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Abstract

:

Nanofluids have attracted significant research interest for their promising application in enhanced oil recovery. One striking feature leading to the outstanding efficiency of nanofluids in enhanced oil recovery is the structure of nanoparticles, which induces oscillatory structural forces in the confined space between fluid–fluid interfaces or air–liquid and liquid–solid interfaces. To promote the understanding of the oscillatory structural forces and their application in enhanced oil recovery, we reviewed the origin and theory of the oscillatory structural forces, factors affecting their magnitude, and the experimental techniques demonstrating their impacts on enhanced oil recovery. We also reviewed the methods, where the benefits of nanofluids in enhanced oil recovery provided by the oscillatory structural forces are directly manifested. The oscillatory structural forces promote the wetting and spreading of nanofluids on solid surfaces, which ultimately enhances the separation of oil from the reservoir. Some imbibition tests demonstrated as much as 50% increased oil recovery, compared to the cases where the oscillatory structural forces were absent.
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1. Introduction


In recent years, the use of nanoparticles in upstream oil production has become increasingly popular [1,2]. In addition to their use in drilling and completion, production and flow assurance, and reservoir sensing, nanoparticles have found a promising use in enhanced oil recovery—mainly as wettability-alteration agents and foam-stabilization agents.



One encouraging application of nanoparticles in enhanced oil recovery is to promote oil displacement from reservoir rock surfaces to enhance oil recovery. The most popular mechanism is wettability alteration, which is the process of altering reservoir rock surface from oil-wet to intermediate-wet or water-wet for easier displacement of oil from the reservoir [3]. Numerous articles have reported the high efficiency of nanoparticles in wettability alteration [3]. Some researchers have adopted the wettability alteration mechanisms of surfactants to explain the wettability alteration using nanoparticles. For example, Alzobaidi et al. [4] explained that cationic nanoparticles alter the wettability by desorbing the anionic organics from the carbonate surface, by adsorbing them onto their surface—an analogue to the ion-pair mechanism for cationic surfactants proposed by Salehi [5]. The anionic nanoparticles alter the carbonate’s wettability by competing with the anionic organics for the positively charged adsorption sites on the carbonate surface. The wettability alteration mechanism for nonionic nanoparticles is classified as hydrogen bonding [6], and the van der Waals interaction takes place with the carbonate surface as well as organic acids. While these mechanistic understandings to some extents have theoretical and experimental grounds, one important wettability alteration mechanism using nanoparticles is often missing or not properly understood: the oscillatory structural forces resulting from the nanoparticles’ self-layering under the confinement of the fluid–fluid and fluid–solid interfaces. For an aqueous phase displacing oil from a solid surface, there will be a confined wedge film between the three-phase contact region when the water-phase contact angle is small. It is a well-known phenomenon that under confinement, nanoparticles self-organize into an ordered and layered structure [7], which gives rise to an oscillatory structural pressure normal to the fluid–fluid interface. The oscillatory structural pressure is higher at the vertex of a confined wedge film than that close to the bulk meniscus (see Figure 1). This oscillatory structural pressure gradient notably strengthens the wetting and spreading of nanofluids [7], facilitating the removal of oil from solid substrates [8].



Another important challenge in foam-enhanced oil recovery is foam stability under reservoir conditions, for which nanoparticles are very efficient, via either the Pickering emulsion mechanism with partially hydrophobic nanoparticle adsorption at the interface [9], or confinement-induced stabilization with hydrophilic nanoparticles crowding in the foam’s lamella [10]. Nanoparticles stabilizing foams via the Pickering emulsion mechanism have been studied in detail [11]. A brief summary of the Pickering emulsion mechanism is that the irreversibly adsorbed, partially hydrophobic nanoparticles at the interface increase the surface pressure and enhance the viscoelasticity of the interface [12]. The increased viscoelasticity is beneficial for slowing the liquid drainage in the foam’s lamella and film rupture. Moreover, based on the Gibbs criteria, once the dilational modulus is larger than half the interfacial tension, the coarsening of the foam bubbles will be effectively arrested [13]. Hydrophilic nanoparticles can also stabilize the foam, albeit in a very different scenario and via a different mechanism. Although hydrophilic nanoparticles do not meaningfully adsorb at the interface, their presence in the foam’s lamella (which is a confined space) leads to the self-layering of the nanoparticles, producing an oscillatory structural pressure retarding the thinning of the foam’s lamella [14].



