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Dewatering of fine coal is a significant industrial challenge with economic and environmental implications. Due to the lack of suitable dewatering technologies, fine coal particles are often discarded to waste impoundments, leading to substantial loss of valuable natural resources while creating environmental problems. The hydrophobic-hydrophilic separation (HHS) process is a unique solution to this problem. In this process, a recyclable solvent is used to simultaneously remove inorganic impurities (ash) and water from a run-of-mine fine coal slurry. A small amount of recyclable oil (or solvent) is added to a fine coal slurry so that the solvent can spontaneously displace the water from the surface of coal particles. The spent solvent is subsequently recovered and recycled in a closed loop. Here, we report the results obtained using two different solvents, i.e., pentane and hexane, to de-ash and dewater ultrafine coal and recover the spent solvent by filtration, followed by steam stripping. Most of the spent solvent can be recovered during the filtration step at 20 psig N₂ and at a 60 s filtration time. The residual solvent left in the cake was then recovered using steam under different conditions. The results showed that the residual solvent concentration could be reduced to <1,400 ppm after 10 s of steam stripping at 150°C and 15 psig.
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1 INTRODUCTION
Dewatering of particulate materials is an essential operation in different industries ranging from mining to pharmaceutical manufacturing. Current dewatering techniques often suffer from high cost, low scalability, and low efficiency, particularly for finer particle sizes. Consequently, many industries are still significantly hindered by the lack of efficient fine particle dewatering technologies. For example, in the coal industry, where moisture is a critical inhibitor of product quality, particles less than 1 mm in size account for approximately 10% of the total product but can contain more than one-third of the total moisture (Osborne, 1988). Given the lack of suitable dewatering technologies, many coal operations in the U.S. discard all particles less than 44 µm to impoundments, causing significant losses in revenue and creating environmental liabilities. It is estimated that 70–90 million tons of fine coal waste are discarded annually and that more than 4 billion tons of waste are currently in impoundments throughout the US (Council, 2002; Kokkinos, 2018). Approximately one-third to one-half of the fine coal waste is recoverable coal, provided that efficient fine coal dewatering technologies become available.
Presently, there are two main strategies to dewater fine coal. One is to thermally evaporate water using fluidized bed dryers, multi-louvered systems, or flash-type systems (Jumah, 2006). These methods are expensive due to the high enthalpy costs and can produce fugitive dust and toxic elements that can escape into the environment. For these reasons, it has become difficult to obtain permits for thermal dryers in the U.S. (Gupta, 2014). The other strategy is to use mechanical means such as filtration or centrifugation to remove water. Fundamentally, mechanical dewatering becomes prohibitively inefficient with decreasing particle size. According to Poiseuille’s equation, which governs fluid flow through a filter cake, a ten-fold decrease in particle (or pore) size would require a 10⁴-times increase in pressure drop (ΔP) at a given filtration rate. In short, mechanical dewatering has reached its limit, which is partly the reason that the industry continues to discard coal fines to impoundments.
As an alternative approach, a co-author of this communication recently developed a novel fine coal cleaning and dewatering process known as hydrophobic-hydrophilic separation (HHS) (Gupta et al., 2016a; Gupta et al., 2016b; Yoon, 2016). This process has no lower particle size limit in solid-solid separation and produces practically dry coal as a final product. The HHS process has been successfully scaled-up from the bench to pilot scale and is subsequently at the commercial scale. At present, the first commercial plant is under shakedown testing.
In this process, a nonpolar solvent, typically a short-chain alkane (e.g., iso-hexane) with low enthalpy of vaporization and a low boiling point is introduced to an aqueous coal slurry. Because coal particles are hydrophobic, they spontaneously transfer from the water phase to the hydrophobic solvent phase. In principle, the transfer should entail spontaneous dewatering as water and oil do not mix. In the HHS process, a volume of oil (solvent) is introduced into an aqueous slurry of coal while being agitated to facilitate the transfer process. Under this condition, a small volume of water is entrained into the oil phase, resulting in the formation of a water-in-oil (w/o) emulsion.
Next, the water and hydrophobic solvents are phase-separated, and mechanical agitation is applied to mechanically destabilize the w/o emulsion, and thereby releasing the small droplets of water from the agglomerates. The water droplets liberated in this manner are then allowed to fall out of the oil phase into the aqueous phase below. In the final step, the low-boiling oil is recovered from the solvent-coal slurry and recycled back into the process in a closed loop. By removing and recovering all (>99.9%) of the solvent, the final product is effectively dry coal powder free of solvent, moisture, and other hydrophilic impurities. In practical operation, the moisture contents of the resulting coal particles are typically less than 4%–5% by weight regardless of particle size.
