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Abstract

:

Pore structure heterogeneity of coal reservoirs restricts the diffusion-seepage process of coalbed methane, thereby restricting the production capacity of coalbed methane. Therefore, 10 coal samples from the Linxing area are taken as an objective, and high-pressure mercury intrusion testing was used to describe the pore structure distribution of all the coal samples. On this basis, four single and multifractal models were used to perform fractal calculations, and correlation analysis was conducted on the mercury advance and retreat fractal dimension values to clarify the physical significance of mercury removal fractal dimension values. Finally, the relationship between fractal dimension values of mercury curves and pore structure parameters was clarified, and the applicability of various fractal models in characterizing pore structure heterogeneity was explored. All the samples can be divided into type A and B by using pore volume percentage greater than 1000 nm and the mercury removal efficiency. The T model has universality and the strongest correlation in characterizing the heterogeneity of pore volume distribution in samples. A fractal parameter based on high-pressure mercury injection curve was obtained, and was then used to quantitatively characterize the pore and fracture structure of coal reservoirs. This parameter is used to characterize the complexity of gas and water transport during coalbed methane production, further elucidating the coalbed methane production process under the constraint of pore and fracture structure in coal reservoirs.
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1. Introduction


China is rich in CBM resources, among which the cumulative proven reserves of CBM are 1023 × 108 m3. The recoverable reserves are about 10 × 1012 m3, and the recoverable reserves are about 470 × 108 m3, ranking third in the world [1,2,3]. Compared to conventional reservoirs, coal reservoirs generally have the advantages of large thickness, good pore permeability conditions, and high adsorption capacity. However, the quality of the reservoir and the processes of desorption diffusion migration of coalbed methane are both influenced by the complex pore and fracture structures of coal reservoirs. Therefore, a quantitative study of coal reservoir pore structure is the basis for understanding coalbed methane enrichment law, exploration, and development [4,5,6,7,8,9,10].



Previous researchers have conducted qualitative and quantitative research on coal reservoir pore and fracture systems through testing methods such as low-temperature liquid nitrogen testing, nuclear magnetic resonance experiments, carbon dioxide adsorption testing, and high-pressure mercury intrusion testing. Among them, high-pressure mercury intrusion testing is used for characterizing pore and fracture structures due to its advantages of low cost, simple operation, controllable steps, high accuracy, and wide range. Chen et al. found through high-pressure mercury intrusion and scanning electron microscopy testing that intergranular pores are the main reason for the macropore increment in coal rock reservoirs [11]. Wang et al. believe that mercury intrusion testing can specifically characterize pore sizes above 18 nm, and establish classification criteria for coal rock reservoir types based on porosity, mercury saturation, and mercury removal efficiency in their research area [12,13]. Based on this, fractal theory has been used by scholars to discover that the fractal dimension value can serve as an important parameter for describing the heterogeneity of pore structure [4,14,15,16,17,18]. Based on using fractal models to perform fractal calculations on the mercury intrusion curve, relevant scholars show that parameters such as porosity, specific surface area, specific pore volume, and coal rock macerals are the main factors affecting the fractal dimension of coal rock pores [19,20,21].



In summary, previous researchers have studied the heterogeneity of pore and fracture structure distribution in coal rock reservoirs by applying mercury intrusion curves and fractal theory [6,7,22,23,24,25,26,27]. However, relevant literature indicates that mercury removal curves can better reflect the connectivity of coal reservoir pores and fractures, and there is relatively little research on fractal theory based on mercury removal curves. Whether the mercury removal curve has fractal significance still needs to be explored, and the correlation and differential distribution between the mercury removal fractal characteristics and the mercury intrusion fractal characteristics need to be clarified.



