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Abstract

:

The study on the adsorption and micropore filling of water vapor in coal is significant for predicting coalbed methane content in coal seams. The primary purpose of this study is to explain the effects of coal pore structure and its surface chemistry on water vapor monolayer adsorption, micropore filling, and diffusion coefficient. First, X-ray diffraction (XRD) and mercury intrusion porosimetry (MIP) analyzed inorganic mineral components of two kinds of coal samples and pore fissures structures. Then, we divide pores and fissures according to the theory of fractal dimensions. Furthermore, we carried out the water vapor adsorption and desorption experiments on two kinds of coal; in particular, we set 14 points of relative pressure between 0 and 0.2. Guggenheim–Anderson–de Boer (GAB), Frenkel–Halsey–Hill (FHH), and Freundlich models were used to analyze the data of water vapor adsorption to obtain the boundary pressure points of the monolayer, multilayer adsorption, and capillary condensation. Finally, the parameters of the models were obtained by fitting the adsorption data of water vapor according to the combined GAB, Freundlich, DA, and bidisperse adsorption (BDA) models to analyze the interaction mechanism between coal and water. We explain why the strongly adsorbed water minerals, such as pyrite, illite, and nacrite coal, can improve water vapor’s adsorption and diffusion capacity in coal pore fissures.
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1. Introduction


Coal and gas outburst is one of the most serious disasters in the coal mining industry [1]. Measures for gas extraction and mining of protective seams are generally used to prevent coal and gas outbursts [2]. Coal seams that do not have the conditions to implement mining protection measures usually utilize gas extraction measures combined with hydraulic fracturing, coal seam water injection, and other hydraulic measures to prevent and control coal and gas outbursts to increase coal seam permeability [3,4,5]. The water is sucked into the pores and fissures of the coal by capillary force [6]. Coal seams that have undergone hydration measures will inevitably retain some water. Coal seam gas content is one of the critical indicators for predicting coal and gas outburst and estimating coalbed methane production [7,8,9,10]. The prediction of coal seam gas content is influenced by temperature, pressure, porosity, and water content [2,11]. Laboratory measurements of coal seam gas content are usually performed on dry coal for isothermal adsorption testing, but the actual coal seam often contains some moisture, thus affecting the accuracy of the gas content measurement [11,12,13,14]. In addition, underground coal mine water injection to increase the water content of coal seams is usually used to achieve the effect of coal dust control [15]. However, the mechanism of coal–water interaction is not fully understood. Therefore, it is essential to study the interaction mechanism between coal and water to improve the safety and environment of the working face of coal mines.



Coal is a typical non-homogeneous porous medium associated with various inorganic minerals. Inorganic minerals in adsorbents affect the adsorption energy between coal pore fractures and water [16]. The fluid intrusion method combined with fractal theory analysis is often used to characterize the pore structure of a porous medium and non-homogeneity [9,16]. The monolayer, multilayer adsorption, and capillary condensation processes of water vapor are usually described with the water vapor adsorption isotherm in coals to analyze the adsorption mechanism of coal to water [17,18,19]. Adsorption models are used to predict the adsorption equilibrium and isotherm parameters, including Guggenheim–Anderson–de Boer (GAB), Frenkel–Halsey–Hill (FHH), Freundlich, and Dubinin, and Astakhov (DA) et al. [19,20,21,22,23,24]. These adsorption models are proposed based on the unimolecular, multimolecular, and adsorption potential energy models. They are used to analyze the interaction between the surface properties of the adsorbent and the adsorbate. The monolayer adsorption with water on the coal pore fissure surface is often completed in the low relative pressure region. The processes of water vapor adsorption are accompanied by microporous filling, which usually occurs in the low relative pressure region of coal adsorption of water vapor. Most scholars focus on pressure regions with relative pressures higher than 0.2 or set fewer test pressure points in low-pressure zones (relative pressures less than 0.2) [16,25]. The coal seam is generally considered a double-porous medium for studying the diffusion and seepage flow of coal seam gas [26,27]. Using a dispersed model, Dubinin investigated the widely distributed activated carbon with microporous size [28]. While assuming that coal is a dual-pore medium model, there are fewer studies of its adsorption process using a dual-pore adsorption water vapor model of coal. The physicochemical properties of the coal pore fissure surface influence the strength of adsorbed water and the diffusion of water vapor in coals. However, few studies combine the double-dispersion model and analyze how inorganic minerals in pore fractures of coal affect the interaction energy of coal–water and the adsorption and diffusion of water vapor in coal.