The solvent recovery step is a critical yet costly unit operation. Solvent lost to the coal product must be replenished in the process, thus increasing the operational cost. Given the cost and potential environmental concerns, extremely high solvent recoveries must be achieved. To achieve this outcome, a filtration step is used first (see Figure 1A). Here, mechanical filtration is first used to recover most of the free solvent. Slurry is inserted into a filtration chamber upstream of a filter cloth, then an inert gas is used to drive the solvent through the filter cloth, and as the gas displaces the solvent, a filter cake is formed. The filtration rate is determined by pressure drop, capillary pressure of solvents within the cake structure, and solvent viscosity (Huang et al., 2018). In past HHS experiments, N₂ has been used to drive the filtration (Yoon, 1995; Yoon, 2005). While filtration recovers most of the solvent, some residual solvents remain trapped in the filter cake, thus requiring further processing to reach the recovery levels needed for overall process viability.
[image: Figure 1]FIGURE 1 | Two-step, in-situ recovery of nonpolar solvents from solvent-coal slurries. In Step I, an N₂ gas drives solvents through a filter paper/cloth, forming a filtration cake (A). In Step II, which starts after the gas breaks through the filtration cake, a drying/carrier gas is pumped through the cake to vaporize and remove the residual solvents (B). The schematics in (B) show two limiting scenarios that are possible for the distribution of residual liquid solvents (colored in green) at the beginning of Step II.
While supplemental thermal evaporation may be used to recover the residual solvent, we envision a streamlined solution, whereby the liquid-solid filtration step is integrated with a solvent vaporization and removal step in a single device. Following the first filtration step shown in Figure 1A, a second step, hereby denoted as the drying step, is introduced: a carrier gas is pumped through the filter cake to vaporize and remove the residual solvents (see Figure 1B). The envisaged scheme will allow significant equipment cost savings and easy integration into existing filtration systems. Potentially useful carrier gas includes nitrogen, heated nitrogen, and superheated steam. The speed and effectiveness of the solvent recovery in the second step depends critically on the distribution of liquid solvents inside the filtration cake. After gas breaks through the cake, the distribution of nonpolar liquids in a porous cake with micron-sized, complex-shaped particles is not well understood. There are two possible limiting scenarios (see Figure 1B). In the first scenario, the residual solvent forms a continuous film spanning across the surface of carrier gas pathways. In the second scenario, the residual solvent exists as isolated clusters that are sparsely dispersed in the filtration cake. Solvent recovery is expected to be facile in the first scenario but more difficult in the second.
Given this knowledge gap, the goal of this work is to experimentally investigate the envisioned in-situ solvent recovery scheme. The operation of this scheme involves many parameters such as filtration pressure, solid loading in slurry, and type, pressure, and temperature of the carrier gas. These parameters will be explored to determine solvent recovery efficacy and residual solvent concentrations. Based on preliminary technical assessments as well as general system constraints, the following process objectives were identified for the new solvent recovery scheme:
• Slurry filtration time <60 s,
• Solvent vaporization time <10 s,
• Final product solvent concentration <1,400 ppm.
These process objectives were required to allow for future pilot plant and commercial plant scale up, integration with available commercial manufacturing equipment, and ensuring economic viability of the process.
The remainder of this manuscript is organized as follows. Section 2 presents the experimental setup, materials, and methods for filtration experiments and solvent vaporization (drying) experiments. Section 3 presents the results from these experiments and insight into the optimization of in-situ solvent recovery scheme. The likely distribution of a solvent inside a filter cake will be deduced from the experimental data. Finally, conclusions are drawn in Section 4.
2 MATERIALS, EXPERIMENT SETUP, AND METHODS
2.1 Materials
Before the filtration experiments, a coal-solvent slurry was prepared. For each test, a 25 g coal sample was weighed and mixed with the carrier solvent. Coal samples utilized in this study were originally recovered from the screen bowl effluent of a commercial coal preparation plant in Southern Appalachia. This material was then processed using a pilot-scale embodiment of the HHS process to obtain a clean coal product, which was then used as the feedstock for the laboratory-scale filtration and drying experiments of this study. The clean coal material had an 80% passing size (D₈₀) of 43.25 μm, and the overall particle size distribution is given in Table 1.
