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Abstract

:

In this study, X-ray laminography is used to monitor the evolution of a model 3D packed bed porous medium on a chip (micromodels) undergoing reactive flows. The obtained 3D images are used to compute the fluid flow patterns and develop insights into dissolution mechanisms. This study is a first proof of concept study, with controlled micromodels, and could later be extended towards deeper understanding of the dissolution and precipitation processes occurring in porous media at the microscale, mechanisms which are relevant to many industrial areas including catalysis, geochemistry, energy, and waste storage in deep geological formations, etc.
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1. Introduction


The study of multiphase reactive flow in porous media is highly relevant to several deep underground-related studies such as carbon geological storage, petroleum engineering, waste, and energy storage. In such topics, most of phenomena start from processes occurring at the pore scale (mass and heat transfer, precipitation/dissolution mechanisms, wettability, biofilm formation, reactive surface). Therefore, pore-scale experiments are critical for understanding the overall behavior of underground reservoirs subjected to anthropic activities. To investigate reactive flows in porous media, core-scale experiments are mostly considered [1,2,3,4,5]. Indeed, they are representative of the real geo-flow chemistry for a specific location. When coupled with characterization via X-rays tomography, it is possible to monitor the evolution of transient porous media characteristics in reactive flow conditions [6,7,8,9,10,11]. These experiments have been used for decades in particular by the petroleum industry to access important information on porosity, relative permeability, capillary pressure, chemistry, wettability and electrical properties of reservoirs.



However, while this is important in view of getting knowledge on a specific site, the complex mineralogy and geometry of real core samples sometimes prevent us from gaining a deep understanding of the general physico-chemical mechanisms involved in reactive fluid flows in porous media.



Therefore, complementary approaches have been considered with the use of a simpler artificial porous medium, whose geometries and chemistries can be controlled. To do so, researchers have considered micromodels, which have either a 2D or 3D configuration of a porous medium on a chip, which have been largely been employed for understanding the general physics involved in multiphase fluid flows in pores [12].



Recent advances in microfluidics have made it possible to manufacture microreactors capable of withstanding high pressure and high temperature conditions, with designs suitable for reproducing the physical conditions and behaviors of geological reservoirs (porosity, permeability, heterogeneity, etc.) [13,14], known as Geological labs on chips (GLoCs). In particular, GLoCs provide new opportunities to analyze the mechanisms involved in various underground fluid flows at the pore scale [15]. These micromodels have mostly been used to investigate and quantify drainage and imbibition processes through direct optical imaging [13], as well as reactive flow studies considering either chemistry [16,17,18,19,20], mineral precipitation/dissolution processes [21,22,23], or biofilm formation [24,25,26,27]. Such tools are also useful for the determination of the inherent thermodynamic properties of fluid systems [28], especially carbon dioxide solubility in water and brine at elevated pressures and temperatures through Raman spectroscopy [29].



However, most GLoCs do not integrate geochemical effects, as they are generally manufactured from polymers or glasses. Nevertheless, technological developments have been made to address these limitations by (i) depositing reactive minerals directly on the originally inert inner surfaces of the micromodels [30,31,32,33], (ii) manufacturing devices directly from the minerals (chip off the rocks) [23,34,35] or (iii) generating unconsolidated packed beds of realistic particulate minerals in microchannels [36,37,38], resulting in flat 3D reactive porous media (the depth being much smaller than the other dimensions) made of stacked particles. Such strategies are essential to account for geochemical phenomena (dissolution, precipitation) that can occur with reactive flow in porous media.



Despite undeniable advantages compared to non-reactive micromodels, such as the reactivity and integration of realistic mineralogy, the implementation of optical in situ characterization is not easy, depending on the considered geo-minerals—and their opacity—preventing light (UV to IR) penetration into the porous medium. Hence, conventional optical microscopes are typically used to observe reactive flows in porous medium mostly visualize the surface of the packed beds—and thus provide 2D information—or are used to study single particle precipitation/dissolution [39].



To address these limitations, X-ray imaging may be considered, similar to core-scale or packed bed column experiments [40,41,42,43,44,45]. In particular, X-ray laminography, which is derived from more classical X-ray tomography, but was specifically developed to image flat objects, appears to be a suitable strategy to address these difficulties [46]. It offers a high spatial resolution when synchrotron lights are used, which is driven by the energy flow and the geometric nature of the beam, scintillator efficiency, number of camera pixels, or the absorption coefficient of chemical elements of the reactor and the object to be imaged [47]. It allows acquisition with a pixel size as small as 100 nm (nano-laminography [48]) using synchrotron X-ray sources, while other recent studies have reported the use of conventional Computed Tomography (CT) scanning, with lower resolutions at the laboratory scale [49].