Recently, there have been articles on the theory and application of the oscillatory structural forces, but there is no comprehensive review of the nature of the oscillatory structural forces, techniques quantifying them, or methods demonstrating their benefits in practical applications—particularly in enhanced oil recovery. Therefore, this work pinpoints the remarkable role of the oscillatory structural forces in enhanced oil recovery using hydrophilic nanoparticles, via wettability alteration by means of enhanced spreading of the nanofluid and foam stabilization. After illustrating the origins of the oscillatory structural forces, the affecting factors are discussed in detail. In addition to the theory on the oscillatory structural forces, this work reviews the experimental techniques demonstrating them. Most importantly, the techniques visualizing the benefit of hydrophilic nanoparticles in enhanced oil recovery are presented. This work provides an overview of the theory and techniques behind utilizing the oscillatory structural forces caused by nanoparticle self-layering under confinement in enhanced oil recovery. The presented theory and techniques guide the application and optimization of the nanofluids with hydrophilic nanoparticles for the maximum benefit in enhanced oil recovery.




2. Theory of the Oscillatory Structural Forces


2.1. Origin of the Oscillatory Structural Pressure


The oscillatory structural pressure originates from the difference between the excluded volume of the particles in the bulk and of those at the vicinity of the surface of a smooth solid wall, as illustrated in Figure 2. Assuming that the particles have a uniform diameter of d and volume of    v p   , the excluded volume around each particle in the bulk is   8  v p   . In the fluid with a volume of  V , the total free volume    V F    is given by    V F  = V  (  1 − 8  v p  n  )  ,   with  n  being the numerical concentration of the particles. In an elementary volume   d V  , the free volume is   d  V F  = d V  (  1 − 8  v p  n  )   . The possibility of finding a particle in any space in the bulk is    W b  =   d    V F   V  =   d V  V   (  1 − 8  v p  n  )   . Similarly, the possibility of finding a particle at the wall surface is    W w  =   d V  V   (  1 − 4  v p  n  )   . Since the ratio of the two possibilities      W w     W b    =   1 − 4  v p  n   1 − 8  v p  n   > 1  , the possibility of finding a particle near the wall is greater than that in the bulk. In other words, the density of particles close to the wall surface is greater than that in the bulk.



The same phenomenon exists in many colloidal systems close to the interfaces (air–liquid, liquid–liquid, liquid–solid, or air–solid)—the particles have a greater density than in the bulk. When two surfaces approach one another, the excluded volume effect becomes more significant. As a consequence, particles confined between two interfaces self-organize into an ordered structure (Figure 2b) compared to the random packing in the bulk, similar to the pure liquid molecules confined between two walls [15]. When the degree of confinement is sufficient (i.e., the distance between the two confining surfaces is small enough), the nanoparticles even form an in-layer structure [16]. The local density of the nanoparticles oscillates with the distance from the surface, resulting in an oscillatory structural pressure exponentially decaying with distance between the two confining surfaces.




2.2. Theoretical Calculation of the Oscillatory Structural Pressure


2.2.1. Analytical Expressions Derived from the Radial Distribution Function


Trokhymchuk et al. [17] developed an analytical solution for the oscillatory structural pressure based on the radial distribution function for two large, hard spheres with diameter 2R, dispersed in a fluid of the smaller hard spheres with diameter d. For the cases d << 2R, the surface of the two large spheres can be approximated as two parallel flat surfaces from the view of the small spheres. The scenario is thus useful in simulating the oscillatory structural disjoining pressure resulting from the confinement of particles between two flat surfaces. Under this condition, with the help of the Ornstein–Zernike relation for the direct and total correlation functions, the macroparticle radial distribution function can be calculated [18,19] with an exact expression derived from statistical mechanics [20]. Limiting the calculations to the Percus–Yevick (PY) theory for correlation functions, and using the Laplace transformation, the simple equations for the film interaction energy    W  s t    ( h )    and the oscillatory structural pressure      ∏    s t    ( h )   , as a function of the particle effective volume fraction  ϕ , particle effective diameter    d e   , and film thickness  h , are derived as follows:


      ∏    s t    ( h )  =    ∏   0  cos  (  ω h +  φ 1   )  exp  (  − κ h  )  +    ∏   1  exp  [  − δ  (  h −  d e   )   ]      for   h ≥  d e    



(1a)






      ∏    s t    ( h )  = −  P ¯      for   0 < h <  d e    



(1b)






    W  s t    ( h )  =  W 0  cos  (  ω h +  φ 1   )  exp  (  − κ h  )  +  W 1  exp  [  − δ  (  h −  d e   )   ]      or   h ≥  d e    



(2a)






    W  s t    ( h )  =  P ¯   (   d e  − h  )  − 2  σ ¯        for   0 < h <  d e    



(2b)







In Equations (1) and (2),      ∏   0   ,      ∏   1   ,    W 0   ,    W 1   ,  ω ,    φ 1   ,  κ , and  δ  are parameters depending on the nanoparticle volume fraction ϕ.   P ¯   is the bulk osmotic pressure estimated by the Carnahan–Starling equation [21]. Trokhymchuk et al. [17] provided the expression and numerical coefficients, estimating their values using cubic polynomial fitting. The film interaction energy    W  s t    ( h )    and the oscillatory structural pressure      ∏    s t    ( h )    were calculated with a known diameter of the nanoparticles and the volume fraction of the nanoparticles using Equations (1) and (2). Figure 3 illustrates the magnitude and oscillatory nature of the oscillatory structural pressure at different film thicknesses estimated using the analytical solution in Equation (1).