TABLE 1 | Particle size distribution for the coal sample obtained from Warrior Met Coal Inc.
[image: Table 1]For the filtration tests, coal solvent slurries with solids concentrations of 10% and 15% (m/m) were used. Hexane was chosen as the primary solvent to be evaluated for this work, and pentane was also evaluated to serve as a comparator. Relevant properties for both solvents are shown in Table 2.
TABLE 2 | Properties of solvents used in this work at 20°C and 1 atm.
[image: Table 2]2.2 Filtration tests
Initially, bench-scale filtration tests were performed to determine a reasonable filtration pressure. Pressure filtration was conducted using pressurized N₂, and the experiments were conducted using the experimental setup and measurement methods proposed by Huang et al. (Huang et al., 2018).
In each filtration run, a clean filter paper was installed into the bottom of a pressure cylinder above the fluid outlet. Next, a homogeneous solvent-coal slurry was poured into the pressure cylinder, and the cylinder top cap was sealed. Nitrogen delivery pressure was set, and the nitrogen valve was opened, injecting nitrogen into the filter to initiate the filtration test. Filtration continued until the gas broke through the filter cake. Tests were performed for pentane and hexane at 20, 40, 60 psig and 10% and 15% solids by weight.
2.3 Solvent vaporization and removal tests
As shown in Figure 1, the solvent trapped in micro-capillaries is difficult to remove by filtration. Instead, the residual solvent in the particle cake formed via filtration must be vaporized and then flushed out of the cake by a carrier gas. A key parameter of this process is the choice of carrier gas. For the current study, both nitrogen and superheated steam were evaluated. While nitrogen serves as a suitable control given its low cost and use in prior studies, superheated steam was also evaluated given its use in similar applications. Superheated steam-based drying is a well-studied, developed technology and is frequently utilized in drying food, grains, and minerals (Douglas, 1994; Johansson et al., 1997; van Deventer, 1997; Li et al., 1999; Pang and Dakin, 1999; van Deventer and Heijmans, 2001; Pronyk et al., 2004; Soponronnarit et al., 2006; Somjai et al., 2009; Speckhahn et al., 2010). Nevertheless, these applications have clear distinctions from the present work. Most use superheated steam to dry products containing water, but not organic solvent. Additionally, most works focused on drying using fluidized beds, jet impingement, rotary drums, or belt systems as opposed to a pressure cylinder (Douglas, 1994; Johansson et al., 1997; Li et al., 1999; van Deventer and Heijmans, 2001; Soponronnarit et al., 2006; Speckhahn et al., 2010; Jie Li and Bennamoun, 2016). The process studied here is unique in that vaporization is step two of a two-part solvent recovery method. Therefore, drying is conducted in the same vessel used for filtration in step one; superheated steam flows through the material to be dried (coal cake), and the drying product remains in contact with the pressure vessel enclosure.
Apparatus: the filtration apparatus utilized by Huang et al. (2018) was modified so that it can be used to perform both filtration and solvent vaporization and removal. A schematic layout of the final apparatus, capable of using ambient temperature nitrogen for filtration and heated nitrogen or steam for drying, is shown in Figure 2.
[image: Figure 2]FIGURE 2 | A schematic of the apparatus for combining filtration and solvent vaporization to recover organic solvents from coal slurries.
An electric steam boiler (MBA3100F3, Sussman) was used to provide steam. Downstream of the pressure regulating valve is a shutoff valve arrangement and a 4-pass high contact cold plate. The plate was preheated to the desired temperature and functioned as a heat sink during the drying experiment. The pressure cylinder in Figure 2 is internally insulated with an 8-in. high, 2.5-in. OD, 1.5-in. ID PEEK (Polyetheretherketone) plastic tube that effectively prevents steam condensation in the filtration cylinder. In addition to the above major components, nickel-plated brass-bodied check valves with stainless steel springs were installed to protect the nitrogen and steam reservoirs. Omega type-K plug thermocouples were used to monitor temperature at various points in the system. Steam and nitrogen pressures in the cylinder were measured with an Ashcroft commercial pressure gauge suitable for steam, rated for use up to 100 psig, and accurate to within ±3% of span.
