentration of the-COOCa+ complex. For the kaolinite surface, the concentration of >Al/Si-O− and >Al/Si-O-Ca+ are amplified, while non-monotonic impact is observed for >Al/Si-O-H2+.
· Limited impact is observed for temperature on acidic oil.  However, the temperatures steadily shift the pH window at which the LSW is negatively affecting the oil recovery to lower values in the neutral oil.  For the basic oil, the temperature decreases the pH region at which LSW is positively affecting the oil recovery.
· The temperature mostly magnifies the LSW in enhancing the surface potential of both oil and kaolinite surface.
· This work highlights the significance of considering temperature in both conducting lab experiments or designing field project.  The natural extension of the current work includes studying other solid surfaces while considering dynamic conditions






[bookmark: _Toc15488692]Chapter IV: Experimental Investigation of Temperature Effect on low-Salinity Waterflooding in Sandstones 
1. [bookmark: _Toc15488693]Introduction
The number of studies devoted to investigating the impact of temperature on LSW doesn’t reflect the attention paid for this promising technique over the last three decades. Furthermore, the conclusions derived from those studies are in some cases controversial. The different conclusions could be attributed to the complexity of LSW, as any difference in the properties, or even small change in the procedure followed from one core sample to another can greatly affect the results. In previous studies, the temperature effect was investigated by performing several core-flooding tests at different temperatures for similar core samples, or by applying incremental increase on the displacing temperature during the core-flooding experiment. We think that those core-flooding workflows cannot give the most accurate results. Hence, we devise a new experimental workflow that we believe can produce more accurate results.
In this study, LSW was investigated at room temperature and at 55ºC. At the beginning, sandstone core fully saturated with crude oil was flooded using the same high salinity brine at the same aging temperature (55ºC). After that, low salinity brine was injected at a tertiary recovery mode at the same displacing temperature until the crude oil production ceased. Then, the displacing temperature was lowered to 25ºC and the oil recovery was monitored. After that, two core samples saturated with both high salinity brine and crude oil were flooded the same previous way. Then, another two core samples also saturated with both high salinity brine and crude oil were flooded the same way except that there was no high salinity brine injection at the beginning. We believe that this workflow can provide more accurate conclusions about the impact of temperature on LSW, as it can determine whether an exothermic reaction, discussed in some details in chapter 2 section 3.2, is responsible for releasing oil from sandstone surface, which is one of the mechanisms proposed in the literature, or not. As, increasing the displacing temperature by itself increases the recovered oil, so any additional oil recovery cannot be attributed to the temperature impact on LSW, and comparing the oil recovered from two similar core samples flooded at low and high temperatures might not be conclusive due to the complexity of mechanisms governing LSW. Whereas, increasing oil recovery with decreasing the displacing temperature, gives a direct indication that high temperature suppresses the LSE.
1. [bookmark: _Toc15488694]Methodology
5. [bookmark: _Toc15488695]Rocks
	Mineral
	Quartz
	Illite
	Kaolinite
	Pyrite
	Mixed Clay
	Albite
	Siderite
	Apatite
	Aragonite

	Percentage
	70
	0.5
	1.5
	4
	7
	12
	2.5
	0.5
	2


         Gray Berea sandstone was used in this study. The mineral composition was determined using FTIR. The mineral composition was measured for five samples that were taken from different locations from the sandstone block. Averaged mineral composition is presented in Table 2.
[bookmark: _Toc15488710][bookmark: _Hlk14064415]Table 2:  Mineral composition of sandstone samples used.
[image: ]Cylindrical samples were cut from a sandstone block. Porosity and air permeability for used sandstone core samples were measured using CoreTest Automated Permeameter/Porosimeter AP608, shown in Fig. 18 Measured properties of sandstone cores are presented in Table 3.   