In order to reveal the adsorption mechanism between water molecules and the pore surface of coal, and the diffusion of water vapor in coals, experiments on water vapor adsorption by coal were conducted. X-ray diffraction and mercury intrusion porosimetry (MIP) were also carried out. The bidisperse model BDA, GAB, DA, FHH, and Freundlich models of adsorption water vapor were applied to fit the experimental data of coal adsorption water vapor to obtain fitting parameters with the adsorbed water vapor data. The influence of the dual pore stage of coal pores and fractures on the adsorbed water was analyzed. We would expect results to further explain the mechanism of water occurrence in coal seams.




2. Materials and Methods


2.1. Coal Samples


Two types of bituminous coals collected from the Pingshuo (PS) jinggongyi and Liyazhuang (LYZ) coal mines in the Shanxi Province were used for MIP, XRD, and water vapor adsorption tests. The proximate analysis of coal samples is listed in Table 1. According to the Chinese coal industry classification standards, the industrial analysis parameters are shown in Table 1.




2.2. XRD


X-ray diffraction (XRD) tests were performed in a Bruker D8ADVANCE (Bruker, Germany) measuring instrument. The test parameters were set to 40 mA and 40 KV for tube current and tube voltage, 1.5406 Å for Cu target wavelength, 5°–90° for scanning angle, and 1.5°/min for scanning speed.




2.3. MIP and Mercury Injection Fractal Model


The total porosity, specific surface area (SSA), and pore size distribution of the coal samples were used for mercury intrusion high-pressure (MIP) analysis (An AutoPore IV 9500 analytical instrument) (Micromeritics Instrument Corp., Norcross, GA, USA). The fractal dimensions were calculated using mercury injection data and the Menger model [26]. The formula is shown in Equation (1).


  In  (    d  V  M I P     d  P  M I P      )  =  A  M I P   +  (   B  M I P   − 4  )  In  P  M I P    



(1)




where VMIP is mercury volume, mL/g; PMIP is the pressure of injected mercury; dVMIP/PMIP represents the increment of pore volume corresponding to the current incoming mercury pressure point relative to the previous incoming mercury pressure point; AMIP is a constant; according to the Equation (1), the slope of the curve made from In(dVMIP/dPMIP) to InPMIP is D, Fractal dimensions D = BMIP + 4; when 1 < D < 2, 2 < D < 3, and 3 < D < 4, D represents the stage of mercury entering the fissure, the stage of mercury entering the pore, and the stage of matrix compression, respectively [29].




2.4. Vacuum Vapor Sorption


The coal sample was dried by degassing in a vacuum; the temperature was set to 40 °C, and the drying time was set to 120 h. The coal was then sealed and stored in a bottle, and, finally, water vapor adsorption experiments were performed. The BeishiDe 3H-2000PW (BeishiDe instruments, Beijing, China) fully automatic weight-based vacuum vapor sorption (VVS) analyzer was used to determine the coal sample for coal adsorption and desorption of water vapor isotherms. Water vapor relative pressure was controlled between 0.01 and 0.95. The mass change of the coal sample was continuously monitored and recorded by an ultra-sensitive microbalance with an accuracy of 1 ug. During the test, the equilibrium chamber temperature was set at 30 °C, and the water bath provided a constant test temperature. The sample volume change in 20 min was less than 0.1 mg, defined as a continuous weight state.



In this experiment, 25 relative pressure points were set. The unique feature of our study is that 14 data detection points were set in the pressure range of 0 < p/p0 < 0.2 to study the micro-pore filling process of water vapor in coal samples under low relative pressure and the mechanism of the water vapor diffusion process on the surface of coal pore fissures.