Based on this, ten coal samples were selected in the Linxing block as the research object for calculating the fractal variations of mercury intrusion and removal. Firstly, this article divides the sample types based on some pore permeability parameters and mercury intrusion testing parameters using high-pressure mercury intrusion testing [28,29,30,31,32,33]. Next, single multiple fractal dimension calculations are performed on the mercury intrusion and removal data of various samples, the fractal dimension values of mercury intrusion and removal are analyzed, and the correlation between the fractal parameters of different models is analyzed. Eventually, the fractal significance of the mercury intrusion and removal curves are clarified, and the applicability of different fractal models in characterizing the heterogeneity of pore and fracture structures in coal reservoirs is explored. To achieve a refined description of the pore and fracture structure of coal reservoirs, the IUPAC pore division scheme is adopted to divide them into three categories: smaller-pore (<100 nm), meso-pore (100~1000 nm), and macro-pores (>1000 nm) [34].




2. Research Areas and Experimental Methods


2.1. Sample Preparation


This article conducted research sample collection in the Linxing area of the eastern Ordos Basin. The coal bearing strata are the Shanxi Formation and Taiyuan Formation. Among them, the Taiyuan Formation is a set of epicontinental marine sediments, with the lower part being a barrier sedimentary environment, the middle part being a tidal flat sedimentary environment, and the upper part consisting of dark mudstone and carbonaceous mudstone deposited in the lagoon facies. The Shanxi Formation is a set of delta plain sediments, with swamp sediments in the lower part, distributary channel sandstone sediments in the middle part, and interbedded sand and mudstone in the upper part [35,36]. Basic information about the sample is shown in Table 1.



Firstly, the experimental samples were ground into powder form and tested for their industrial and microscopic composition. Then, the polished samples are placed at 60 °C to dry for 48 h. Secondly, the pore rupture test was carried out on the sample using the 9520 mercury porosimeter German. The maximum experimental pressure was 100 MP, the pore size measurement range was 0.019–280.310μm, and the test temperature was room temperature. By constantly changing the magnitude of the pressure, the pore size distribution and specific surface area of the sample are measured. The pore diameter distribution of all the coal samples is as follows in Table 1.




2.2. Calculation Theory


The Menger model (M-model) is shown in Equation (1) [35,36].


  lg ⁡ ( d v / d p ) ∝ ( D − 4 ) lg ⁡ ( p )  



(1)




where DM is a fractal dimension and dimensionless; P is the intrusion pressure, MPa; V is the total intrusion volume, cm3·g−1.



The Sierpinski model (S-model) is shown in Equation (2) [34].


    ln  ⁡    v     = ( 3 − D ) ln ⁡ ( p −   p   t   + l n a )  



(2)




where V is the volume of mercury injected into the sample, mL; P is the intrusion pressure, Mpa; pt is the threshold pressure, Mpa; DS is the fractal dimension; a is a constant.



q~D(q) is a basic language for describing local features of multifractals, and the calculation formula for D (q) is:


  D   q   =    τ ( q )   q − 1     



(3)




where τ(q) is the quality index function, and q is the statistical moment order. The specific process of promotion can be found in the references [37].



The data sources of the above fractal models are all mercury intrusion curves, and the heterogeneity of the pore fracture structure of the reservoir is discussed by calculating the fractal dimension. It remains to be discussed whether the mercury removal curve has fractal characteristics, and its limitations on changes in porosity and permeability. The fractal dimensions of three fractal models were calculated based on the mercury removal curve of the same sample. The differences in fractal characteristics between the mercury intrusion and removal curves of the same sample were discussed.





3. Result Discussion


3.1. Sample Type Classification Based on Pore Structure Parameters


Porosity can be used to characterize the degree of development of pore fractures in reservoir samples. Permeability can be used to measure the ability of reservoir samples to conduct fluids. The percentage of pore volume can reflect the type of pore and fracture. The mercury removal efficiency can characterize the connectivity of pores and fractures. The heterogeneity and microscopic pore structure of coal sample reservoirs are the focus of this study. Based on this, this article classifies and discusses the porosity, permeability, pore volume percentage, and mercury removal efficiency provided by high-pressure mercury intrusion testing experiments for the given samples. Comparing the four classification schemes in Figure 1, the samples can be divided into two categories, A and B, based on the pore volume percentage greater than 1000 nm and the mercury removal efficiency (Figure 1d). Among them, the pore volume of Type A samples larger than 1000 nm accounts for less than 30%, the pore volume of 100–1000 nm accounts for less than 40%, and their mercury removal efficiency is greater than 30%. The proportion of pore volume larger than 1000 nm in Type B samples is greater than 30%, and the proportion of pore volume between 100–1000 nm is less than 40%, with a mercury removal efficiency of less than 30%.