[bookmark: _Toc15488731]Fig.  18: CoreTest Automated Permeameter/Porosimeter AP608
	Core 
	Length, Inch
	Diameter, Inch
	Initial. Oil saturation
%
	Initial Water saturation %
	Porosity, %
	Air permeability, md
	Aging Temp,
ºC

	GB-01
	1
	1
	100
	0
	19.24
	209.5
	55

	GB-02
	1
	1
	100
	0
	19.24
	209.5
	55

	GB-03
	3
	1
	100
	0
	19.04
	202
	55

	GB-04
	3
	1
	71.9
	28.1
	19.01
	196.5
	

	GB-05
	3
	1
	72.6
	27.4
	18.64
	176
	55

	GB-06
	3
	1
	70.7
	29.3
	19.08
	177.8
	55

	GB-07
	3
	1
	66.6
	33.4
	18.9
	195.6
	55


[bookmark: _Toc15488711]   Table 3:  Dimensions and physical properties of sandstone core samples.

5. [bookmark: _Toc15488696]Fluids
[bookmark: _Hlk13890704]Crude oil  from a wellhead in midland, Texas was used in this study. Measured properties of crude-oil are listed in Table 4. TBN and TAN of crude-A were measured using Metrohm auto-titrator (model 848) tritino plus with a solvotrode electrode, shown in Fig. 19, according to the procedures in ASTM D664 and D2896. Viscosity of the crude oil was measured at 25ºC and 55 ºC using Anton Paar Rheometer MCR-72, shown in Fig. 20.  Viscosity of crude oil was measured to be 3 cp at 55ºC. Two brines with different salinities were prepared to represent high and low salinity, the concentration and composition of used brines are listed in Table 5. The salts used to prepare the brines are from are from Sigma-Aldrich.
	Density (g/cc)
	Viscosity (cP)
	TAN (mgKOH/g)
	TBN (mgKOH/g)

	0.8489
	12
	0.115
	0.56





[bookmark: _Toc15488712]Table 4:  Measured Crude-oil properties at 25ºC.
	Brine
	Concentration g/l
	NaCl (%W)
	CaCl2 (%W)
	[bookmark: _Hlk14071252]2-Acrylamido-2-methylpropanesulfonic acid, (%W)

	High salinity brine (HB)
	50
	90
	10
	0

	Low salinity brine (LB)
	1
	95
	5
	0

	Slick water
	7
	0
	0
	100


[bookmark: _Toc15488713]  Table 5:  Concentration and composition of brines.

[image: ]

[bookmark: _Hlk13892817]














[bookmark: _Toc15488732]Fig.  19: Metrohm autotitrator (model 848) tritino plus with two exchangeable units, and a solvotrode electrode

[bookmark: _Toc15488697]2.3 Saturation process.
The dry weight of each core-sample was recorded, then the following steps were followed:
· Cores saturated with Crude oil only: Cores were vacuumed using a vacuum pump for at least 4 hours, after that the crude-oil was introduced to the cores. The weight of the core after saturation was recorded and compared to the dry weight to confirm that the core is 100% saturated.
· Cores Saturated with both Brine and Crude oil: Cores were vacuumed using a vacuum pump for at least 4 hours, then high salinity brine (HB) was introduced to the core sample. Then, the weight of brine-saturated sample was recorded. After that, the core was placed in the core-holder and the same HB was injected at different flow-rates (1, 1.5, and 2 cc/min), where the liquid permeability was calculated at each flowrate. Next, crude oil was injected into the core for at least 5 pore volumes and until no further brine was produced. The weight difference was used to determine the residual brine saturation and oil saturation.  After that, the cores were kept in crude oil at the required temperature for two weeks for aging.
The Vacuum cell used in the saturation process is shown in Fig. 21, whereas the injection process where implemented using the core-flooding set-up shown in Fig. 23.
[image: ]



















                                          
[bookmark: _Toc15488733][bookmark: _Hlk14064112] Fig.  20: Anton Paar, MCR-72 Rheometer.
[bookmark: _Toc15488698]2.4 Imbibition setup
Amott cell was used for imbibition tests, where sandstone cores saturated with crude-oil was placed in brines with different salinities. The volume of the recovered oil from each core sample was monitored over time. Amott cell used is shown in Fig. 22.