3. Results and Discussion


3.1. Inorganic Minerals Associated with Coal


Rietveld full-spectrum fitting refinement was carried out using XRD data, and a mass fraction quantified the mineralogical fractions of the samples to determine the mineral content (Figure 1). Figure 1 shows that the green line represents the fitted line (Cal), the black line represents the original plot (Obs), and the gray line represents the calculated plot (Obs-Cal). The lower the value of Rwp, the better the refinement result. The two coals mainly include inorganic minerals, such as clay minerals, pyrite, calcium carbonate, and quartz, with clay minerals, such as illite, kaolinite, and nacrite. The LYZ coal sample contains some pyrite, nacrite, and illite, while the PS coal sample has none of these minerals. The standard card numbers for nacrite and kaolinite are PDF#16-060 and PDF#78-2110. The three principal peaks of nacrite (Al2Si2O5(OH)4) are 12.321, 20.347, and 21.498, and the three principal strength peaks of kaolinite (Al4(OH)8(Si4O10)) are 12.041, 20.377, and 21.229. Kaoline absorbs water and has an average free expansion rate of 28% [30,31,32]. Nacrite has water absorption properties similar to kaoline [33]. Illite has a strong water absorption because of hydrogen bonding of the potassium ions embedded between the layered silicate layers, with an average swelling rate of 89% [34,35]. Pyrite has a strong interaction with water molecules, and its surface structure affects water absorption of more than 1 nm [36].




3.2. Pore Fracture Structure of Coal and Its Dual Pore Division


According to pure chemistry′s international pore structure classification standard, a pore size of less than 2 nm is called micropore, a pore size between 2 and 50 nm is called mesopore, and a pore size greater than 50 nm is called macropore [37]. The amount of intruded mercury, around six μm pore diameter, was used as a boundary to distinguish the inter and intra-grain pores of the tested coal samples [38,39]. At 413.05 MPa, the maximum intrusion mercury volumes of PS and LYZ coal samples were 0.0363 and 0.0515 mL/g, respectively. There is a significant hysteresis loop between the intrusion and extrusion mercury curves of both coal samples, shown in Figure 2a. The possible reason is that the high-pressure section of the mercury injection pressure destroys the pore fissures of the coal, making the original closed or semi-open pore into an open or continuous pore [40,41]. The hysteresis loop′s width reflects the pores′ connectivity [26]. The connectivity of pore fissures of the LYZ coal sample is greater than that of PS. Figure 2b shows the pore volume distribution curve; the LYZ pore volume distribution curve is higher than PS in the region of greater than 100 nm, while less than 100 nm shift occurs, the pore volume distribution curve of LYZ is lower than the PS coal sample.



Guo et al. [42] considered that the fractal dimension change could classify the pore fracture system according to the relationship between   In  d  V  M I P    /  d  P  M I P      and   In   P  M I P     . The fractal dimension 3 < D < 4 is the matrix compression stage, and the point of abrupt change of compression coefficient is used to define the fissures and pore boundary. We classify matrix compression system and fracture system for PS and LYZ coal samples based on fractal theory, as shown in Figure 3. The fractal point of PS is 283.67 nm, and the fractal point of LYZ is 120.69 nm. Section 3.3.3 presents the BDA model with coal dual pore characteristics to analyze the data of adsorption water vapor in coal.




3.3. Water Vapor Adsorption–Desorption Isotherm and Adsorption Model


3.3.1. Water Vapor Adsorption Isotherm


Figure 4 shows the isotherms of water vapor adsorption. Figure 5 displays the variation curves of relative humidity versus coal sample mass with adsorption time at 30 °C for two coal samples. During the adsorption of water vapor on coal samples, the mass of coal samples increased non-linearly with the increase of relative humidity, and the mass of coal samples reached the maximum when the relative humidity was close to 1; the mass of coal samples decreased with the decrease of relative humidity during desorption (Figure 4 and Figure 5). Figure 5c shows that as the adsorption time increases, the humidity decreases, and the mass of the coal sample increases until the adsorption–desorption equilibrium is reached. The relative humidity of Figure 5d fluctuates around the relative pressure of 0.4, indicating that the adsorbed water vapor does not reach equilibrium, and the instrument automatically increases the humidity until the mass of the coal sample changes by less than 0.1 ug within 20 min, indicating the adsorption–desorption equilibrium is reached.