In this paper, we demonstrate the proof of concept for the implementation of X-ray laminography for 3D imaging of a reactive porous media on a chip. We study reactive flows in 3D unconsolidated porous media recreated in microchannels by monitoring the evolution of the porous medium structure after its exposure to several injections of a reactive solution (out of equilibrium). We first discuss the 3D micromodel fabrication, along with the strategy employed to form a 3D consolidated packed bed. CaCO3 microparticles were considered as a model system to evaluate the dissolution processes under the flow conditions. Then, we detail the protocol employed at the European Synchrotron Radiation Facility (ESRF) to image in 3D the evolution of the porous medium along with the experimental set-up. Finally, we present and discuss the 2D and 3D images obtained by X-ray laminography for qualitative study of dissolution mechanisms.




2. Materials and Methods


A specific design was developed to recreate an unconsolidated packed bed of reactive minerals inside a microfluidic channel. We chose the silicon/Pyrex microreactor, as it was previously demonstrated to be compatible with X-ray analyses, providing sufficient transparency [50]. Additionally, these microdevices are optically semi-transparent to control the particle loading procedure, exhibit good chemical compatibility with most solvents, and are capable of operating under harsh environmental conditions, such as high pressure and temperature [13,14]. The classical microfabrication procedure includes photolithography on a silicon wafer, etching to extrude the 2D design in the third dimension, and anodic bonding of the silicon wafer to a Pyrex cover to seal the microchannel (see ESI—Figure S1).



Design of the microreactor. The microreactor was designed to recreate a 3D packed bed of unconsolidated reactive minerals inside the microchannel and ensure good flow through the packed bed is maintained (Figure 1a,b). The designed micromodel consists of a main channel to contain the 3D packed bed of CaCO3 particles. The width of the main channel (500 µm) aids the packing process without causing an excessive pressure drop. The channel depth (30 µm) was chosen to obtain a controlled number of stacked CaCO3 particle layers (typically ≈ 5, depending on particle sizes and packing). The main channel is terminated with a restriction (200 µm wide) and a microfilter consisting of rectangular posts—20 μm wide-separated by ≈15–20 μm, to retain the CaCO3 particles in the main channel during fluid injection. A side channel was incorporated for the injection of the reactive solution. The microreactor is connected to the external fluidic system using a compression part previously described [14]. Fluids were injected with a PHD Ultra Syringe Pump from Harvard Apparatus. The set-up allows the injection of both particle suspensions and fluids up to 130 bar.



Packed bed construction. CaCO3 was chosen as a model system for this proof of concept, being representative of limestone rocks. CaCO3 particles with a mean size of 30 µm (Sigma Aldrich) were suspended in deionized (DI) water to reduce their size by dissolution and to saturate the aqueous phase following the equilibrium equation [51]:


        CaCO   3     s       ⇋     Ca     aq     2 +   +   CO   3     aq     2 −           (   K   S   = 4.3 ·   10   − 9   )      



(1)







1 g of CaCO3 was mixed with 500 mL of DI water and stirred for 48 h with an orbital shaker (Edmund BuelherTM). The mean size of the recovered particles was ≈ 7 µm, with a rather wide particle size distribution (see Supplementary Material ESI—S4), and the saturated solution (supernatant) was collected for preparing a reactive solution (see Supplementary Material ESI—S2). An amount of 0.3 g of the recovered CaCO3 particles were suspended in 10 mL of the saturated solution (i.e., 1:100 v/v) and injected into the microsystem at a flowrate of 100 µL·min−1 through inlet 1, while inlet 2 was kept closed. The concentration of CaCO3 particles in the suspension was purposefully kept low to avoid any clogging in the injection system before the particles reached the gap filter at the end of the 500 µm-wide channel of the microreactor. The injection system was agitated with an orbital shaker to avoid any sedimentation of the particles in the syringe (see Supplementary Material ESI—S3).



As the solution flowed through the main channel, the CaCO3 particles were stopped by the rectangular plots and strongly packed due to the pressure drop generated by the increasing accumulation of the particles inside the microchannel (up to 100 bar @ 100 µL·min−1). The filling procedure was stopped when the length of the packed bed reached ≈ 1 mm (Figure 2). As seen, the observations in 2D from the top of the microreactor shows the non-transparency to visible light of the generated particle packed bed.



Then, the evolution of the packed bed in “reactive flow” was characterized using X-Ray Laminography at beam line ID19 at ESRF.