[image: ]
[bookmark: _Toc15488734] Fig.  21: Vacuum saturation cell.
[bookmark: _Toc15488699]2.5 Core-flooding setup
[bookmark: _Hlk13716008]The core-flood setup consists of one core holder, three accumulators (for crude oil, low salinity brine and high salinity brine), and four ISCO pumps (three of them are to control the injection rate from each accumulator and the fourth is to apply the confining pressure to the core-holder). The core-holder is placed inside an oven which is adjusted to the required temperature. The connections that transmit different injected fluid was made in the form of coils, in order to increase the path and ascertain that the fluid reach the required temperature before reaching the core sample. The pressure at the inlet was recorded using pressure transducer, where the pressure at the outlet was kept at atmospheric pressure. During each core-flooding test, the confining pressure adjusted to be 1500 psi. Schematic of the used core-flooding setup is shown in Fig. 23.
[image: ]










[bookmark: _Toc15488735]   Fig.  22: Amott cell used for imbibition tests.
[bookmark: _Toc310579474][bookmark: _Toc15488700]Results
[bookmark: _Toc15488701]3.1 Imbibition results
We used two similar core GB-02, and GB-03 for imbibition tests.  GB-02, and GB-03 were saturate with crude oil only and kept aging in crude oil for 7 weeks.  The imbibition test was done before the core-flooding test, to give an indication about the best brine concentrations to be used in the core-flooding experiment. 
· Core sample GB-01, kept it in a high salinity brine (HB) for three days and the oil recovery monitored, there was no oil recovered along this time. Then, we put it in a low salinity brine (LB) with added 0.7% by weight friction reducer (2-Acrylamido-2-methylpropanesulfonic acid), to expedite the imbibition process, and again there was no oil recovered during the whole time.
[bookmark: _Toc15488736][image: ]                                       Fig.  23: Schematic of the core-flooding setup

· Core sample GB-02, the sample was kept in slick water for 3 days, and there was very low oil recovery. However, the volume of the recovered oil was very low to track and record over time. As a result, we decided to go on with the LB with the given concentration as it is on the lower end of the LSW salinity range.
[bookmark: _Toc15488702]3.2 Core-flooding results.
· Core sample GB-03: the sample was saturated with crude-oil only and kept in crude oil for aging for 7 weeks at 55ºC. The core sample was flooded first with HB at 55ºC till no more oil was produced. Then, flooded with LB at the same displacing temperature, after that, the oven was turned off and the LB injection was kept running. Total oil recovery during HB injection at 55ºC was 75.5% from the original oil in place. Then, the recovery from LB injection at 55ºC was very low, around 1%. Then, when the temperature lowered to 25 ºC, there was no more oil recovery noticed.
[image: ]
[bookmark: _Toc15488737] Fig.  24: Oil recovery and pressure drop of injecting high salinity brine in the secondary mode at 55ºC, and low salinity brine in the tertiary mode at 55ºC, then low salinity brine at 25ºC, core GB-03.

· Core sample GB-04: The same core-flooding workflow implemented for GB-04 was applied on this core sample. The only difference is that the core sample was saturated with both HB and crude oil and kept in crude oil for aging for two weeks. The recovery factor for the HB injection was about 69%. No increase in the oil recovery was witnessed when low salinity brine was injected in the tertiary recovery mode. Also, decreasing the temperature to the room temperature didn’t have any impact on oil [image: ]recovery. 
[bookmark: _Toc15488738]Fig.  25: Oil recovery and pressure drop of injecting high salinity brine in the secondary mode at 55ºC, and low salinity brine in the tertiary mode at 55ºC, then low salinity brine at 25ºC, core GB-04

· Core sample GB-05: The saturation and aging for this core sample was like GB-04. The same core-flooding workflow implemented on GB-05 was followed, However, the pH value for the LB was lowered to 3 by adding 10% HCL solution to LB.  During HB injection, oil recovery reached about 74.2%. Then, a very slight amount of oil was recovered during LB injection, this amount is equivalent to about 0.8% from original oil in place. The rapid increase in the pressure indicates rock damage. 
[bookmark: _Hlk15320968][bookmark: _Toc15488739]Fig.  26[image: ] Oil recovery and pressure drop of injecting high salinity brine in the secondary mode at 55ºC, and low salinity brine, with pH of 3, in the tertiary mode at 55ºC, core GB-05.