Experimental protocol: before drying, filtration was completed by bypassing the filtration gas around any heated parts of the system. The filtration cake was left in the cylinder. To begin drying, all system temperatures were verified to be at the desired setting. Valves were then set to the desired flow setting, and the drying gas was injected into the cylinder until the desired time interval was reached. During the drying process, the gas temperature was monitored and recorded to ensure consistent results. At the end of the drying process, the drying gas supply valve was closed, and the coal cake was removed from the cylinder. Samples of the coal cake were collected and stored for chromatography testing.
Experiments performed: Table 3 summarizes the experimental parameters used in the drying tests. It is desirable to compare drying performance of nitrogen versus steam, while also identifying ideal temperature and pressure operating conditions. Pentane and hexane at room temperature are used to provide a baseline result before adding heating. Solvent vaporization testing was performed using filtration cakes from 10% by weight solvent-coal slurries.
TABLE 3 | Experimental parameters for the vaporization stage of the two-step solvent removal process.
[image: Table 3]2.4 Chromatography analysis
In this study, the amount of solvent in the filtration cake to be removed was typically less than a gram, while the residual solvent must be reduced to tens of milligrams. The experimental drying vessel, however, weighs more than 5 kg. As such, continuous monitoring of the solvent removal by gravimetric means (as is typical for filtration kinetic studies) was infeasible. As an alternative, kinetic data was instead collected by performing several independent experimental runs, each with different filtration and drying times. Samples of filtration cakes obtained at the end of these tests were analyzed using gas chromatography to determine the solvent concentration in them. This experimental approach reduced the time resolution of the drying curve; however, accurate drying data are available at pre-selected drying times, and the kinetic drying trends are still apparent.
3 RESULTS AND DISCUSSION
This section presents the results of in-situ solvent recovery that combines filtration and solvent vaporization. Results on liquid-solid separation through filtration are presented first, followed by solvent removal from the filtration cake through vaporization and convection by a carrier gas. Results are evaluated based on the process objectives for filtration time, drying time, and mass loading discussed in the introduction section.
3.1 Liquid-solid separation through pressure filtration
The first experiments conducted were filtration kinetics tests for hexane and pentane slurries of 10% and 15% solids by mass, filtered at 20, 40, and 60 psig. These tests provided the kinetic response for the filtration cycle and provided the data needed to select the optimal percent solid and filtration pressure to be used in the subsequent drying experiments. Figures 3A, B present the filtration curves for pentane-coal slurries with 10% and 15% solid mass loading, respectively.
[image: Figure 3]FIGURE 3 | Mass of filtrate collected vs. time during filtration of pentane-coal slurries with a solid mass loading of 10% (A) and 15% (B) under a filtration pressure drop of 20, 40, and 60 psig. Similar experiments were also performed for hexane. 
From the data shown in Figure 3, filtration times for different slurries and filtration pressure were obtained. The time at which the abrupt end of the jump in filtrate mass occurs is taken as the filtration time [image: image]. At [image: image], the third stage of the filtration process finishes, and in-situ evaporation and removal of solvent vapor by filtration gas (here, N2) start.
Having completed filtration testing, it is useful to characterize the filtration cake, whose structure can greatly affect the subsequent drying step. To accomplish this, a model developed in Huang et al. (2018) was utilized to extract pore radius (R) and medium resistance (Rm) by fitting experimental filtration data displayed in Figure 3. The model equation is given in Eq. 1,
[image: image]
in which Q is volumetric flow rate, i.e., volume of solvent (V) removed per unit time (t), A cross sectional area of cake, ΔP pressure drop, μ viscosity of solvent, Xs solids concentration, ρs solid density, and k cake surface porosity.
Figure 4 shows the results of the curve fitting for the 10% solids in the 20 psig pentane filtration experiment, and quality of the fitting is good considering the complexity of the filtration process and the simplicity of the model. The curve fitting leads to a capillary radius of 1.28 µm in the filtration cake. This small radius is consistent with the small size of coal particles (see Table 1) and will be used later in this paper to provide more insight into the drying behavior of the fine coal particle cake.
[image: Figure 4]FIGURE 4 | Experimental filtration results for the 10% solids pentane slurry at 20 psig (every third data point denoted by black circle) are fitted to the curve produced by the Huang et al. (2018) model (red curve). The fitting parameters (R) and (Rm) resulted in a capillary radius of 1.28 µm, and a medium resistance of 0.27 × 1012m−1.