Figure 2a and c indicate that the cumulative mercury saturation of Type A samples is less than 60%, while the cumulative mercury saturation of Type B samples is greater than 60%. Meanwhile, Figure 2b,d indicate that the pore distribution of Type A samples exhibits a bimodal pattern, indicating that the pore size range of Type A samples is concentrated at 100 nm and 1000 nm. The pore distribution of Type B samples is a three-peak state, with peak pore sizes mainly concentrated at 100, 1000, and 4000 nm. Therefore, it can be inferred that Type A samples belong to small pore development type samples, while Type B samples belong to macropore development type samples.



Figure 3 shows that the pore volume percentage of Type A samples larger than 1000 nm is less than 30%, while the pore volume percentage of Type B samples larger than 1000 nm is greater than 50%. The average total pore volume of Type A samples is 0.7658 cm3·g−1, while the average pore volume of Type B samples is 1.2343 cm3·g−1.




3.2. Description of Fractal Characteristics of Mercury Intrusion and Removal Based on a Single Fractal Model


According to the M model, the DM value is calculated. Figure 4a shows a good linear relationship between log P and log (dv/dp), indicating the fractal significance of the selected sample’s mercury intrusion curve. Meanwhile, Figure 4c shows that the average value of DM for Type A samples is 3.23, and the average value of DM for Type B samples is 3.13, indicating that the pore distribution heterogeneity of Type A samples is stronger than that of Type B. The Type A samples are smaller-pore and meso-pore developed samples with significant changes in pore structure, while Type B samples are macro-pore developed samples with small changes in pore structure.



At the same time, the DM value was calculated for the mercury removal data of typical samples. Figure 5 shows that there is also a good linear relationship between log P and log (dv/dp), indicating that the mercury removal curve of the selected sample has fractal significance. Figure 5c shows that the average value of DM for Type A samples is 2.87, and the average value of DM for Type B samples is 2.78, indicating that the pore distribution heterogeneity of Type A samples is stronger than that of Type B samples. This result is consistent with the previous conclusion.



According to the S model, the DM value is calculated. The correlation coefficient shows a good linear relationship between log P and log V, indicating that the selected sample’s mercury intrusion curve has fractal significance (Figure 6). The calculation shows that the average value of Type A DS is 2.53, and the average value of Type B DM is 2.47, indicating that the heterogeneity of pore volume distribution in Type A is stronger than that in Type B (Figure 6c). The Type A samples are smaller-pore and developmental samples, with significant changes in pore surface area. However, Type B samples are macroporous samples with small changes in pore surface area [35,36].



The DS value for the mercury removal data of the selected sample is calculated. From the correlation coefficient, it can be concluded that there is also a good linear relationship between log P and log V, indicating that the mercury removal curve of the selected sample also has fractal significance (Figure 7). It can be seen that the average value of Type A DS is 2.92, and the average value of Type B DM is 2.96, indicating that the pore volume roughness of Type A samples is greater than that of Type B samples (Figure 7c). This conclusion is different from the mercury intrusion data of the S model mentioned earlier, which may be due to the pressure applied to the sample during the mercury intrusion process, damaging some of the small pores in Type A samples. This results in a change in the amount of modification to their pore surface area.



The DT value is calculated based on the thermodynamic model. The results show that there is a good linear relationship between   ln ⁡ (   W   n       r   n   2     )   and     ln  ⁡      V   n   1 / 3       /   r   n    , indicating that the mercury intrusion curve of typical samples has fractal significance (Figure 8). The results show that the average DM value of Type A sample is 2.93, and the average DT value of Type B sample is 2.83, indicating that the pore size distribution heterogeneity of Type A sample is stronger than that of Type B sample (Figure 8c). This result is similar to Figure 6c, indicating that the surface roughness of reservoir pores can be characterized using both thermodynamic and S models.