Under strong confinement, where nanoparticles are only allowed to form one or two layers, the nanoparticle forms an in-layer structure [16]. However, the analytical method overlooks the impact of the in-layer structure on the film energy and the oscillatory structural pressure. Other than the overlooked in-layer structure, the analytical approaches by Trokhymchuk et al. [17] estimated the osmotic pressure using the Carnahan–Starling equation, which may not be applicable to structured fluids.




2.2.2. Contact Angle Approach


The approach of using the measured macroscopic contact angle to estimate the film interaction energy and the oscillatory structural pressure dates back to the work of Bangham and Razouk [22], who considered the effect of an adsorbed Langmuir monolayer in contact with the main meniscus on the macroscopic contact angle    θ  e q     of a droplet sitting on an ideal solid. They proposed the following relationship for the free energy    W  s / g     of the solid–vapor interface and equilibrium contact angle    θ  e q    :


   W  s / g   = R T   ∫   p = 0    p g    Γ d ln p +  γ  g / l   cos  θ  e q    



(2)




where    p g    is the vapor saturation pressure of the liquid at the experimental temperature  T ,  Γ  is the adsorption per unit area,    γ  g / l     is the liquid surface tension, and  R  is the gas constant. With the contribution of the liquid film on the solid in contact with the droplet, Frumkin [23], Derjagun [24], De Gennes [25], and Churaev [26] later proposed a model that could be used to explain the role of the surface forces in wetting and spreading. These authors proposed the following relationship for the contact angle and the film free surface energy:


   γ  g / l   cos  θ  e q   =  γ  g / l   +   ∫    h 0     h ∞     ∏   ( h )  d h +  P γ   h  e q    



(3)




where the integral takes into consideration the effect of the liquid free film energy on the solid, and the third term is the energy of the liquid meniscus on the solid at an equilibrium film thickness    h  e q     with a capillary pressure    P γ   .    ∏   ( h )    is the film’s disjoining pressure isotherm, and the film’s stability is governed by the criteria    P γ  =  ∏   ( h )    and     d  ∏   ( h )    d h   > 0  . Equation (4) can be simplified into Equation (3) in the limiting case of monomolecular adsorption on a solid surface. Equation (4) for the film free energy does not take into consideration the molecular 2D self-layering in the wetting film confined between the solid–fluid and fluid–fluid interfaces in the contact region.



We proposed Equation (5) [27] to calculate the free nanofilm energy, taking into consideration the fact that the nanofilm has a multilayered structure, and applied the osmotic pressure to calculate the nanofilm free energy [28]:


   W  s t   =   ∫  h ∞   P  o s m   f i l m    ( h )  d h +  P γ   h  e q   = A cos (   2 π h  d  ) exp ( −  h d  ) = γ  (  cos  θ  e q   − 1  )   



(4)




where    P  o s m   f i l m     is the osmotic pressure in the nanofluid film and  γ  is the interfacial tension between the two fluids. The term   A cos (   2 π h  d  ) exp ( −  h d  )   considers the oscillatory decay nature of the nanofilm free energy    W  s t     with the increasing film thickness  h , scaled by the particle diameter  d . The amplitude  A  of the oscillatory decay is an energy-scaling parameter with the definition of the structural stabilization barrier of the equilibrium nanofilm with the corresponding equilibrium three-phase macroscopic contact angle    θ  e q    . Since the in-layer nanofilm on a solid is usually stable [10], the amplitude  A  is calculated using the measured equilibrium three-phase macroscopic contact angle at a known number of particle layers. With an estimated  A , Equation (5) allows for the calculation of the film energy as well as the oscillatory structural pressure and the prediction of the values of the macroscopic three-phase contact angle of the nanofilm with different numbers of layers. The details of using this approach to estimate the film energy and oscillatory structural pressure with the measured equilibrium contact angle are presented in our previous work [27,29].



Equation (5) shows that the film–meniscus contact angle is directly related to the film energy. The thinner the film, the greater the film energy, and the larger the contact angle. This correlation between the film thickness, film energy, and contact angle has been verified experimentally by measuring the film–meniscus profile and film thickness under differential interferometry in reflected light [30]. The advantage of the contact angle approach is that the film energy estimated from the experimentally measured contact angle automatically considers the contribution of the in-layer structure [16] and the film size [31].