Filtration experiments identified 10% solids 20 psig hexane as the ideal filtration method, and these parameters will be studied further for drying in section 3.2.
3.2 Drying through solvent vaporization and convection
In this section, we discuss the solvent removal during Step II of the in-situ solvent recovery process sketched in Figure 1. The solvent removal (or drying) here depends critically on the initial distribution of liquid solvents in the coal cake formed by pressure filtration, which is governed by the operating conditions of the pressure filtration step (Step I) of the in-situ solvent recovery process, e.g., filtration pressure and solid loading in coal slurries. All experiments presented below are preceded by the same pressure filtration step. Therefore, the distributions of liquid solvents in the filtration cake at the beginning of experiments below are comparable, regardless of whether N2 or superheated steam is used as the carrier gas.
3.2.1 Room-temperature N₂ drying
Drying tests were initially conducted with room-temperature nitrogen as the carrier gas to obtain a baseline drying performance. In addition to drying filtration cakes obtained by filtration of hexane-coal slurries, drying of filtration cakes with residual pentane was also tested to serve as a reference for comparison. Figure 5 presents the drying curves for filtration cakes with pentane and hexane as a function of time. The pressure difference driving the nitrogen flow through the cake is 20 psig.
[image: Figure 5]FIGURE 5 | The drying curve of filtration cakes with pentane and hexane as residual solvents. 20 psig nitrogen at 20°C is used as the carrier gas. The target concentration of 1,400 ppm is denoted by a horizontal dashed line. The initial hexane loading is 24,500 ± 250 ppm.
Figure 5 shows that pentane is removed more quickly from filtration cakes than hexane. The residual pentane in filtration cakes reaches the target concentration of 1,400 ppm at ∼105 s, while it takes ∼230 s for hexane. To understand these results, we note that the drying of filtration cakes involves physical processes including phase change, heat transfer, and mass transfer by diffusion and convection. The last two processes greatly affect the drying rate, and they depend strongly on the distribution of liquid solvents in filtration cakes. The drying data in Figure 5, however, can help provide insights into the liquid distribution in filtration cakes. As mentioned earlier, there exists two limiting scenarios for the distribution of residual liquid solvent in a filtration cake. In the first scenario (see Figure 1A), at the end of the liquid-solid filtration step, liquid solvents form a continuous film transversing the filtration cake and are in close contact with the pathways of the carrier gas flow. In the second scenario (see Figure 1B), liquid solvents are trapped in tiny pores sparsely distributed in the filtration cake. Here, each major pathway of the carrier gas flow is in contact with a few liquid solvent clusters. While these different scenarios can potentially be clarified using numerical modeling (see, e.g., Wu et al., 2020) or advanced imaging, studying samples as large as the ones studied here while resolving liquid distribution in them at sub-micrometer scale is very challenging. Here, to examine which of these scenarios is closer to the actual scenario, we analyze the drying time based on the first scenario. Without losing generality, our analysis focuses on the drying of filtration cake with pentane as residual solvents.
Figure 6A shows a pore-scale model of the drying process based on the first scenario, where a representative pore inside the filtration cake is initially covered by a thin film of residual solvents. Since our measurements indicated that the temperature of a typical filtration cake decreases less than 6°C during the entire drying process, the drying is approximated as an isothermal process. Furthermore, the slow drying shown in Figure 5 is not limited by the kinetics of evaporation at liquid-vapor interfaces. Instead, drying is governed by the diffusion of solvent vapor from the evaporation site (pore walls) to the interior of the pore and the carrier gas flow along the pore. Because of the pore’s small radius R and its large length-to-radius ratio (L/R ∼ 10⁴), the gas flow in the pore is laminar and fully developed. Hence, the solvent removal rate from the pore can be estimated using the classical model for fully developed flows and mass convection in round pipes (Bejan, 2013).
[image: Figure 6]FIGURE 6 | (A) A schematic of a pore-scale model for the drying (solvent vaporization and mass convection) of a filtration cake based on the assumption that the residual solvents form a continuous film on the pore walls. (B) Variation of the solvent vapor density along a representative pore (radius R = 1.28 µm; length L = 0.01 m).