Experimental setup and procedure at ESRF. To prepare a model reactive solution, we used 5 mL of the saturated CaCO3 solution acidified by adding 32 µL of sulfuric acid (6.4 · 10−4 mol). The solution was injected through the 3D porous medium using a Valco 6 port valve coupled to a sample loop (Figure 3). In position A, a syringe pump was used to fill a tubing loop with the reactive solution, while the microreactor is flushed with the CaCO3-saturated solution in equilibrium at 20 µL·min−1. In position B, a known volume of reactive solution (200 µL) was injected into the microchannel, before switching back to the equilibrium solution to quench the dissolution process. The effect of the reactive solution passing through the packed bed was monitored by scanning the model porous medium between each injection of reactive fluid.



While flowing the reactive solution through the porous medium, the following CaCO3 dissolution process occurs [52]:


    CaCO   3     s     + 2     H   3     O       aq     +   ⇋     Ca     aq     2 +   +   CO   2     aq     +   3   H   2   O    



(2)







To perform the 3D imaging acquisition, the system assembly (microreactor + compression part + valve) was then transferred to the acquisition room for X-ray irradiation. A first acquisition was taken before any injection to characterize the initial structure of the packed bed. Then, X-ray laminography imaging was performed between each injection. To perform the acquisition, the microreactor was first tilted at an angle of 62.6°, while a monochromatic parallel X-ray beam irradiated the sample with an energy of 26 keV. The tilt angle θ of the rotation axis was performed by a simple wedge mounted on a goniometer by which the exact tilt angle can be adjusted [47].




3. Results and Discussions


From the acquired laminographic data, 3D images of the packed bed were first reconstructed (Figure 4a), from which 2D X-Y images can be extracted at different z positions (Figure 4b). The pixel size is equal to 0.65 µm and each X-Y slice (top view) contains 1920 × 1920 pixels. The 3D reconstruction also permitted access to a cross-sectional view of the packed bed in the z direction (Y-Z plane), as shown in Figure 4c (taken along the red line displayed in Figure 4b. As expected, an average of 4–5 layers of CaCO3 particles were packed inside the microchannel in a random manner (heterogeneous packed bed). It can be noticed that the porous medium is relatively heterogeneous due to the non-homogeneity of the size of the CaCO3 particles (see Supplementary Material ESI—S4).



3.1. Evolution of the Porous Medium during the Dissolution Process


As described, X-ray laminography scans were taken in between each reactive fluid injection. As an example, Figure 5 presents two typical 2D images extracted from the reconstructed 3D image and acquired after Figure 5a 3 injections and Figure 5b 17 injections, respectively. The initial heterogeneity of the porous medium caused preferential fluid flow inside the porous medium, which resulted in two primary effects: (i) a heterogeneous dissolution of the porous medium leading to the disappearance of CaCO3 particles in specific areas of the packed bed (see Figure 5b, blue circles) and (ii) a local displacement of some non-dissolved particles with the flow (see Figure 5b, red circle), which is induced by the dissolution of other particles in this unconsolidated packed bed configuration.



To qualitatively determine the preferential dissolution behavior, we specifically focused on situations encountered when (i) a preferential flow happens and (ii) no particle displacement can be noticed, to simplify the data processing. Thus, we have further analyzed in detail the 3D images obtained between injection number 18 and number 20 (three injections). After the acquisition of the 3D images, by subtracting the volume occupied by the CaCO3 particles inside the porous medium (quantified in numbers of voxels) in between two successive stages, it is possible to access the volume of particles dissolved between each reactive fluid injection (Figure 6). Since the dissolution is quite homogeneous around the residual porous medium, we could therefore assume that this trend is caused by a diffusion-driven dissolution mechanism. It is therefore critical to be able to calculate the local fluid flow pattern and velocities to estimate the relative importance of the convective to diffusive dissolution processes.




3.2. Mass Balance Estimation


Based on the 3D figures, it is possible to back calculate the dissolved volume after the injection of the reactive solution. A rough calculation gives volumes differences of 171 µm3 and 192 µm3 between injections 18–19 and injections 19–20, respectively. These volumes correspond to the dissolved weights of CaCO3 of 0.466 ng and 0.52 ng, respectively, assuming a CaCO3 density of 2.71 g.cm−3.



The associated numbers of dissolved moles of CaCO3 are then: 4.66 pmol and 5.23 pmol, respectively (MCaCO3 = 100 g.mol−1).



Based on (Equation (2)), 2 moles of H3O+ are needed to dissolve 1 mol of CaCO3. This means that, ideally, 4.66 × 2 = 9.32 pmol and 5.23 × 2 = 10.46 pmol of H3O+ would be required.