2.2.3. Relationship between the Film Energy and the Oscillatory Structural Pressure


The film energy    W  s t    ( h )    and oscillatory structural pressure      ∏    s t    ( h )    are given by the following equation [7,30]:


   W  s t    ( h )  =   ∫    h e   ∞     ∏    s t    ( h )  d h    



(5)







A simple derivative calculation of   d  W  s t    ( h )  / d h   from Equation (6) gives the expression of the oscillatory structural pressure      ∏    s t    ( h )    as a function of the film thickness  h :


     ∏    s t    ( h )  = − A exp ( −  h d  )  [    2 π  d  sin (   2 π h  d   )  −  1 d  cos (   2 π h  d  ) ]  



(6)







Equation (5) indicates that the minimum of the film’s structural interaction energy always corresponds to a film thickness of an integral number of particle layers. Therefore, only films with a thickness of an integral number of layers are stable or metastable. Equations (6) and (7) show that the minimum of the film’s structural interaction energy indicates the maximum oscillatory structural pressure. At the vertex of the confined wedge film, the film is thinnest, with a minimum in the film’s structural interaction energy and a maximum in the oscillatory structural pressure. As the film’s thickness increases layer by layer in the wedge film toward the bulk, the magnitude of the film interaction energy minima and oscillatory structural pressure maxima diminishes. As a result, there is a pressure gradient pointing from the bulk to the vertex, as shown in Figure 1, which drives the spreading of the nanofluid toward the vertex. The enhanced spreading of the nanofluid on a solid surface facilitates the separation of oil from the reservoir surface.





2.3. Factors Affecting the Oscillatory Structural Pressure


2.3.1. Effect of the Nanoparticle Volume Fraction


The effect of the nanoparticle volume fraction on the oscillatory structural pressure is straightforward. With a higher nanoparticle volume fraction, the nanoparticle structuring phenomenon under confinement is more pronounced [16]. Consequently, both the oscillatory structural pressure and the film energy have a greater amplitude with increasing effective nanoparticle volume fraction [17]. Trokhymchuk et al. [17] showed that the magnitude of the oscillatory structural pressure increased almost 10-fold as the volume fraction jumped from 0.15 to 0.31. For the same degree of confinement, the higher the volume fraction, the larger the oscillatory structural pressure. Therefore, it is often reported that a higher nanoparticle concentration helps the oil recovery.




2.3.2. Effect of Nanoparticle Diameter and Polydispersity


For a fixed volume fraction, the smaller the nanoparticle diameter, the greater the number of nanoparticles. Thus, more particles are expected to be crowded in the confined space between the interfaces. As discussed above, the magnitude of both the film energy and the oscillatory structural pressure is proportional to the osmotic pressure of the nanofluid. Since the osmotic pressure increases with a greater density of the particles, the nanofluid with a fixed nanoparticle volume fraction and smaller nanoparticles always has a greater magnitude of the oscillatory structural pressure and film energy. Based on the theoretical analysis of Trokhymchuk et al. [17] discussed above, the oscillatory structural pressure and film energy isotherms are inversely proportional to the cube of the effective particle diameter at a fixed effective nanoparticle volume fraction.



Polydispersity affects the ordered packing of the nanoparticles under confinement. A high polydispersity index of the nanoparticles can disrupt their layering, reducing the magnitude of the film energy and the oscillatory structural pressure. In practical applications such as enhanced oil recovery, it is desirable to keep the polydispersity index of the nanoparticles as low as possible, so as to maximize the benefit of the oscillatory structural pressure from the nanoparticles’ self-organization under confinement.




2.3.3. Effect of the Interfacial Tension and Three-Phase Contact Angle


The capillary force, defined by the interfacial tension and the three-phase contact angle, along with the hydrostatic force, dominates the shape of the fluid–fluid interface and, thus, largely determines the degree of confinement. A lower interfacial tension and smaller contact angle often result in a stronger confinement with a greater magnitude of the oscillatory structural pressure and film energy. For this reason, lower interfacial tension and contact angle usually benefit the performance of nanofluids in wetting and spreading and, therefore, in enhanced oil recovery.




2.3.4. Effect of Film Size


In the analytical solution of the oscillatory structural pressure, the film size was not considered. It was found experimentally that the film’s size has a significant impact on its thickness and stepwise thinning [31,32]. The smaller the film, the more stable the film size. When reducing the film size, the thickness of the nanofilm can increase to one more particle layer—that is, the reverse stepwise thickening of the film under compression. This phenomenon is explained by the dark spot expansion mechanism during film thinning [33]. The smaller the film, the lower the possibility of a vacancy (dark spot) appearing to trigger the film thinning. The vacancy (dark spot) also disrupts the self-organization of the nanoparticles, reducing the magnitude of the film interaction energy and oscillatory structural pressure. It is therefore reasonable to infer that a smaller film leads to a smaller oscillatory structural pressure.






3. Experiments Demonstrating the Oscillatory Structural Pressure


In this section, we briefly review the different techniques demonstrating the effect of oscillatory structural pressure on different applications.