At the same time, the DT value for the mercury removal data of the selected sample is calculated. According to the correlation coefficient, there is also a good linear relationship between   ln ⁡ (   W   n       r   n   2       and     ln  ⁡      V   n   1 / 3       /   r   n    , indicating that the mercury removal curve of the selected sample also has fractal significance (Figure 9). As shown in Figure 9c, the average DM value of Type A sample is 3.03, and the average DT value of Type B sample is 2.86.




3.3. Description of Fractal Characteristics of Mercury Intrusion and Removal Based on Multifractal Model


According to the multifractal dimension results of typical sample mercury intrusion data, it can be concluded that the q~D (q) spectra of the mercury intrusion data all have a unified anti S-type. This indicates that the pore size distribution of coal reservoirs conforms to typical multifractal characteristics (Figure 10). The average value of Type A sample D−10 − D0 is 0.54, and the average value of Type B sample D10 − D0 is 1.17. The average value of D0 − D10 for Type A samples is 0.26, and the average value of D0 − D10 for Type B samples is 0.50. Through comprehensive comparison, it can be seen that the low value area of pore distribution in Type A samples has strong heterogeneity, while the high value area of pore distribution in Type B samples has strong heterogeneity.



Figure 11 shows that the q~D (q) spectra of the mercury removal data also exhibit a unified anti S-shaped trend, indicating that the mercury removal curve of the sample also conforms to multifractal characteristics. As shown in Figure 11c–e, the average value of D−10 − D0 for Type A samples is 0.34, and the average value of D−10 − D0 for Type B samples is 0.33. The average value of D0 − D10 for Type A samples is 0.82, and the average value of D0 − D10 for Type B samples is 0.88. It can be concluded that the low value area of Type A pore distribution has strong heterogeneity, while the high value area of Type B sample pore distribution has strong heterogeneity, which is similar to the conclusion drawn from the multifractal model of mercury intrusion data.




3.4. Correlation Analysis of Fractal Dimension Values of Mercury Intrusion and Removal Curves Based on Different Fractal Models


Figure 12a shows that there is no significant correlation between DM and DS in the mercury intrusion curves of all samples, and the correlation between DS and DT is weak (Figure 12b). However, there is a positive correlation between DT and DM (Figure 12c). It can be seen that the M and T models characterize the heterogeneity of the pore volume and surface area distributions, respectively. Meanwhile, Figure 12d–f indicate that there is no significant correlation between D−10 − D0 and D0 − D10, but D−10 − D10 increases with the increase of D−10 − D0 and D0 − D10, and the correlation of the former is greater than that of the latter. Therefore, it can be inferred that the core factor restricting the non-uniformity of pore distribution in the sample is the low value zone of pore volume.



Figure 13a shows that there is a certain negative correlation between DM and DS based on the mercury removal curve, and DS and DT also show a negative linear correlation (Figure 13b). However, DT and DM are positively correlated and have a good correlation (Figure 13c). Figure 13b–f shows that there is no significant correlation between D−10 − D0 and D0 − D10, and D−10 − D10 increases with the increase of D10 − D0 and D0 − D10, both of which are similar to the fractal dimension correlation analysis results of the single multifractal of mercury intrusion data.



As shown in Figure 14a, there is no significant correlation between the DM of the mercury intrusion curve and the DM of the mercury removal curve, and there is also no correlation between the DS of the mercury intrusion curve and the DS of the mercury removal curve (Figure 14b). However, there is a certain positive correlation between the DT of the mercury intrusion data and the DT of the mercury removal data (Figure 14c). This indicates that the T model has similarities in describing pore surface heterogeneity through mercury intrusion or removal data. Figure 14d–f indicate no correlation between D−10 − D0 in the mercury intrusion data and D−10 − D0 in the mercury outlet data. However, the D0 − D10 of the mercury intrusion curve is correlated with the D0 − D10 of the mercury removal curve. This indicates that during the process of mercury intrusion and mercury removal data processing, the changes in pores located in the high-value areas of pore volume are not significant, which can be used to prove that the dominant factor restricting the overall non-uniformity of pore distribution in the sample is the pore volume in the low value areas.