Going through the previous results, the effect of LSW was not witnessed or in some cases were very slight. One factor that might hinder having any impact for LSW is the relatively high recovery factor obtained by high salinity brine injection.  As a result, we injected low salinity brine in a secondary recovery mode, in order to compare to the case of high salinity, and to investigate the impact of temperature on LSW in case of secondary recovery.  

· Core sample GB-06 & GB-07: For these two core samples, we injected LB in the secondary recovery mode. For core GB-06, the displacement temperature was 25 ºC. After injecting around 7.5 pore volumes, the oil recovered was about 45.4% from the 
[bookmark: _Toc15488740][image: ]Fig.  27 Oil recovery and pressure drop of injecting low salinity brine in the secondary mode at 25º, core GB-06.
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[bookmark: _Toc15488741]Fig.  28 Oil recovery and pressure drop of injecting low salinity brine in the secondary mode at 55ºC, followed by low salinity brine injection at 25 ºC, core GB-07.
original oil in place. For core GB-07, the displacement temperature was 55 ºC, then when no more oil recovered, the temperature lowered to 25 ºC. The recovery factor was slightly higher than the room temperature case, with a recovery factor round 48.52%. Also, when shifting to a lower temperature no increase in the oil recovery was witnessed.
[bookmark: _Toc15488703]3.3 Discussion.
In general, LSW didn’t show a perceptible impact on oil recovery in the tertiary recovery mode. In case of using LB without modifying the pH of the brine solution, there was a slight increase in the recovery factor, around 2%, for the core sample fully saturated with crude oil. Whereas, no enhancement was noticed in case of the core sample saturated with both HB and crude oil. On the other hand, in case of injecting LB in a secondary recovery mode, the recovery factor was 45.4% and 48.5 % for GB-06 and GB-07 respectively. Which is much lower than the oil recover factor reached due to the injection of HB in a secondary recovery mode, which was in the vicinity of 70% for GB-03, GB-04 and GB-05. Also, lowering the temperature from 55ºC to room temperature didn’t show any increase in the oil recovered for cores GB-03, GB-04 and GB-07. However, we believe that this is not an enough evidence to conclude that there is no exothermic reaction responsible for having LSE, since in GB-03 and GB-04 the oil recovery factor after the injecting HB was relatively high. Also, for core GB-07, LB was injected at the low temperature for about 2 pore volumes, which might not be enough to derive such a conclusion as it has been mentioned in the literature that this exothermic reaction is a slow reaction, so it is recommended that for the future work this step should be done for at least 5 pore volumes. In addition, comparing the results from GB-06 and GB-07, it is noticed that increasing the temperature from 25ºC to 55 ºC increased the oil recovery factor by about 3%. Also, the increase in the temperature increased the percentage of oil recovered before the water breakthrough.
[bookmark: _Toc15488704]3.4 Conclusion
The conclusions from the experimental work is summarized in the following points:
· LSE was not witnessed in a tertiary recover mode. Nevertheless, no solid conclusion could be derived from the experimental results due to the relatively high oil recovery reached after injecting HB in the secondary recovery mode.
· LSW is not favorable for our system of Crude Oil/Brine/Rock in a secondary recovery mode.
· LB with decreased pH value didn’t show a perceptible enhancement in the oil recovery.
· For LSW in a secondary recovery mode, the higher the displacing temperature the more oil recovered.











