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 Structural Characteristics of Deformed Coals with Diﬀerent Deformation Degrees and Their Eﬀects on Gas Adsorption Xiaojie Guo,*,† Xuan Huan,‡ and HengHeng Huan§ †
 
 College of Resource and Safety Engineering, China University of Mining and Technology (Beijing), D11, Xueyuan Road, Beijing 100083, P.R. China ‡ College of Geoscience and Surveying Engineering, China University of Mining and Technology (Beijing), D11, Xueyuan Road, Beijing 100083, P. R. China § No. 2 Coal Mine of Zhaogu, Jiaozuo Coal Industry Co., Ltd., Henan Energy and Chemical Industry Group Co., Ltd., Huixian 453633, China ABSTRACT: To investigate the eﬀect of structure characteristics of deformed coal on methane adsorption, four coal samples with diﬀerent degrees of deformation were collected. Fourier transform infrared (FTIR) spectroscopy and low temperature N2 adsorption experiment were applied to analyze the macromolecular structure and pore structure, respectively. Methane adsorption experiment was done to obtain the adsorption parameters with the Langmuir equation. The results indicate that coal structures with diﬀerent deformation mechanisms have diﬀerent evolution rules. Under the brittle deformation mechanism, with the increase in the degree of deformation, the aromaticity and condensation of coal noticeably increase, and the aliphatic side chains noticeably decrease. Coal’s speciﬁc surface area (SSA) and total pore volume (TPV) slightly decrease while its average pore diameter (APD) increases. Under the ductile deformation mechanism, the aromaticity and condensation of coal further increase. The SSA and TPV of coal noticeably increase, and APD is noticeably reduced. Meanwhile, there exist diﬀerent inﬂuential factors on methane adsorption under diﬀerent deformation mechanisms. The main factor aﬀecting methane adsorption capacity at the brittle deformation stage is the macromolecular structure of coal, while, at the ductile deformation stage, both macromolecular structure and pore structure aﬀect methane adsorption capacity. This study expands our understanding of the inﬂuence of deformation mechanisms on coal structure and of the coupling relationship between coal structure and gas adsorption under the eﬀect of tectonic stress. Simultaneously, it provides data support and a theoretical basis for the prevention and control of coal and gas outbursts and the exploitation of coalbed methane in enrichment areas of deformed coal.
 
 1. INTRODUCTION Deformed coal is the product of an original coal seam after a series of extrusions, shearing, deformation (especially strong ductile-plastic deformation), destruction, and rheological migration under the inﬂuence of one-stage or multistage tectonic stress.1 The structural deformation intensity of deformed coal is strong or weak and can form cataclastic, granulated, and mylonitized structures. The main diﬀerence in deformed coal, compared to undeformed coal, is that the mass structure of deformed coal was subjected to obvious tectonic deformation and the chemical composition has also changed markedly. The most serious mining accidents, coal and gas outburst, almost without exception occur in areas with deformed coal development.2−4 Due to low permeability, low strength, and high adsorption,5 the enrichment region of deformed coal is also the diﬃcult area to exploit coalbed gas. As a result, the research of deformed coal has attracted much interest.6,7 Coal is a complex porous medium in which pore-fracture system plays an important role in gas occurrence and migration. In the process of deformation, the pore-facture of deformed coal changes to a certain extent due to diﬀerences in deformation strength and mechanisms and can even aﬀect nanoscale pore structure, which is the main space for coalbed gas adsorption.8 Therefore, the research of pore structure is © 2017 American Chemical Society
 