3.5. Correlation Analysis between Pore Volume Parameters and Fractal Dimension


The pore volume parameters and different single fractal dimensions under mercury intrusion data were used for correlation analysis. As shown in Figure 15, there is a negative correlation between total pore volume and DT and DS, and a positive correlation between pore volume less than 100 nm and DT and DS. Pore volume between 100–1000 nm has a positive correlation with DM and DT, while pores larger than 1000 nm have a strong positive correlation with DM and DT. In summary, the T model has universality and the strongest correlation in characterizing the heterogeneity of pore volume distribution in samples.



Correlation analysis between pore volume and different single fractal dimensions under mercury removal data is performed. As shown in Figure 16, there is a negative correlation between the total pore volume and DM and DT and a positive correlation with DS. The pore volume with a pore size less than 100 nm has a positive correlation with DM, a negative correlation with DS, and a positive correlation with DT. There is a negative correlation between the pore volume of 100–1000 nm and DS. There is a negative correlation between pore volume with a pore size greater than 1000 nm and DM, a positive correlation with DS, and a negative correlation with DT. To sum up, it is speculated that the strong adsorption of coal reservoirs leads to significant differences in the fractal dimension values of mercury intrusion compared to the conclusions of this section.





4. Conclusions


Four types of single and multiple fractal models were used to perform fractal calculations on the intrusion and removal mercury curves, and correlation analysis was conducted on the intrusion and mercury removal fractal dimension values, in order to clarify the physical significance of the mercury removal fractal dimension values. Finally, the relationship between the fractal dimension values of the mercury intrusion and removal curves and the pore structure parameters is clarified, and the applicability of each fractal model in characterizing the heterogeneity of the pore structure is explored. The understanding obtained in this article is as follows:




	
Both the mercury intrusion and removal curves exhibit obvious fractal characteristics. The fractal dimension values of mercury intrusion and removal based on M and T models are consistent, showing that the pore distribution heterogeneity of Type A samples is stronger than that of Type B. However, there are significant differences in the fractal characteristics of the S model’s mercury intrusion and removal, as the S model characterizes the roughness of the pore surface area.