The curve slope for the PS coal sample is significantly larger than that for the LYZ when p/p0 < 0.2 (Figure 4). The possible reason is that the interaction energy between the pore fracture surface and water of the PS coal sample is larger than that of the LYZ coal sample. In this stage, p/p0 > 0.2, and the adsorption isotherms of the two coal samples are almost parallel. The maximum water absorption of PS and LYZ coal samples were 1.34 and 1.25 mmol/g, respectively. The capacity of water vapor adsorption of the PS coal sample is larger than LYZ. Still, the opposite result with the pore capacity measured by MIP, probably because the MIP experiment only gets the pores above 3 nm pores less than 3 nm, were not counted (Figure 2). The adsorption–desorption curves of PS and LYZ have a hysteresis loop, which may be because of the micropore filling of water vapor, surface chemistry on the surface of pore fissures, expansion and contraction of some of the pore fissures, and the action of capillary condensation of water [43,44,45,46,47].




3.3.2. Freundlich Model and FHH Model


The Freundlich and FHH models describe the transition from monolayer adsorption and multilayer adsorption to capillary condensation for water vapor adsorption on porous media [21,25,48,49,50]. This section combines the two models to determine the relative pressure points corresponding to the turning points.








	
FHH model








The FHH model (Frenkel–Halsey–Hill) [23,49,50] is based on the assumption that the adsorption potential varies with the surface distance and is derived from the potential energy function and thermodynamic equations. The model treats the adsorbed liquid film as a flat liquid in a solid potential energy field, and the liquid film is homogeneous and consistent with the liquid state. Equation (2) is the linear equation of the FHH model [16].


  ln  m  F H H   =  1   n  F H H     ln  B  F H H   +  1   n  F H H     ln  (  ln  (   p 0  / p  )   )   



(2)




where    n  F H H     is the amount of water vapor absorbed, mmol/g;    m  F H H     is the constant related to the adsorbent at a specific adsorption temperature, g/mmol; and    B  F H H     represents the adsorption potential of the adsorbent on the adsorbent surface, the thickness of the monolayer adsorption film, and the monolayer adsorption amount information, dimensionless. The FHH model is often used to determine the cut-off point for the three different states of water vapor: monolayer, multilayer adsorption, and capillary condensation [16].



Figure 6 shows our coal adsorption water vapor data plotted with   ln  (  ln  (   p 0  / p  )   )    as the horizontal coordinate and   ln  m  F H H     as the vertical coordinate. We divide the adsorbed water vapor isotherms of the two coals into four regions with three dividing points in Table 2. One is the turning point from multilayer adsorption to capillary coalescence in the relatively high-pressure section; two is the turning point from monolayer adsorption to multilayer adsorption; and three is the turning point between the microporous filling and monolayer adsorption. As shown in Figure 6, we divide the water vapor adsorption data into two regions using the cut-off point, the region p/p0 < 0.1 we call the low relative pressure region. The low relative pressure zone is divided into two linear phases. Matthias Thommes believes there can be no precise cut-off relative pressure to determine the monolayer multilayer adsorption and microporous filling processes [51]. The following sections will focus on the relative pressure point at which the water vapor micropore filling and monolayer adsorption are completed.
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Freundlich model









The Freundlich adsorption isotherm model assumes that the adsorbent surface is inhomogeneous, the adsorption energy varies from location to location, and is suitable for adsorption with medium coverage and can be used for both physical and chemical adsorption, with a linear form of the Freundlich model [22].


  ln  m  Freu     =   ln μ +  1   n  Freu     ln p /  p 0   



(3)




where p/p0 is the relative pressure;    m  F r e u     represents adsorption volume, mmol/g;    n  F r e u     is adsorption strength, g/mmol; and μ is adsorption capacity, mmol/g. It is believed that the Freundlich model can reflect the transition of water molecules from multilayer adsorption to capillary condensation under high humidity conditions [25,48].