 helpful to provide the basis for coalbed gas exploitation and the prevention of coal and gas outbursts. In recent years, scholars have studied pore structure by diﬀerent methods, including high-pressure mercury intrusion (MICP),9,10 gas adsorption,11−13 nuclear magnetic resonance (1H NMR),14,15 and synchrotron small-angle X-ray scattering (SAXS).16,17 The results show that, with an increase in the degree of deformation, the amount of nanopores, SSA, and fractal dimension regularly change. Meanwhile, mesopore diameter and the proportion of transition pores gradually decrease, and the proportion of micropores gradually increases. Furthermore, tectonic deformation plays an important role in the macromolecular structure and the chemical composition of coal. Tectonic stress provides the required energy for the evolution of organic matter and directly acts on the molecular structure of coal organic matter and aﬀects the coaliﬁcation process. In recent years, scholars have adopted analytical methods such as X-ray diﬀraction (XRD),18,19 Raman spectroscopy,20−22 Fourier transform infrared (FTIR),23−25 and solid state 13C nuclear magnetic resonance (NMR), 26−29 to analyze the macromolecule structure of coal. The results indicate that tectonic stress can Received: August 30, 2017 Revised: October 27, 2017 Published: October 31, 2017 13374
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 Energy & Fuels Table 1. Related Information of Coal Qualitya sample ID/properties deformation types proximate analysis (%, ad) moisture ash yield volatile matter yield ﬁxed carbon ultimate analysis (wt %, daf) carbon hydrogen nitrogen sulfur content oxygen maceral content (%) vitrinite liptinite inertinite Ro,max (%) a
 
 P8P
 
 P10C
 
 PSG
 
 P12M
 
 undeformed coal
 
 calaclastic coal brittle deformation
 
 granulated coal brittle deformation
 
 mylonitized coal ductile deformation
 
 0.87 10.13 27.26 61.74
 
 1.06 7.41 23.09 68.44
 
 0.89 6.08 19.92 73.10
 
 0.99 5.83 20.13 73.05
 
 79.84 4.78 1.36 0.41 13.62
 
 83.05 4.67 1.70 0.50 10.08
 
 85.42 4.51 1.66 0.40 8.01
 
 86.57 4.39 1.39 0.52 7.14
 
 72.7 3 22.8 0.98
 
 76.5 − 23.5 1.01
 
 80 − 20 1.12
 
 72 − 24 1.05
 
 Note: −, no data; ad, air-dried basis; daf, dry-ash-free basic. demineralized before the FTIR experiment. The speciﬁc procedure was subjected to the Chinese National standard GB/T 7560-2001. Approximately 10 g of the samples at 200 mesh was weighed and placed into a plastic bottle. Then, 40 mL of 5 mol/L HCl was added to the container and thoroughly stirred until the sample was completely dissolved. The solution was moved to a thermostat water bath at 333 K to heat for approximately 50 min and stirred at 10 min intervals. Next, 40 mL of HF was added to the processed samples and stirred for 12 h before being washed with HCl. Finally, the acid-treated sample was further washed with distilled water until the ﬁltrate neutralized. The KBr pellet method was used for FTIR measurement. Before the test, the sample with 200 mesh was dried at 323 K for 24 h. Approximately 1 mg of the demineralized sample was weighed and mixed with 180 mg KBr to prepare the pellet. FTIR measurements were accomplished using a NICOLET iS10 IR spectrometer. The test results deducted the atmospheric background values. The scan range is 400−4000 cm−1, and the resolution is 4 cm−1. The number of scans is 32 times and the data interval is 1.929 cm−1. 2.2.1. Determination of FTIR Parameters. (1) Aromaticity ( fa) represents the percentage of carbon atoms in the aromatic fraction, and it can be calculated using the following equations:
 
 inﬂuence the isomerism, aromatization, rearrangement, and polymerization of coal structure, forming a larger molecular network, and is able to fracture small molecular, decomposing into liquid hydrocarbons (low molecular compounds) and gaseous hydrocarbons in a short time. Additionally, the mechanochemical action can also lead to a decrease in interlayer spacing (d002) and an increase in crystallite (La) and crystallite (Lc). This study focused on coal samples with diﬀerent degrees of deformation from mines in Pingdingshan, and analyzed the macromolecular structure and pore structure using FTIR and low temperature N2 adsorption. Combined with methane adsorption experiment, the inﬂuence of deformation mechanisms on coal structure was analyzed, and the relationships between coal structure and methane adsorption under diﬀerent deformation mechanisms were discussed. This research not only provides a clearer understanding of the relationship between tectonic deformation and coal structure, as well as the coupling relationship between coal structure and gas adsorption under the eﬀect of the tectonic stress, but also provides a scientiﬁc basis for coalbed gas exploitation in an area of deformed coal development.
 