3.1. Moving Bubble Inside a Vertical Circular Tube


For an air bubble immersed in a nanofluid inside a vertical circular tube, there is a nanofluid film between the air and the solid tube wall. The thickness of the nanofluid film can be tuned by the ratio of bubble length L to the tube diameter D. Under the confinement of the air–liquid and liquid–solid surfaces, the nanoparticles self-layer into an ordered structure. Depending on the thickness of the nanofluid film, the degree of confinement is different, as is the oscillatory structural pressure. Consequently, the nanofluid film undergoes a stepwise change in viscosity as the film thickness changes stepwise, with each step equal to the effective diameter of the nanoparticles. The stepwise change in the viscosity leads to the stepwise change in the bubbles’ rising velocity, which can be monitored using the setup in Figure 4 [34].



The bubbles’ rising velocity at a capillary number smaller than 10−6, with a common fluid and a silica nanofluid with the same bulk viscosity, is presented in Figure 5. The bubbles’ rising velocity in a nanofluid is 100 times slower than that in a common liquid, due to the increased film viscosity as a result of the self-organization of the nanoparticles. With a small increase in the bubble length, the bubble velocity increases in a stepwise manner in a nanofluid. The same phenomenon was observed for bubbles rising in a silica nanofluid [34] and in a micellar nanofluid [35]. The much slower rising velocity in a stepwise manner was attributed to the oscillatory structural pressure in the nanofluid film confined between the rising bubbles and the tube wall. This phenomenon shows that the nanoparticles do form an ordered and layered structure under the confinement of air–aqueous and aqueous–solid interfaces. For an oil–aqueous–solid three-phase system in oil recovery, nanoparticles in the aqueous nanofluid film confined between the oil and the solid surface are expected to form a layered structure, which helps separate the oil from the solid substrate.




3.2. Stepwise Film Thinning under Reflected-Light Interferometry


One well-known phenomenon caused by the oscillatory structural forces is the stepwise film thinning for a free suspension nanofluid film [31,36,37,38,39,40,41]. During the film thinning driven by capillarity, and under the confinement of the film surfaces, the nanoparticles in the nanofluid self-organize in multiple ordered layers. Reflected-light interferometry is a very useful tool to monitor the stepwise film thinning, as the film displays different colors at different thicknesses under monochromatic reflected light [32,42]. We note that optical knowledge of the light reflection and interference from the film surfaces, microscope objective numerical aperture, and optical depth resolution is required to correctly interpret the film images for data analysis to estimate the film thickness during the stepwise film thinning.



The setup of the reflected-light interferometry to monitor the stepwise film thinning caused by the oscillatory structural forces, along with the foam film’s stepwise thinning interferogram, is presented in Figure 6. More information about the film’s formation and observation can be found in the literature [38,39,40,41,42].



The curved nanofluid film also undergoes stepwise thinning via the same mechanism as the flat nanofluid film. The stepwise thinning of the curved nanofluid film has more practical importance than that of the flat film, as it assimilates the foam or emulsion film thinning related to the stability of foams and emulsions. Nikolov and Wasan [32] applied reflected-light interferometry to investigate the stepwise thinning of the curved film, dominated by the capillary pressure, film area on the micellar curved film, and the oscillatory structural force. A sketch of the optical arrangement to study the stepwise thinning of the curved nanofluid film of an air bubble attached to a nanofluid is presented in Figure 7.



Reflected-light interferometry is a very powerful tool for monitoring the foam film’s thinning, which offers insight on the foam’s stability, since this is governed by the stability of the foam film. Whether it is the foam film or nanofluid film on the solid surface in contact with the oil, the nature of the nanoparticle layering and the oscillatory structural forces are the same. Therefore, the stepwise thinning of the nanofluid’s foam film is also able to reveal the potential of the nanofluid in altering the wettability of the solid substrate for oil recovery.




3.3. Atomic Force Microscopy (AFM) for the Measurement of the Oscillatory Structural Force


Several research groups have applied AFM to directly measure the oscillatory structural forces between two surfaces [45,46,47,48,49]. Richetti et al. [45] measured the forces as different separations between two cetyltrimethylammonium bromide (CTAB)-coated mica surfaces immersed in CTAB micellar solutions. Zeng et al. [48] used colloidal probe AFM (as shown in Figure 8) to measure the forces of a silica nanofluid film confined between the probe and a silicon wafer surface. While AFM is able to confirm the oscillatory decay nature of the oscillatory structural forces in both cases, by nature, it is difficult for the AFM method to precisely locate the minima and maxima of the oscillatory structural pressure. Since an external force is exerted to push the colloidal probe toward the flat solid substrate, the magnitude of the oscillatory structural forces resulting from the self-organization of the nanoparticles is difficult to correctly determine. The last layer of the nanoparticles between the colloidal probe and the flat solid substrate cannot be repelled [49]. AFM is also not able to reveal the information on the stability of the nanofluid film, the stepwise thinning of the nanofluid film, or the timescale for the layer-to-layer transitions.