Figure 7 is a diagram based on   In  m  F r e u     as the vertical axis and   In p /  p 0    as the horizontal coordinate, and these two different regions represent two different adsorption methods. A value of n greater than 1 is the high-intensity adsorption zone, which is in the low relative pressure stage. Values less than 1 are a low-intensity adsorption zone in the high relative pressure segment. The high and low strength division of the PS coal sample is p/p0 = 0.751, and the high and low strength division of the LYZ coal sample is p/p0 = 0.702. The value of    n  F r e u     (1.248) for PS, shown in Table 3, is less than that of LYZ    n  F r e u     (2.950), which is probably due to the presence of pyrite, illite, and nacrite in LYZ compared to PS (Figure 2). The Freundlich constant μ predictively represents the water adsorption capacity in the solid and weak adsorption states. Although PS has 0.13 more adsorbed water capacity than LYZ for strongly adsorbed water, the amount of adsorbed water vapor of the PS coal sample occupies 80.36% of the total adsorbed water capacity. At the same time, LYZ only accounts for 48.87%, indicating that some areas in the pore fissures of the LYZ coal sample swell to adsorb more water at high humidity. Combining the FHH model with the Freundlich model, the multilayer adsorption to capillary coalescence relative pressure p/p0 cut-off points for PS and LYZ coal samples with adsorbed water vapor is 0.751–0.800 versus 0.702–0.751. The following section will combine the GAB model with the FHH model to determine the cut-off point from monolayer to multilayer adsorption.




3.3.3. Water Vapor Adsorption Isotherm Model and Its Fitting Parameters
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GAB model









The GAB model extends the BET theory and applies to a broader range of relative humidity [21,52,53]. Its equation is shown in Equation (4):


   m  G A B   =    m  G A B 0   c k  (  p /  p 0   )     [  1 − k  (  p /  p 0   )   ]   [  1 + ( c − 1 ) k  (  p /  p 0   )   ]     



(4)




where    m  G A B     is the equilibrium adsorption amount at specific humidity, mmol/g;    m  G A B 0     represents single-molecule adsorption capacity, mmol/g; c is the adsorption energy constant of the first layer of water molecules; k is the multilayer adsorption energy constant, indicating that the interaction between adsorbed water molecules, it is different from the interaction between water molecules in the bulk phase; and p/p0 represents the relative pressure [21,52,53].
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DA model









Dubinin and Astakhov proposed the DA equation, which describes a non-uniform microporous system [20,54,55].


   m  D A   =  m  D A 0   exp  [  −    (   A E   )   n   ]   



(5)




where [20],


  A = 2.3026 R T log  p 0  / p  



(6)







The linearizing of Equation (5) is:


  log  m  D A   = log  m  D A 0   −    (  2.3026   R T  E   )     n  D A        (  log    p 0   p   )     n  D A      



(7)




where mDA0 is the ultimate adsorption capacity, mmol/g; E is the characteristic adsorption energy of the gas, which is also regarded as the potential chemical difference as a measure of the affinity of the adsorbent surface, J/mole; R is a gas constant; T is temperature, K; and mDA represents the dispersion of microporous distribution, the larger the value, the smaller the micropores, mmol/g.
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BDA model









M.M. Dubinin [28] considered that a porous medium with a wide distribution of microporous sizes could be approximated by Equation (8).


  m =  m 1  exp  [  −    (   A   E  01      )   3   ]  +  m 2  exp  [  −    (   A   E  02      )   2   ]   



(8)







Coal has the typical characteristics of a double-pore medium [26]. According to Figure 3, we consider the capacity of coal pore fissures for water vapor adsorption as a process of water vapor adsorption by two different types of pores. Drawing on Equation (8) and considering the non-homogeneous characteristics of coal, we use an empirical double DA model to fit the water vapor adsorption data as Equation (9).


   m  D u D A   =  m  D u D A 01   exp  [  −    (   A   E 1     )     n  D u b A 01      ]  +  m  D u D A 02   exp  [  −    (   A   E 2     )     n  DuD   AO2      ]   



(9)




where    m  D u D A     is the amount of adsorbed water vapor, mmol/g;    m  D u D A 01     and    m  D u D A 02     are the limiting adsorption capacities of two different types of micropores, mmol/g; and E1 and E2 are two different types of pore and adsorbent affinities, J/mole. It is worth noting that, at present, we have not found an empirical form of Equation (9) within the scope of the literature we looked for. This paper refers to Equation (9) as the BDA model.