 fa = 1 −
 
 2. EXPERIMENTAL SECTION To analyze the eﬀect of tectonic deformation on coal structure and methane adsorption, four samples of diﬀerent deformation degree with the same metamorphic were collected from a coalﬁeld in Pingdingshan. According to the classiﬁcation criterion proposed by Jiang et al.,30 the speciﬁc deformation types of the four samples are shown in Table 1. The selected samples were wrapped with cling wrap to avoid them from pollution and oxidization17 and immediately sent to the laboratory for related tests and analyses. 2.1. Coal Sample Properties. Proximate and ultimate analyses of these samples were performed following the Chinese National Standard GB/T 212-2008 and GB/T 476-2001, respectively. Coal maceral analyses were conducted following the Chinese National Standard GB/T 8899−2013. Maximum vitrinite reﬂectance (Ro,max) measurement was completed on polished slabs, following the Chinese National Standard GB/T 6948-2008. The results of these experiment are listed in Table 1. 2.2. FTIR Measurement. To avoid the eﬀect of inorganic mineral matter on the molecular structure analysis, the samples should be
 
 Cal C
 
 (1)
 
 ⎛H H⎞ H Cal = ⎜ al ⎟/ al ⎝ H C ⎠ Cal C
 
 (2)
 
 Hal = A(3000∼2800)/{A(900∼700) + A(3000∼2800)} H
 
 (3)
 
 where Cal and Hal represent the carbon and hydrogen in the aliphatic fraction, respectively. The values of H and C are obtained through Table 1. According to the refs 31 and 32, the value of Hal/Cal is approximately 1.8 for coal. (2) The parameter I is also the index to characterize aromaticity.33 The diﬀerence between fa and I is that the latter is mainly the ratio of the peak area of the aromatic carbon to the aliphatic carbon, and their corresponding peak area is the intensity of 700−900 cm−1 and 2800− 3000 cm−1, respectively. The calculation equation is
 
 I = A(900∼700)/A(3000∼2800)
 
 (4)
 
 (3) The degree of condensation (DOC) equation: 13375
 
 34,35
 
 is estimated by the
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 Energy & Fuels DOC = A(900∼700)/A(1600)
 
 (5)
 
 where the peak at 1600 cm−1 represents aromatic CC skeletal vibration. (4) CH2/CH3 represents the degree of branching and side chain lengths of aliphatic structure, which corresponds to the intensity of 2940−2900 and 3000−2940 cm−1, respectively. The formula is A(CH 2)/A(CH3) = A(2940∼2900)/A(3000∼2940)
 
 (6)
 
 (5) The hydrocarbon-generating potential (′A′) can be determined by the following:
 
 ′A′ = A(3000∼2800)/[A(3000∼2800) + A(1600)]
 
 (7)
 
 2.3. Low Temperature N2 Adsorption Measurement. The low temperature N2 adsorption measurement was completed on the VSorb 2800P surface area and pore size distribution analyzer. Before the experiment, the samples were ﬁrst crushed to 60−80 mesh and then outgassed at 100 °C for 12 h under the high vacuum. The experiment was conducted at 77.35 K and 101.3 kPa. The N2 adsorption isotherms were obtained at a relative pressure ranging from 0.006 to 0.993. In this manuscript, the multipoint BET (Barrett−Emmett−Teller) method from the N2 adsorption data at relative pressure (P/P0) between 0.05 and 0.30 was adopted to characterize the SSA of the coal samples.36 The BJH (Barrent−Joyner−Halenda) method from the N2 adsorption measurement was used to calculate the APD.37,38 2.4. Methane Adsorption Measurement. Methane adsorption measurement of the coal samples was taken by using the H-Sorb2600 high pressure gas analyzer. The sample handling method was the same as that in section 2.3 before the experiment. Maximum methane adsorption pressure in the experiment was 8 MPa, and the experimental temperature was 25 °C. It is widely accepted that methane adsorption at low pressure belongs to monolayer adsorption. Therefore, the Langmuir adsorption equation was adopted to ﬁt the methane adsorption data. The equation is
 