[bookmark: _Toc15488705]Chapter V: Conclusions and Recommendations
1. [bookmark: _Toc15488706]Conclusions
SCM can be used to qualify the effectiveness of LSW in sandstone at different temperatures. Results obtained from SCM suggest that temperature has an impact on LSW in sandstones. However, this effect is dependent on the Crude-oil/Brine/rock system. Temperature effect is more tangible in systems that have neutral or basic crude oil. On the other hand, no perceptible effect was noticed in the case of acidic crude oil. In the pH range that is normally encountered in oil reservoirs, the temperature increase has a negative effect on oil recovery by in case of basic oil, as it decreases the range of pH over which LSW can be productive. On the other hand, the results for the neutral oil indicates that LSW can be productive at high pH at low temperatures. Whereas at higher temperatures, LSW is effective at lower pH. These results ascertain that any experimental work implemented to assess the effectiveness of LSW project should be done at relevant reservoir temperature, as experiments at low temperatures might be greatly different.
 Experimentally, LSW didn’t show a perceptible impact in a tertiary recovery mode at 55ºC. On the other hand, LSW seems to be not effective in a secondary recovery mode compared to high salinity brine injection for our Crude Oil/Brine/Rock. Our results from core-flooding are not conclusive enough to derive a conclusion about the involvement of an exothermic reaction in the mechanism responsible for having LSE. 
2. [bookmark: _Toc15488707]Recommendations
The following are recommended future work for the thermodynamic modelling of LSW:
· Accounting for impurity of Kaolinite that could happen in nature, which could make the oil adhere to the basal planes as well as kaolinite edges
· Considering other clay minerals as a proxy for sandstone like illite.
· Apply SCM on carbonate to investigate the effect of temperature on LSW.

The following are recommended future experimental work to further investigate the effect of temperature:
· Using a different combination of Crude oil and rock that shows a noticeable LSE, this would be the best system to investigate the temperature effect.
· Investigating the effect of crude oil composition heterogeneity by using different oil with varying TBN and TAN.
· Examining the effect of formation brine by having different total salinity and salt composition and simulate real formation brines.
· Sandstones that have different clay content could  be used.
· Elevated temperature above 100ºC can be tried to simulate the case of high temperature reservoirs.
· The same core-flooding workflow can be used with carbonates core to experimentally investigate the temperature effect on LSW. 
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Fig.  A.1:  The bond product Summation for high and low salinity at 25ºC, for 
TBN/TAN = 1:3
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Fig.  A.2:  The bond product Summation for high and low salinity at 50ºC, for 
TBN/TAN = 1:3

[image: ]
        Fig.  A.3:  The bond product Summation for high and low salinity at 75ºC, for 
TBN/TAN = 1:3
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Fig.  A.4:  The bond product Summation for high and low salinity at 100ºC, for 
TBN/TAN = 1:3
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      Fig.  A.5:  The bond product Summation for high and low salinity at 125ºC, for TBN/TAN = 1:3
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Fig.  A.6:  The bond product Summation for high and low salinity at 150ºC, for 
                                                            TBN/TAN = 1:3

[image: ]Fig.  A.7:  The bond product Summation for high and low salinity at 25ºC, for 
          TBN/TAN = 1:1
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Fig.  A.8:  The bond product Summation for high and low salinity at 50ºC, for 
           TBN/TAN = 1:1




[image: ]   Fig.  A.9:  The bond product Summation for high and low salinity at 75ºC, for 
                                                     TBN/TAN = 1:1
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  Fig.  A.10:  The bond product Summation for high and low salinity at 100ºC, for 
                                                   TBN/TAN = 1:1





[image: ]Fig.  A.11:  The bond product Summation for high and low salinity at 125ºC, for 
                                                             TBN/TAN = 1:1
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Fig.  A.12:  The bond product Summation for high and low salinity at 150ºC, for 
                                                             TBN/TAN = 1:1






[image: ]          Fig.  A.12:  The bond product Summation for high and low salinity at 25ºC, for 
                                                             TBN/TAN = 3:1
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	Fig.  A.13:  The bond product Summation for high and low salinity at 50ºC, for 
                                                             TBN/TAN = 3:1
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[bookmark: _Hlk13743099]	Fig.  A.14:  The bond product Summation for high and low salinity at 75ºC, for 
                                                             TBN/TAN = 3:1
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[bookmark: _Hlk13743175]           Fig.  A.15:  The bond product Summation for high and low salinity at 100ºC, for 
                                                                TBN/TAN = 3:1


[bookmark: _Hlk13743264][image: ]          Fig.  A.16:  The bond product Summation for high and low salinity at 125ºC, for 
                                                                TBN/TAN = 3:1
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          Fig.  A.17:  The bond product Summation for high and low salinity at 150ºC, for 
                                                                    TBN/TAN = 3:1
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