Figure 8 and Table 4 show the fitting effect, fitting parameters, and statistical parameters of the three models fitting the adsorption isotherms of the two coals. Combining the GAB model with the FHH model, the relative pressures p/p0 corresponding to the completion of monolayer adsorption by PS and LYZ are 0.518–0.501 and 0.401–0.648. The smaller the residual sum of the squares of the error (SSE) value, the smaller the root mean square error (RMSE) value, and the larger value of R2 represents a better fit. Table 4 displays the values of the goodness-of-fit coefficients SSE, R2, and RMSE for the three models, indicating the BDA model is the optimal model to describe the coal sorption isotherm. The fit of the DA model was the worst, especially for the range of 0.3 < p/p0 < 0.7 (Figure 8). The GAB model is a hypothesis based on the multilayer adsorption model, which adds the assumption of the interaction energy between water molecules but cannot describe the process of micropores filling with water vapor [51]. A smaller value of the DA model parameter, nDA, represents a larger pore size. As an extension of the DA model, the BDA model values also characterize the pore structure information. The interaction energy E2 of coal pore fracture surface with water molecules in the PS coal sample is greater than the E2 of LYZ using the BDA model fit, and the interaction energy E1 of coal pore fracture surface with water molecules in the LYZ coal sample is greater than the E1 of PS. In the next section, we analyze the effect on the water vapor diffusion coefficient in the context of the interaction energy between the dual pore stage of coal pore fractures and water.





3.4. Diffusion of Water Vapor in Coal Pore Fissures


The moisture diffusion coefficient indicates the ability of moisture diffusion in the coal rock medium and determines the migration process of moisture within the coal rock. Hence, an accurate assessment of the moisture diffusion coefficient is essential for further understanding hydraulic measures. Here we study the average diffusion coefficient at each relative pressure, so we use a unipore model study of diffusion in coals. The uinpore diffusion model proposed by Crank is shown in Equation (10) [56].


     M t     M ∞    = 1 −  6   π 2      ∑   n = 1  ∞   1   n 2    exp  (  −    D  pore    n 2   π 2  t    L 2     )   



(10)




where    M t    is the amount of adsorption at time t, mmol/g;    M ∞    represents the ultimate adsorption capacity, mmol/g; t is time, s; L is the diffusion path length, m; and    D  pore     is diffusion coefficient, m2/s.



When the time, t, is less than 600 s or     M ∞   /   M ∞     is less than 0.5, Equation (10) can be approximated as:


     M t     M ∞    = 6      D  pore   t   π  L 2       



(11)







The diffusion coefficient,    D  pore    , is calculated from the slope of the line     6 (  D  pore   /  π  L 2   )   1 / 2     by fitting the relationship between     M ∞   /   M ∞     and    t  1 / 2    .



Based on the data of the curve of the amount of water vapor adsorbed by coal with time in Figure 4 and Figure 5, we obtained the curve of the water diffusion coefficient with relative pressure in Figure 9 by fitting Mt/M∞ and t1/2 to Equation (11). The diffusion coefficient of water vapor varied between 1.031 × 10−10 and 1.403−8 m2/s in PS and LYZ coal samples at relative pressure 0 < p/p0 < 1. The diffusion coefficients of the two coal samples showed a fluctuation curve of increasing, then decreasing, and then rising with increasing relative pressure. We divided the relative pressure into two regions based on the variation of the diffusion coefficient with p/p0 = 0.2. At the relative pressure range (0 < p/p0 < 0.2), the water vapor diffusion coefficient of PS coal was greater than that of LYZ.



According to parameter E2 fitted by the BDA model (Table 4), the possible reason is the interaction energy, E2, between the coal fracture surface and water molecules of the PS coal sample in the macropore stage is greater than that of LYZ. The c-value of the monolayer adsorption energy PS of GAB is greater than that of LYZ, so the diffusion coefficient of PS in the low-pressure section is greater than that of LYZ. At the relative pressure stage p/p0 > 0.2, the diffusion coefficient of LYZ is larger than that of PS. The possible reason is that pyrite, illite, and nacrite in the LYZ coal samples adsorb more water due to the expansion of some areas caused by the exothermic adsorption of water (Figure 1). Meanwhile, pyrite, illite, and nacrite containing strong water adsorption can significantly enhance the interaction between coal pore fissure surface and water molecules, thus absorbing more water.