3.4. Nanofluid Displacing an Oil Droplet on a Solid Surface under Reflected-Light Interferometry


Reflected-light interferometry can also be used in a scenario closely related to the practical application of the nanofluid in surface cleaning and enhanced oil recovery [50,51]. For a glass substrate immersed in a nanofluid with an oil droplet pre-deposit on the lower surface, the movement of the oil–nanofluid–solid three-phase contact line can be observed through the upper surface of the glass via reflected-light interferometry, as shown in Figure 9. A detailed experimental setup can be found in our previous works [50,51]. Initially, the oil droplet shrinks under the capillary force and hydrostatic force, with a moving contact line that we call the “outer contact line”. After the capillary force and hydrostatic force reach equilibrium, the outer contact line stops moving, and an inner contact line appears due to the formation and spreading of the nanofluid film between the glass surface and the oil droplet. As the inner contact line moves toward the center of the oil droplet, the nanofluid film gradually separates the oil from the glass surface, and eventually displaces the oil from the glass. The dynamics of the movement of the outer and inner contact lines for a polymeric nanofluid displacing oil from glass substrate, captured via reflected-light interferometry, are shown in Figure 10. For the common fluid without nanoparticles, there is no inner contact line, and the oil droplet does not detach from the solid substrate. The dynamics of the inner contact line and the oil droplet’s removal from the solid substrate are directly related to the efficiency of the nanofluid in displacing oil from the reservoir.





4. Experiments Visualizing the Effects of a Nanofluid in Enhanced Oil Recovery


As shown in Figure 10, for the water-phase contact angle, at the oil–nanofluid–solid three-phase contact region, there is a wedge film where the nanoparticles self-organize into an ordered and layered structure, which gives rise to the oscillatory structural forces. The oscillatory structural forces promote the spreading of the nanofluid on the solid surface, and bring tremendous benefit to enhanced oil recovery using a nanofluid. In our lab, we applied several experimental techniques demonstrating the benefits of the oscillatory structural forces in enhanced oil recovery.



4.1. Oil Displacement in a 2D Glass Pore


In a simple experiment, a 2D glass pore was made by sticking plain microscopic glass covers together with a small separation using two strong magnets to simulate the porous oil reservoir, allowing for the easy observation of the process of oil displacement. The strength of the magnets was varied to maintain the pore gap between 0.5 and 3 μm. The area of the plain microscopic glass covers was 2 cm2. As shown in Figure 11, two 2D glass pores filled with crude oil were vertically placed in two identical plastic cuvettes. The amount of crude oil trapped in the 2D pore was 0.3–0.4 mL. A microemulsion additive (commercially available as MA-844 from CESI Chemical) diluted in DI water at a 1:5 mass ratio and an NSF additive (proprietary nanofluid) with the same interfacial tension as crude oil were simultaneously added into the left-hand and right-hand cuvettes, respectively. For the microemulsion additive, there was only the capillary force and hydrostatic force, which were not efficient in displacing the hexadecane out of the 2D glass pore. However, for the right-hand cuvette with the nanofluid, in addition to the capillary and hydrostatic forces, there were oscillatory structural forces induced by the nanofluid in the confined space. The oscillatory structural forces are powerful in displacing oil, as can be seen in the video in Supplementary Materials. The dynamics of crude oil removal plotted in Figure 12 demonstrate that the crude oil displacement is much faster and significantly greater in extent than that with the normal fluid with no oscillatory structural force.




4.2. Imbibition of the Nanofluid into a Crude-Oil-Pre-Saturated Sandstone Core


Imbibition is a popular test revealing the efficiency of different reagents in enhanced oil recovery [52], and can also be applied to demonstrate the role of the oscillatory structural forces in enhanced oil recovery. The setup is similar to that shown in Figure 11, with the use of a core similar to that in the oil reservoir and crude oil. In one set of tests, the patented nanofluid from [8] was used. Figure 13 shows the outstanding efficiency of nanofluids in enhanced oil recovery (50% more oil recovery) which, again, is contributed to by the oscillatory structural pressure.




4.3. Nanofluids Displacing Oil in a Single Capillary


The benefit of the oscillatory structural forces in enhanced oil recovery can also be manifested by the dynamics of the nanofluid displacing oil in a vertically placed capillary. Using the setup shown in Figure 14, Wu et al. [53] analyzed the dynamics of a common fluid and a nanofluid in displacing oil based on the augmented Lucas–Washburn equation considering the buoyant force, the viscous force in the displaced oil phase, and the contact line friction. It was found that the nanofluid reduced the frictional coefficient at the three-phase contact region by as much as fourfold, as shown in Figure 15. The contributing factor was the oscillatory structural force, as semi-quantitatively explained by the estimated oscillatory structural forces and the theory of contact line friction [54,55,56].