Each injection of reactive fluid (20 µL) of a solution at a concentration of 0.119 M in H2SO4 represents 2.39 µmol of injected H2SO4 per injection, and thus 4.78 µmol of H3O+. This means that due to high flowrates and local velocities, most of the injected acidic solution does not react with the porous medium and just passes by. It is therefore interesting to determine the local flow pattern in the considered geometry.




3.3. Reactive Fluid Flow Pattern


Based on the 3D reconstructed images, a good estimation of the real porous medium geometry is accessible. These data can then be used to back calculate the fluid flow pattern inside the porous medium [53].



Computation was performed by using a code developed in-house that solves Stokes equations on an anisotropic regular Cartesian grid. Working with an anisotropic grid is particularly well adapted to flat geometries like the one considered here. Furthermore, it allows anisotropic sub-sampling when computation on the full resolution grid is too demanding and not strictly necessary. Indeed, here the initial grid of 2940 × 830 × 45 voxels was reduced to 1470 × 415 × 17 voxels.



A finite volume scheme with staggered grids combined with an artificial compressibility approach lead to an estimation of the velocity and pressure fields on each voxel of the fluid phase. Applied boundary conditions were the periodicity for the fluid velocity in the direction of the flow, no flow through the other limits, the imposed fluid flux at the inlet of the computation domain, and the imposed pressure at the outlet.



Figure 7a presents the calculated fluid flow pattern in 3D inside the packed bed porous medium after injection number 19, while Figure 7b is a 2D view of Figure 7a taken at a z equal to half the depth of the microchannel for an easier visualization. Note that Figure 7a was intentionally dilated in the z dimension (not to scale) to facilitate visualization of the porous medium, which is the reason why the packed particles seem elongated in the z dimension.



As seen in Figure 7, the non-homogenous repartition of the particles inside the microchannel after 17 injections leads—as expected—to a non-uniform fluid flow and preferential pathways, especially near one of the walls. The fluid local velocity varies drastically depending on the position inside the microchannel.



Such velocity variations should theoretically drive the local dissolution efficiency. Indeed, convection, diffusion, and dissolution mechanisms occur at the same time. At low velocities, such as inside the remaining porous medium (green circle area on Figure 7b), the solution is quickly at equilibrium with the solid and the dissolution is inhibited within the porous zone. Meanwhile, at high fluid velocities, such as around the remaining porous medium (red circle area on Figure 7b), the solution composition is almost unchanged, as a reaction with the solid is limited by the distance to the interfaces. To achieve deeper insights into the dissolution mechanism, we computed the modulus of the velocity vectors in the computation domain. Figure 8 shows isovalue lines in the mid-section along with the dissolved area between injection 19 and 20. Following the green arrow, the fluid velocity increases from 0.01 m·s−1 (grey isovalue line) to 0.20 m·s−1 (red isovalue lines). Conversely, the fluid velocity values inside the porous medium are rather constant and below 0.005 m·s−1.



To interpret the observed dissolution pattern, we first compare the magnitude of the reactive species transport by convection (VC) and by diffusion (D.∇C) at a distance L from the porous zone. At the fluid–solid interface, due to the fast dissolution reaction, the concentration is equal to zero, and, considering D = 9.0 · 10−9 m2·s−1 (typically the diffusion coefficient for H3O+ cations in water at 25 °C and 1 atm), we obtained the following expression for the diffusive flux:


  D · ∇ C   ≅   D ·   C − 0   L   = 9.0 ·   10   − 9       C   L      



(3)







For a velocity of 0.01 m·s−1 (for instance those flowing around the porous zone in Figure 8), the distance for which diffusive and convective fluxes are equal is L = 0.9 µm, meaning that diffusion is very efficient at the pore (few pixel) scale.



Based on these considerations, we can hypothesize the following scenario for the dissolution process:



A fluid-controlled volume arriving at the bottom right corner of the porous medium (Figure 8a-1) will lose its reactive constituents by diffusion towards the solid porous medium, where the dissolution reaction occurs. It will then move along the edge of the porous medium and will regain reactive constituents by diffusion from the areas to the right, which are more rapidly supplied by convection, as shown by the high fluid velocity gradient in this area. When entering the “bay” (Figure 8a-2), there is no more reload and therefore no dissolution, as exemplified by the absence of red CaCO3 particles in this area. At the angle (Figure 8a-3) the velocity gradient is very large and so is the dissolved area. The dissolution is greater in the upper zone (Figure 8a-4) as well as at the top part of the left boundary. However, further down (Figure 8a-5), the reloading is limited (due to a decrease of the velocity gradient) and therefore the dissolution process is limited also. Overall, the reactions always take place at the edge of the porous medium in a homogeneous way, whatever the fluid flows experienced by the edge. Hence, we can conclude that the dissolution process is not driven by convection.