3.5. Effect of Water on Methane Content in Coal


The interaction energy between coal and water is greater than coal and methane [13,57]. The adsorption behavior of water vapor on carbon-containing materials is significantly different from that of adsorption of the nonpolar gas methane. Hydrogen bonding plays a major role in coal absorbing water [58], while the coal–methane interaction is mainly by van der Waals forces [59]. When the coal seam includes a portion of water, each water molecule can displace 0.2 methane molecules [21]. Coal contains hydrophilic inorganic minerals [16], such as illite, kaolinite, pyrite, and other inorganic minerals. Therefore, water molecules displace methane adsorption sites from the oxygen-containing functional groups and hydrophilic inorganic mineral surfaces. Meanwhile, the capillary condensation of water may block the channel, making the adsorbed methane sites unavailable [60]. As a result, the coal seam gas content measured is a bit smaller because of moisture [2,11]. In addition, the electrostatic interaction between water molecules is very strong, making it a liquid at room temperature [61]. When the surface of the mesopore and macropore in the coal seam is partially occupied with liquid water, the water content of the coal seam was increased; this reduces the rate of gas diffusion and decreases the dust concentration, which enhances the safety of the mining working face and optimizing the work environment of the mining face in the process of the coal seam being mined. In this paper, only two coal samples were studied, and the next step will be to study water vapor adsorption by coals with different degrees of metamorphism.





4. Conclusions


In this paper, we investigated the mechanism of the pore fissure structure of coal and its surface physicochemical properties affecting water vapor adsorption on coals. MIP, XRD, and VVS experiments were carried out on two coals. Water vapor adsorption data were analyzed using GAB, DA, FHH, Freundlich, and BDA models. The main conclusions are as follows.








	
Combining the FHH model with the GAB model can determine the cut-off pressure point between monolayer and multilayer water vapor adsorption in coal. The transition pressure points p/p0 from monolayer to multilayer adsorption of PS and LYZ are 0.518–0.501 and 0.401–0.648. The cut-off pressure points of coal adsorption water vapor from multilayer adsorption to capillary coalescence should be determined by combining the FHH model with the Freundlich model. The points for PS and LYZ are 0.751–0.800 and 0.702–0.751.



	
The DDA model is optimal for fitting the water vapor adsorption of coal with inorganic minerals. The model can characterize the strong adsorption characteristic energy with double-pore characteristics. Strong water adsorption minerals, such as illite, nacrite, and pyrite, can improve the ability of coal to adsorb water and increase the diffusion coefficient of water vapor in coal pore fissures.
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Figure 1. PS and LYZ coal samples that were refined with Rietveld full-spectrum fitting. (a) XRD of PS sample, (b) XRD of LYZ sample. 
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Figure 2. (a) Intrusion/extrusion mercury curve of PS and LYZ coal samples, (b) Volume distribution of PS and LYZ coal samples. 
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Figure 3. Fractal characteristics of mercury injection data of PS and LYZ coal samples. 






Figure 3. Fractal characteristics of mercury injection data of PS and LYZ coal samples.



[image: Energies 15 04321 g003]







[image: Energies 15 04321 g004 550] 





Figure 4. Water vapor ad/desorption isotherms for the two coal samples at 30 °C. 
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Figure 5. Changes in the quality and relative humidity of the adsorption/desorption in three coal samples with time. 
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Figure 6. The linear effect of PS and LYZ coal samples’ adsorbed water vapor data processed by the FHH model. 
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Figure 7. Water vapor adsorption isotherms for PS and LYZ recovered from linear fits of the Freundlich model. 
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Figure 8. DA, GAB, and BDA model fitting curves for PS and LYZ coal sample’s adsorbed water vapor data. 
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Figure 9. The water vapor diffusion coefficient variation in coal pore fissure under different relative humidity. 
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Table 1. Basic parameters of coal.
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	Coal Samples
	Mad (%)
	Ad (%)
	Vdaf (%)
	FCad (%)