4.4. Microvisualization of Nanofluid Flooding Displacing Oil from a Bead Pack Using X-ray Microtomography


Zhang et al. [57,58] used high-resolution X-ray microtomography (X-ray micro-CT) to visualize the removal of oil from a bead pack via brine and nanofluid flooding. The experimental setup using X-ray micro-CT to visualize brine and nanofluid flooding on the oil in the bead pack is shown in Figure 16. More details can be found in [57,58].



From the distribution of the oil before and after the nanofluid flooding shown in Figure 17, it is clear that the oscillatory structural forces with the nanofluid bring significant benefit to the enhanced oil recovery. After three pore volumes of brine flooding, the porous bead pack was filled with a significant amount of oil, with large clusters of oil blobs. After continuously flooding the bead pack with three pore volumes of nanofluid flooding, much more oil was displaced out of the bead pack, with only small and disconnected oil blobs. The cumulative oil recovery showed an additional 16.8% oil recovery as a result of the nanofluid flooding. Jha et al. [59] used a similar high-resolution microvisualization technique, and also demonstrated the contribution of the oscillatory structural forces for a nanofluid displacing oil from a porous medium.



For better visualization, Zhang et al. used sintered glass beads and a model oil as a model system. In coreflooding close to reservoir conditions, it was difficult to observe the displacement of the oil from the cores. However, by measuring the incremental oil recovery during coreflooding, many researchers have reported the tremendous benefit of nanofluids in enhanced oil recovery, attributing the improvement to the oscillatory structural forces as the additional driving force [60,61,62].





5. Conclusions


Under confinement between two interfaces, hydrophilic nanoparticles self-organize into an ordered and layered structure, which induces the oscillatory structural forces originating from the fluctuation in the density of the particles close to the confining surfaces. The value of the oscillatory structural forces can be estimated using either the analytical solution derived from the Ornstein–Zernike equation or the contact-angle approach with a measured equilibrium contact angle at a known film thickness. Because of the unknown fitting parameters and the approximation in the analytical approach, the contact-angle approach is the preferred method for estimating the oscillatory structural pressure, as it is based on the experimentally measured contact angle. Key features of and major experimental findings relating to the oscillatory structural forces are as follows:




	
Nanoparticle self-layering under confinement and the performance of oscillatory structural forces depend on the nanoparticle volume fraction, diameter, polydispersity, interfacial tension, contact angle, and film size. The higher the nanoparticle volume fraction, the smaller the nanoparticles’ size, polydispersity, interfacial tension, and contact angle, and the greater the oscillatory structural force.



	
Bubbles rising in a nanofluid in a tube reveal the nanoparticle layering and structuring in the confined nanofluid film. The oscillatory structural forces increase the viscosity of the nanofluid film.



	
The stepwise thinning of the nanofilm observed under reflected-light interferometry is an informative experiment evidencing the nanoparticles’ layering in the confined nanofluid film.



	
The oscillatory decay nature of the oscillatory structural pressure is directly evidenced by the AFM measurement of the forces between two surfaces surrounded by a nanofluid. However, since in AFM measurements the nanofluid film is thinned under external force, this method offers limited information on the stability of the nanofluid film, mechanism, and dynamics of the nanofluid film’s stepwise thinning.



	
The nanofluid displacing the oil droplet on a solid surface under reflected-light interferometry shows the enhanced nanofluid spreading and wetting on solid surfaces caused by the oscillatory structural forces.



	
The imbibition tests in 2D glass pores, cores, and flooding, as well as on a nanofluid displacing oil in a single capillary, all imply the immense benefit of nanofluids in enhanced oil recovery as a result of the oscillatory structural forces.








More research is needed to complete the theory of the oscillatory structural forces. For example, the nanoparticles’ collective interaction through the radial distribution function (RDF) needs more attention to promote the understanding of nanoparticle structuring under confinement, and the resulting oscillatory structural forces. The RDF may also shed light on how the particles’ shape, size, and effective volume fraction affect the oscillatory structural pressure and, eventually, enhance the nanofluid’s wetting of the solid. It is also important to know how the properties of the solid surface and the electrolyte impact the oscillatory structural forces.