It is also important to mention that there is no dissolution in the porous medium as the fluid quickly returns to equilibrium (a fraction of a pixel) after having reacted with CaCO3 on the surface of the porous medium, therefore causing the absence of reactants for further dissolution.





4. Conclusions


The evolution of a 3D reconstructed porous medium in the presence of several reactive fluid injections was monitored using X-ray Laminography in a silicon-Pyrex micromodel. We have demonstrated that this imaging technique is well adapted to such investigations, providing high-resolution 3D images (down to 0.7 µm) for further reactive fluid flow modelling at the pore scale. These experimental data are helpful for validating reactive flow models in porous structures. By monitoring the 3D reactive porous medium on a chip, we have shown that the dissolution process is mostly diffusion-driven in highly reactive carbonate minerals. Some heterogeneities in the packed bed, which have generated non-homogeneous fluid flow patterns, allowed us to show that the reactive fluid quickly returns to equilibrium upon reaction with the reactive particles. Therefore, dissolution via a diffusive mechanism is favored rather than convection at the pore scale for sub-micrometer characteristic lengths.



Although the experiments were conducted at ambient pressure and temperature conditions, future work will consider high pressure conditions more representative of deep geological environments, thanks to the mechanical resistance of Si-Pyrex microreactors [15]. Besides, the recent development of sapphire microreactors [54] could extend even more the possible range of pressure/temperature for experimentation. Temporal monitoring of porous medium characteristics as a function of the local concentrations, pressure, and temperature conditions can provide important information concerning the coupling effect of dissolution and precipitation mechanisms at the pore scale. Specifically, such experimental approaches could be coupled to numerical modeling [55] to predict the effects of a local loss of injectivity or preferential pathways due to reactive dissolution and precipitation, which may be encountered in the CO2 geomineralization processes [56]. Similarly, we have demonstrated this proof of concept with size-calibrated calcium carbonate packed beds, which are reactive when exposed to non-equilibrium fluids. Other materials could also be considered, along with a controlled heterogeneity of permeation for developing “on demand” models of reactive 3D porous media (silicates, basalts, etc.) [36]. This could aid in the optimization of deep underground processes which result from reactive injections in geological reservoirs (CO2 geological storage, energy storage, etc.), depending on their mineralogy, which is a fingerprint exclusive to each geological formation.
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Figure 1. (a) Scheme of the microreactor design. (b) Enlarged view of the microfilter section. 
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Figure 2. Pictures of the microchannel during the filling procedure at different times. The scale bar is 100 µm. 
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Figure 3. (a) Image of the experimental set-up used at ESRF including a 6-valve port for the injection of a known volume of the reactive solution and the silicon-Pyrex microreactor with its associated compression part for injecting the fluids. (b) Typical experimental procedure allowing the loading of reactive solution into a loop (position A, left), while the saturated (equilibrium) solution flows through the microreactor, before its injection into the 3D porous medium (position B, right). 
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Figure 4. (a) 3D reconstruction of the model packed bed porous medium, (b) 2D Y-Z image of the microreactor filled with a CaCO3 particle packed bed, (c) cross section view of the filled microreactor displaying the packing of the CaCO3 particle in the z dimension along the red line in Figure 4a. 
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Figure 5. 2D X-rays images of the model 3D packed bed porous medium taken after (a) 3 injections and (b) 17 injections. Local preferential dissolution of the packed particles are highlighted in the blue circles, while displacement of non-dissolved particles can be seen in the red circle. 
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Figure 6. Superposition of 3D images of the packed bed porous medium taken between injections 18, 19, and 20, showing the dissolved materials. The blue and red colored CaCO3 particles correspond to the volume variation (in voxels) of the packed bed between injections 18 and 19, and 19 and 20, respectively. 
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Figure 7. (a) Calculated 3D fluid flow pattern inside the packed bed porous medium after injection number 19 and (b) 2D view at half depth with additional green and red circle highlighting the different fluidic behaviors in the porous medium and around the porous medium, respectively. 
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Figure 8. Section of the computational domain for geometry 19 with the solid phase in white, the part that will be dissolved during reactive percolation between 19 and 20 (approximate registration) in red and the velocity modulus isovalue lines (from the light grey line on the bottom to the red line on the top: 0.01, 0.015, 0.02, 0.03, 0.04, 0.05, 0.1, 0.15, 0.20 m·s−1). 
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