	PS
	2.255
	17.641
	31.244
	48.860



	LYZ
	1.413
	28.498
	20.172
	50.264







Note: Mad—moisture; Ad—ash; Vdaf—Volatile; FCad—fixed carbon.
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Table 2. FHH Modeling Parameters of Adsorption Isotherms of PS and LYZ coal samples.
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Model

	
Coal Samples

	
Model Coefficients

	
The Goodness of Fit Index




	
BFHH

	
nFHH

	
p/p0

	
R2

	
SSE

	
RMSE






	
FHH

BFHH, nFHH

	
PS

	
1.7934

	
−8.0238

	
0.800

	
0.97459

	
0.00033

	
0.01291




	

	
3.2430

	
−3.0514

	
0.501

	
0.99758

	
0.00016

	
0.00727




	

	
2.0158

	
−1.3875

	
0.201

	
0.97146

	
0.00514

	
0.04141




	
LYZ

	
4.2426

	
−6.2861

	
0.751

	
0.92400

	
0.00281

	
0.03062




	

	
3.9457

	
−2.0650

	
0.401

	
0.99264

	
0.00117

	
0.01979




	

	
1.7760

	
−0.8162

	
0.161

	
0.97977

	
0.00923

	
0.04296








Note: RMSE = root-mean-square error; SSE = sum of squares of the error.
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Table 3. Freundlich Modeling Parameters of Adsorption Isotherms of PS and LYZ coal samples.






Table 3. Freundlich Modeling Parameters of Adsorption Isotherms of PS and LYZ coal samples.





	
Model

	
Coal Samples

	
Model Coefficients

	
The Goodness of Fit Index




	
μ

	
nFreu

	
p/p0

	
R2

	
SSE

	
RMSE






	
Freundlich

μ, nFreu

	
PS

	
1.40347

	
1.24788

	
0.751

	
0.99215

	
0.070100

	
0.064220




	

	
0.34294

	
0.90663

	
-

	
0.99691

	
0.000193

	
0.006950




	
LYZ

	
1.27411

	
2.95003

	
0.702

	
0.99702

	
0.038300

	
0.047470




	

	
1.33278

	
0.79614

	
-

	
0.9943

	
0.000461

	
0.010740








Note. RMSE = root-mean-square error; SSE = sum of squares of the error.
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Table 4. DA, GAB, and BDA modeling parameters of adsorption isotherms of PS and LYZ coal samples.
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Coal Samples

	
Models

	
Model Coefficients

	
The Goodness of Fit Index




	
SSE

	
R2

	
RMSE






	
PS

	
DA

	
mDA0

	
E

	
nDA

	
-

	
-

	
-

	

	

	




	

	

	
1.3785

	
3108.49

	
0.9046

	
-

	
-

	
-

	
0.0119

	
0.9968

	
0.0218




	

	
GAB

	
mGAB0

	
c

	
k

	
p/p0

	
-

	
-

	

	

	




	

	

	
0.7736

	
7.5948

	
0.5132

	
0.518

	
-

	
-

	
0.0028

	
0.9992

	
0.0107




	

	
BDA

	
mDuDA01

	
E1

	
nDuDA1

	
mDuDA02

	
E2

	
nDuDA2

	

	

	




	

	

	
5.0640

	
7648.83

	
2.215

	
0.3106

	
3364.1

	
0.5692

	
0.0017

	
0.9995

	
0.0083




	
LYZ

	
DA

	
mDA0

	
E

	
nDA

	
-

	
-

	
-

	

	

	




	

	

	
1.3375

	
2380.75

	
0.8812

	
-

	
-

	
-

	
0.0048

	
0.9987

	
0.0138




	

	
GAB

	
mGAB0

	
c

	
k

	
p/p0

	
-

	
-

	

	

	




	

	

	
0.7999

	
3.8860

	
0.5194

	
0.648

	
-

	
-

	
0.0023

	
0.9993

	
0.0096




	

	
BDA

	
mDuDA01

	
E1

	
nDuDA1

	
mDuDA02

	
E2

	
nDuDA2

	

	

	




	

	

	
2.6091

	
8913.21

	
2.7322

	
0.5384

	
2368.9

	
0.7526

	
0.0021

	
0.9994

	
0.0091








Note. RMSE = root-mean-square error; SSE = sum of squares of the error.
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