 V=
 
 Figure 1. FTIR spectrum of deformed coal samples.
 
 the adsorption peaks of OH are the strongest in P8P and the weakest in P12G. This means that with increasing degrees of deformation, the content of the oxygen-containing group decreases gradually. The existence of this oxygen-containing group is not beneﬁcial for the methane adsorption,42−44 which may be one factor inﬂuencing methane adsorption of deformed coal. For aliphatic structures (2800−3000 cm−1), their adsorption peak strength is reduced with the increasing degrees of deformation. The adsorption band of 700−900 cm−1 is attributed to aromatic C−H out-of-plane bending vibrations and is shown the low-intensity band in all the samples. 3.2.2. Eﬀect of Tectonic Deformation on FTIR Parameters. The relationships between FTIR structure parameters and the degree of deformation of the coal samples are presented in Figure 2. Figure 2a shows that both fa and I exhibit the same trend, and their values gradually increase with increasing degrees of deformation. By comparing the straight slope, it can be seen that the change of macromolecular structure parameters at the brittle deformation stage are stronger than that of the ductile deformation stage. Figure 2b also shows the similar change of regularity. Pan et al.45 noted that brittle deformation leads to the change of chemical structures through the mechanical friction turning into heat energy. This stage is characterized by short acting times and fast reaction speeds, while ductile deformation destroys chemical structures through strain energy accumulation. Since it takes time for strain energy to accumulate, the strain rate at the ductile deformation stage is slow. Thus, the change rate of fa and I at the brittle deformation stage is faster than that of the ductile deformation stage. Undeformed coal contains abundant aliphatic side chains and functional groups, and when it is subjected to friction heat, alkane branched chains of aliphatic structures will rapidly degrade into smaller molecules due to the fast strain rate, which leads to lower levels of aliphatic carbon content. In addition, the macromolecular structures in coal produce distortion, which leads to the cyclization of partial aliphatic structures,46 and increase the aromatic carbon content. A comprehensive eﬀect of these reactions is an increase of fa and I at the brittle deformation stage. During the ductile deformation stage, due to the slow strain rate, there can be suﬃcient time for a large number of aliphatic side chains to turn into aromatic rings, increasing fa and I. Tectonic stress on DOC during the deformation process ﬁrst destroys the aliphatic side chains in coal, then rearranges the aromatic fused rings. With the continuous action of tectonic stress, coal’s degree of
 
 VLP P + PL
 
 where V is the adsorbed volume at pressure P, VL represents the Langmuir volume corresponding to the maximum monolayer adsorption capacity of gas, and PL is the Langmuir pressure corresponding to the pressure at which the adsorbed amount reaches half of VL, and reﬂects the adsorption rate in a low pressure stage.
 
 3. RESULTS AND DISCUSSION 3.1. Coal Conventional Characteristics. Table 1 contains related information concerning coal quality. The results of the proximate analysis demonstrate that the composition of the moisture content, ash yield and volatile matter yield are 0.87− 1.06% (avg 0.95%), 5.83−10.13% (avg 7.36%), and 19.92− 27.26% (avg 22.6%), respectively, which indicate that Pingdingshan coal is a “low-moisture, low ash, and highvolatility” coal. The ultimate analysis results show that the carbon content is from 79.84 to 86.57% (avg. 83.72%), and with the increase in the degree of deformation carbon content gradually increases. The oxygen content ranges from 7.14 to 13.62% (avg. 9.71%). Both nitrogen content and sulfur content are the lowest, at approximately
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