There is still room to uncover the nature of the oscillatory structural forces. The reported theoretical and experimental studies summarized and reviewed in this work should be helpful for researchers in the oil industry to design efficient nanofluids to boost oil production efficiency.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/colloids6020033/s1: A video recording the dynamics of the crude oil displacement from a 2D glass pore by a nanofluid and a by microemulsion with no nanoparticles (or micelles). The beginning of the video shows the optical setup. Two 2D glass pores filled with crude oil are placed in two cuvettes with transparent glass walls. A CCD camera is used to record the crude oil displacement. At around 30 s in the video, the microemulsion and the nanofluid aqueous solutions are added separately into the two cuvettes until the 2D glass pores are completely submerged in the solution. Immediately after the submersion, the aqueous solutions start to invade the 2D glass pores to displace the crude oil. The invasion of the nanofluid into the 2D glass pores is much faster than that of the microemulsion, as seen from the position of the aqueous front. With the nanofluid, the crude oil film quickly shrinks to form oil droplets, which float to the top under the buoyant force. The sharp comparison of the remaining crude oil film in the 2D glass pores after 5, 30, 60, 90, 120, 150, 180, and 210 min under the actions of the microemulsion and nanofluid demonstrates the outstanding efficiency of the nanofluid in displacing crude oil from the solid substrate.
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Figure 1. Layering of the particles in the wedge film, and the distribution of the oscillatory structural pressure as a function of the radial distance scaled by the particle diameter. Adapted with permission from [8]. Copyright 2014 American Chemical Society. 
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Figure 2. (a). Different excluded volume effects of particles in the bulk and close to the solid wall; (b) self-layering of nanoparticles under film confinement. 
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Figure 3. Oscillatory structural pressure as a function of the film thickness, scaled by particle diameter estimated from Equation (1). The particle diameter is 8 nm and the volume fraction is 0.4. Adapted with permission from [7]. Copyright 2003 Springer Nature. 
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Figure 4. Schematic of the setup to monitor the rising bubble in a nanofluid in a vertical tube. The setup is as follows: 1, bubble; 2, thermo chamber; 3, camera; 4, heightmatic; 5, thermostat; 6, thermoprobe. Reprinted with permission from [34]. Copyright 2017 American Chemical Society. 
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Figure 5. Bubble velocity as a function of the bubble length scaled by the tube diameter (L/D) in a silica nanofluid and a common liquid. The classical Bretherton prediction of the bubble rising velocity for a common liquid is shown as a solid blue line. Reprinted with permission from [34]. Copyright 2017 American Chemical Society. 
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Figure 6. (A) Sketch of the optical arrangement to monitor the micellar foam’s multiple stepwise thinning phenomena using the film’s capillary force balance, via the ring method. (B) Foam film’s thinning interferogram of the micellar solution of cetyltrimethylammonium bromide (CTAB) at a concentration of 2.10−1 M depicts the stepwise thickness transitions [31]. Reprinted with permission from [31]. Copyright 2022 Elsevier. 
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Figure 7. (A) Sketch of the setup for monitoring the curved micellar film thinning of an air bubble attached to the air–micellar solution. (B) Micro-interferometry photo of the foam curved film under differential interferometry (DI) [43,44]. (C) Attached air bubble at the surface of a cetyltrimethylammonium bromide (CTAB) solution at a concentration of 2.10−1 M. (D) Attached air bubble using the same micellar concentration, but with a smaller foam lamella area [14]. Reprinted with permission from [31]. Copyright 2022 Elsevier. 
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Figure 8. Top: colloidal probe AFM with x-, y-, and z-piezo scanners. Bottom: structuring of nanoparticles between the colloidal probe and the silicon wafer, and layer-wise expulsion due to extension of the z-piezo scanner leading to an approach of the two outer surfaces. Reprinted with permission from [48]. Copyright 2015 Elsevier. 
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Figure 9. Photomicrograph taken using reflected-light interferometry to monitor the nanofluid’s displacement of oil from a solid surface. Reprinted with permission from [50]. Copyright 2012 American Chemical Society. 
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Figure 10. Movement of the outer and inner contact lines during the process of a polymeric nanofluid displacing oil from a glass substrate. 
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Figure 11. Parallel tests comparing the microemulsion additive and nanofluid additive in displacing oil from the 2D glass pores. 
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Figure 12. Dynamics of the microemulsion additive and NSF additive in removing crude oil from the 2D glass pores. 
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Figure 13. Imbibition of the silica nanofluid and pH 9.7 DI water into crude-oil-pre-saturated Berea sandstone at 25 °C. Reprinted with permission from [8]. Copyright 2014 American Chemical Society. 
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Figure 14. Experimental setup for the aqueous phase displacing the oil phase in the capillaries. Reprinted with permission from [53]. Copyright 2018 Elsevier. 
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Figure 15. Interfacial tension and frictional coefficient at different nanoparticle concentrations. Reprinted with permission from [53]. Copyright 2018 Elsevier. 
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Figure 16. Schematic diagram of the experimental setup. Reprinted with permission from [57]. Copyright 2016 American Chemical Society. 
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Figure 17. Oil blobs before and after 3 PV nanofluid flooding at Ca = 10−7. Reprinted with permission from [57]. Copyright 2016 American Chemical Society. 
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