Specifically, the average gas velocity in the pore is given by the Hagen-Poiseuille equation:
[image: image]
where ΔP is the pressure difference along the pore and μ is the viscosity of N₂. With the pressure difference (20 psig), pore length (0.01 m), and pore radius (1.28 µm) in our drying experiment, [image: image] is estimated to be 0.159 m/s. The density of solvent vapor on the pore’s surface is equal to the saturation density of the solvent, [image: image], which is defined by the solvent temperature (here, 20°C). The density of solvent vapor along the pore can be obtained using the analogy between heat and mass convection inside a pore (Bejan, 2013), and is given by
[image: image]
where [image: image] is the vapor density at the pore’s entrance, [image: image] is the Sherwood number, and [image: image] m2/s is the diffusion coefficient of pentane in nitrogen.
Using the average velocity computed above, the vapor density along the pore is obtained (see Figure 6B). We observe that vapor density approaches the saturation density at a distance of L/104 from the pore’s entrance. This short distance is consistent with the small characteristic length for vapor density to reach saturation, i.e., [image: image] (see Eq. (3)). Physically, given the small pore radius, the diffusion of solvent vapor from the liquid film on pore walls to a pore’s center is facile. Meanwhile, the gas flow carrying the vaporized solvent downstream is slow. Hence, the carrier gas easily becomes saturated as it flows down the pore, and the vapor density at the pore’s exit is at the saturation density [image: image].
Using the fact that the vapor density at the pore’s exit is [image: image] and assuming that the filtration cake features bundles of parallel pores with the same radius [image: image], an order of magnitude estimation of the time for the complete removal of solvent from a filtration cake can be obtained as:
[image: image]
where [image: image] is the universal gas constant, [image: image] is temperature, [image: image] is the saturation pressure of solvent, [image: image] is the molecular mass of solvent, [image: image] is the initial liquid solvent mass inside the filtration cake, [image: image] is filtration cake’s radius, and [image: image] is filtration cake’s porosity. Using the properties of filtration cake ([image: image] m, L = 0.01 m, R = 1.28 µm, k = 0.35, [image: image] 0.563 g) and pentane ([image: image] = 72.15 g/mol and [image: image] 57.3 kPa), [image: image] is found to be 1.88 s.
The drying time estimated above is almost 100 times smaller than that observed experimentally (120 s, see Figure 5). Such a dramatic discrepancy suggests that the assumption underlying the above estimation, i.e., the residual liquid solvents form continuous films lining the walls of the pathway of carrier gas flowing through the filtration cake, is inaccurate. Therefore, the second scenario for the distribution of residual solvent in the filtration cake is more likely, i.e., solvents exist as isolated liquid clusters sparsely distributed in filtration cakes, is more reasonable. The carrier gas is thus only in contact with “patches” of liquid solvents whose surface area is far smaller than the surface area in contact with the carrier gas flow. The remaining solvents are trapped in microcapillaries perpendicular to the main carrier gas pathway (see Figure 1B). Under this scenario, the carrier gas flow will not be saturated with solvent vapor when it leaves the filtration cake and thus the solvent removal is mainly limited by the transport of vaporized solvent from the evaporation site to the carrier gas flow pathway rather than by the convection of solvent vapor by the carrier gas flow.
The above analysis helps explain the drying curves in Figure 5. For example, the drying curves show that the drying rate decreases as solvents are removed from filtration cakes. Similar falling drying rate has been reported in many studies of the drying process in porous media, where the carrier gas usually flows over a porous media’s surface (Bond et al., 1994; Belhamri, 2003; Schlünder, 2004; Shibata, 2005). In those works, drying rate falls as the liquid saturation in a porous media becomes low. Under that condition, the capillary flow of water and diffusion of water vapor to the porous media’s surface becomes difficult, which slows down transport of water to the surface of porous media and hence the drying rate.
In the present study, although the carrier gas flows through filtration cakes, the distribution of the liquid solvent inferred from our above analysis is qualitatively similar to those revealed in previous drying studies. As such, similar falling drying rate can be expected. Figure 5 also shows that the drying of hexane is slower than pentane. This can be understood as follows. Here, the drying process is limited by the transport of solvent toward the pathway of the carrier gas flow. Because hexane has a lower vapor pressure and higher viscosity than pentane, the flux of hexane to carrier gas flow pathways (e.g., diffusion of hexane vapor from solvent patches and possibly capillary pumping of liquid hexane from the solvents that have receded into micro capillaries connecting to those pathways) tends to be smaller than that of pentane. Consequently, the drying of filtration cakes with hexane is slower than that of pentane-loaded filtration cakes.