	
The multifractal characteristics of mercury intrusion and removal exhibit consistency, with strong heterogeneity in the low value area of Type A pore distribution and strong heterogeneity in the high value area of Type B sample pore distribution. Meanwhile, the low value area of pore volume is the core constraint on the non-uniformity of pore distribution in the sample. The T model has universality and the strongest correlation, and is used to characterize the heterogeneity of pore volume distribution in samples.
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Figure 1. Sample classification scheme division using different pore parameters and mercury intrusion parameters. (a, Mercury removal efficiency (%)~Total pore volume (cm3·g−1); b, Permeability (mD)~Porosity (%); c, Pore volume percentage100~1000 nm~Pore volume percentage > 1000 nm; d, Mercury removal efficiency (%)~Pore volume percentage > 1000 nm). 
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Figure 2. Sample mercury intrusion and removal curves and pore size distribution based on HPMI testing. (a, mercury saturation (%)~Injection pressure (MPa); b, Volume of mercury intrusion in stage (cm3·g−1)~Pore diameter (nm); c, Mercury saturation (%)~Injection pressure (MPa); d, Volume of mercury intrusion in stage (cm3·g−1)~Pore diameter (nm)). 
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Figure 3. Comparison of pore parameters of different types of samples. (a, Pore diameter > 1000 nm; b, Pore diameter 100~1000 nm; c, Pore diameter < 100 nm; d, Total pore volume). 
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Figure 4. Fractal dimension of M-model for mercury intrusion data of different types of samples. (a, Single fractal dimension of type A sample M model; b, Single fractal dimension of type B sample M model; c, Single fractal dimension). 
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Figure 5. Fractal dimension of M-model for mercury removal data of different types of samples. (a, Single fractal dimension of type A sample M model; b, Single fractal dimension of type B sample M model; c, Single fractal dimension). 
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Figure 6. Comparison of fractal dimensions of mercury intrusion based on the S model. (a, Single fractal dimension of type A sample S model; b, Single fractal dimension of type B sample S model; c, Single fractal dimension). 
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Figure 7. Comparison of fractal dimensions of mercury removal based on the S model. (a, Single fractal dimension of type A sample S model; b, Single fractal dimension of type B sample S model; c, Single fractal dimension). 
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Figure 8. Comparison of fractal dimensions of mercury intrusion based on the T model. (a, Single fractal dimension of type A sample T model; b, Single fractal dimension of type B sample T model; c, Single fractal dimension). 
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Figure 9. Comparison of fractal dimensions of mercury removal based on the T model. (a, Single fractal dimension of type A sample T model; b, Single fractal dimension of type B sample T model; c, Single fractal dimension). 
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Figure 10. Comparison of multifractal dimensions and multifractal characteristics of mercury intrusion data from different types of samples. (a, q~D (q) of type A sample; b, q~D (q) of type B sample; c, D−10 − D0 comparison of mercury intrusion data of type A and B samples; d, D0 − D10 comparison of mercury intrusion data of type A and B samples; e, D−10 − D10 comparison of mercury intrusion data of type A and B samples). 
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Figure 11. Comparison of multifractal dimensions and multifractal characteristics of mercury removal data from different types of samples. (a, q~D (q) of type A sample; b, q~D (q) of type B sample; c, D-10 − D0 comparison of mercury removal data of type A and B samples; d, D0 − D10 comparison of mercury removal data of type A and B samples; e, D-10 − D10 comparison of mercury removal data of type A and B samples). 
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Figure 12. Correlation analysis of fractal parameters based on mercury intrusion curve. (a, M-model fractal dimension ~ M-model; b, T-model fractal dimension ~ S-model; c, T-model fractal dimension ~ M-model; d, Relationship between D−10 − D10 and D−10 − D0; e, Relationship between D0 − D10 and D−10 − D0; f, Relationship between D−10 − D10 and D0 − D10). 
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Figure 13. Relationship between fractal dimension values calculated from mercury removal data using different fractal models. (a, M-model fractal dimension ~ S-model; b, T-model fractal dimension ~ S-model; c, T-model fractal dimension ~ M-model; d, Relationship between D0 − D10 and D−10 − D0; e, Relationship between D−10 − D10 and D−10 − D0; f, Relationship between D−10 − D10 and D0 − D10). 
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Figure 14. Correlation analysis of fractal dimension values for mercury intrusion and removal curve calculation. (a, Relationship between Fractal dimension of mercury removal M model and Fractal dimension of mercury intrusion M model; b, Relationship between Fractal dimension of mercury removal S model and Fractal dimension of mercury intrusion S model; c, Relationship between Fractal dimension of mercury removal T model and Fractal dimension of mercury intrusion T model; d, Relationship between Mercury removal D−10 − D0 and Mercury intrusion D−10 − D0; e, Relationship between Mercury removal D0 − D10 and Mercury intrusion D0 − D10; f, Relationship between Mercury removal D−10 − D10 and Mercury intrusion D−10 − D10). 
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Figure 15. Relationship between pore volume and fractal dimension of mercury intrusion at different stages. (a, Relationship between Fractal dimension of a single model and Total pore volume (cm3·g–1); b, Relationship between Fractal dimension of a single model and Pore diameter < 100 nm; c, Relationship between Fractal dimension of a single model and Pore diameter 100~1000 nm). 
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Figure 16. Relationship between pore volume and fractal dimension of mercury removal curve at different stages. (a, Relationship between Fractal dimension of a single model and Total pore volume (cm3·g–1); b, Relationship between Fractal dimension of a single model and Pore diameter < 100 nm; c, Relationship between Fractal dimension of a single model and Pore diameter 100~1000 nm). 
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Table 1. Basic Information about the Samples.
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	Sample No.
	Pore Volume

(cm3·g−1)
	Porosity

(%)
	Permeability

(mD)
	Mercury Removal Efficiency

(%)