Overall, Figure 5 shows that the hexane and pentane content in a filtration cake can be reduced to the target level (1,400 ppm) using room-temperature nitrogen flow. However, the cutoff drying times, defined as the time when the solvent content is reduced to the target level, are ∼10–20 times longer than the 10 s interval specified by the process objectives. To reduce the cutoff drying time, one possible strategy is to increase the temperature of the carrier gas flow. This will increase the vapor pressure of solvent and facilitates the transport of solvent vapor to the carrier gas pathway within filtration cakes, thereby accelerating drying.
3.2.2 Drying using heated N₂
Having shown that room-temperature nitrogen cannot dry filtration cakes to the desired level within the required time, we next use heated nitrogen with a pressure of 20 psig to dry cakes obtained from pressure filtration of hexane-coal slurries with 10% solid loading. Figure 7 displays the drying curves when the nitrogen temperature is 20°C, 100°C, and 150°C. The results in Figure 7 exhibit several interesting features. First, there was a significant reduction in drying time when N₂ temperature is increased from 20°C to 100°C. With 100°C N₂, the hexane concentration in filtration cakes reaches the target concentration at ∼150, 60–70 s shorter than when 20°C N₂ is used. Second, as N₂ temperature increases to 150°C, the improvement of drying performance is negligible. Finally, at elevated temperatures, the drying rate also decreases with time.
[image: Figure 7]FIGURE 7 | Hexane drying curves using 20 psig nitrogen at a temperature of 20°C, 100°C, and 150°C as the carrier gas. The target solvent concentration of 1,400 ppm is denoted by a dashed horizontal line. The initial hexane loading is 24,500 ± 250 ppm.
The reduction in drying time as N₂ temperature is increased from 20°C to 100°C is attributed to the fact that when the heated N₂ enters the filtration cake, it raises the temperature of the filtration cake and the liquid solvents in the cake. The latter increases the solvent vapor density in the cake, thereby facilitating more rapid solvent removal through mass convection. When the temperature of N₂ is elevated to 150°C, the cutoff drying time is shortened only marginally. It is interesting to note that hexane’s boiling points are 69.0°C and 98.6°C at 0 and 20 psig, respectively. It thus appears that raising the carrier gas temperature to 100°C likely causes rapid vaporization of liquid solvent that is absent when the temperature is 20°C. Further temperature rise above 100°C had less of an impact on the phase change of the liquid hexane. In the future, it would be interesting to perform experiments to examine how drying behavior varies as temperature increases from 69.0°C to 100°C.
It is notable that even when the carrier gas temperature is increased above hexane’s boiling point in the 150°C trial, drying time does not decrease significantly. This suggests that mass transfer from the evaporation site to carrier gas pathways remains a limiting factor in drying. The latter implies that violent phase change such as boiling, which should perturb coal particles in filtration cake to release trapped solvents and diminish the resistance for solvent transport to carrier gas flow through filtration cakes, does not occur at the temperature investigated here. The absence of boiling is likely caused by the fact that, for liquids trapped in sub-micrometer cavities, boiling is suppressed; instead, liquids become superheated, and phase change occurs only at their interfaces with solvent vapor or carrier gas.
3.2.3 Drying using superheated steam
Unable to produce satisfactory drying results using heated nitrogen, we conducted drying experiments using superheated steam as the drying medium and carrier gas. We report only experiments conducted with superheated steam at a temperature of 150°C because only they lead to potentially acceptable performance among the experiments performed. For example, steam with a temperature of 100°C resulted in coal products with high water content. Figure 8 displays the drying curves obtained using 150°C superheated steam with a pressure of 5, 10, and 15 psig at the entrance of the drying vessel. Two key observations are that 1) superheated steam offers a significant improvement of drying performance over the heated N₂ with the same temperature and 2) increasing steam pressure from 5 to 15 psig greatly enhances the drying performance.
[image: Figure 8]FIGURE 8 | 150°C superheated steam drying curves at 5 psig, 10 psig, and 15 psig. The target solvent concentration of 1,400 ppm is denoted by a dashed horizontal line. The initial hexane loading is 24,500 ± 250 ppm.
Superheated steam offers much better drying performance over the heated N₂ with the same temperature. For 10 psig superheated steam, the target solvent concentration is reached at approximately 30 s. This drying result is in contrast to the fact that N₂ flow driven by twice the pressure difference (20 psig) did not reach the target concentration until approximately 130 s (see Figure 7). Furthermore, by reducing the solvent concentration to below 1,400 ppm within approximately 6 s, the 15 psig superheated steam meets the process objectives. It should be possible to optimize the steam pressure further so that the target solvent concentration is reached at 10 s. However, this optimization is not pursued here since 15 psig steam provides a reasonable safety margin for drying time, which will be helpful in practical scale-up.
The much better drying performance of superheated steam over N₂ of the same temperature is attributed to the different drying mechanisms of these two carrier gases. Unlike N₂, when steam enters the filtration cakes at room temperature, it condenses rapidly. The heat thus released is significantly greater than that afforded by heated N₂. For example, when steams with a temperature of 150°C at 5, 10, and 15 psig condense into saturated liquids at the same pressure, their specific enthalpies decrease by 2,320.8, 2,289.1, and 2,261.9 kJ/kg, respectively. On the other hand, even if N₂ with a temperature of 150°C is cooled to 20°C, its specific enthalpy decreases only by about 136.5 kJ/kg. As such, solvents are vaporized at a higher rate when steam is used, which facilitates solvent removal from filtration cakes and results in faster drying. Conceivably, the condensation of water in the filtration cake can block some pores in the cake, trap liquid solvents, and slow down drying. However, the superior drying performance shown in Figure 8 suggests that these processes are not very significant.
For superheated steam, the drying rate increases significantly as its pressure increases from 5 to 15 psig. This can likely be attributed to the increased steam flow into the filtration cake as steam pressure increases, whose condensation facilitates the vaporization of solvents in the cake.
During the early stage of drying, the steam condenses on the inner surface of filtration cakes. Driven by the heat transfer from the superheated steam, the liquid condensates are later vaporized and removed from the filtration cake by convection. Because the ultimate goal of HHS technology and the present work is coal dewatering, it is necessary to determine the residual water content in the filtration cake at the end of drying. Tests were conducted on all three cake samples, and the water content was all below 5%. In the industrial handling of coal, the moisture content of coal is an important parameter to monitor because if coal becomes too dry, it can be a safety hazard. If it is too wet, the heating value is reduced and can cause problems during transportation. Typical market specifications require coal moisture to be below 8% (Gupta, 2014). Therefore, the water content in coal dried here is acceptable. Further study of controlling moisture content by varying superheated steam temperatures and pressures can be conducted if more precise moisture control is required.
4 CONCLUSION
The hydrophobic-hydrophilic separation (HHS) process is a novel approach to fine particle separation that has been shown to clean and dewater fine coals with no lower particle size limit. In an intermediate step, the HHS process produces fine coal dispersed in hydrophobic solvents. This solvent is then recovered and recycled, creating a closed-loop process that is economically and environmentally beneficial. In this work, an in-situ solvent recovery scheme is used to achieve this goal by reducing the solvent content of the final product to less than 1,400 ppm. This scheme includes a liquid-solid filtration stage to recover most of the solvents and a drying stage to reduce the solvent concentration to the target concentration. The drying stage immediately follows the filtration stage and involves vaporizing solvents in the filtration cake and the subsequent removal through convection by a carrier gas. A series of experiments were carried out to identify filtration and drying operations that reduce the solvent concentration to the target concentration within specified filtration time and drying time objectives of 60 and 10 s, respectively.
Our experiments showed that pressure filtration with 20 psig nitrogen could not produce the desired target concentration within the 60-s filtration time constraint. Analysis aided by the classical model of mass convection in round pipes revealed that the residual solvents at the end of filtration exist in the form of isolated clusters trapped in small cavities that are sparsely distributed in the filtration cake. Given the critical importance of the initial distribution of liquids in filtration cake in the drying performance, it is highly desirable to measure such distribution directly. In particular, in-situ and non-intrusive measurements of liquid mass with characteristic dimensions of micrometers will provide valuable insights into the drying of the coal filtration cakes studied here.
Our experiments revealed that room-temperature N2 or N2 heated to 150°C, even at an elevated pressure of 30 psig, could not reduce the solvent concentration in filtration cakes to the target concentration within 10 s. We found, however, that drying using 15 psig steam superheated to 150°C can reduce solvent concentration below 1,400 ppm in less than 10 s, and the water content in the final filtration cakes does not exceed the limit set for commercial clean coal. These data provide the foundation for future scale-up studies of the in-situ solvent recovery process examined in this work.
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