	1
	0.799
	7.12
	0.11
	32.303



	2
	1.004
	8.88
	1.93
	19.55



	3
	1.049
	9.74
	0.31
	36.507



	4
	1.343
	12.6
	1.48
	27.134



	5
	1.403
	12.12
	2.86
	23.082



	6
	0.747
	6.37
	0.22
	35.016



	7
	1.473
	13.1
	3.65
	24.787



	8
	1.317
	11.23
	3.39
	25.785



	9
	0.866
	7.37
	0.66
	29.643



	10
	0.468
	4.08
	1.11
	42.737
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
sanple

O e samples ’
- snples
11+ smpleto .
-0s6x-1661
08516

049522082

K005 g ossmans
B © w0 ¢ w2
L 4 o sampld
OS2I osmai ! s
. 2 g 3 i
Reosmia . Woma L el
. ) + s
S 43 2431334 saaaieiiiiis
o’ (19
B =
i
a
28
u

Tiped TyxB





media/file4.png
<

Mercury saturation (%)

mercury saturation (%)

105 ¢ sample 1 aase
4 sample 3 - A
AA A
sample 6 A A
081, sample 10 ” * A
AAAA ° .00‘#
0.6 - ot R R
o*® .O'.A °
Y ° A
e soee® t:..
0.4 - . A
6
02 3
4] .
vy vyvwww ¥ vvvwm""' : ;;;W
00 ¢ vorews ¢ oo v
T L | L B
0.01 01 . . 1 1 100
Injection pressure (MPag
1 * sample 2
149 ¢ sample 4 sossese 3 §3o000
124 * sample3 Lo gl C 2 4 bime
o sample7 , ° L ¢ % -~
104« sample8 g 0 * oo
s ° ‘5‘: o o 3800
e sample 9 o o2° o
0.8 1 o 0000 e’
o0 ® .00““ ° ooo’
§ 2 §leemm y oo
0.6— o ....:”
[}
81‘: 0"...
0.4 4 o 2,0 o’
. ‘:5' °
[
02 Lo
004 o ocesm § o8
L) IR LL] B R il
0.01 100

0.1 . . 1 0
Injection pressure (MPai

—

g)

3

Volume of mercury

g
<
b
n

I

3

Volume of mercury intrusion in stage (cm

0.20

intrusion in stage (cm

o = = S
(] —_ —_ [y}
wn () i [a)
| | | |

S

(]

()
]

=

—_

()]
|

S

—_

()
|

0.05

0.00

—e—sample 1
—e— sample 3
* —e— sample 6
—<— sample 10

-
N =t trele S,

—_
(e

—_
(e

d

o L L L L
100 . 1,000 10,000 100,000
Pore diameter (nm)

—e— sample 2
sample 3
sample 5
sample 6
sample 7
sample 8

10,000 100,000

100 . 1,000
Pore diameter (nm)





media/file30.png
<

2.8

Fractal dimension of mercury removal M model

3.2 1

3.1

3.0

2.9 1

2.8 1

2.7

2.7

Fractal dimension of mercury removal T model

e 1.00 -

0.95

0.90

0.85

Mercury removal D,-D,,
S
o0
()
|

=
~
i

| |
2.8 2.9 3.0
Fractal dimension of mercury intrusion T model

|
3.1

S
o

0.2 .04 . 0.6
Mercury 1ntrusion DD,

0.8

S

3.00

2.96

2.92 -

. Fractal dimension of mercury removal S model
o o
(@) o e]
| |

Mercury removal D_,,- D,
) )
() N
| |

0.0

245 250
Fractal dimension of mercury intrusion S model

0.0

f1.30—

1.25 -

—_ —_ —_

e —_— [\

(e} ()] (e}
| | |

Mercury removal D_,-D,,
o
()]
|

[S—
S
je]

0.2 0.4 06 .08 . 1.0 .
Mercury 1ntrusion D_-D,

02 0

| | | | | | | | |
4 06 08 10, 12 14 16 18 20 22
Mercury 1ntrusion D_,-D,,





media/file18.png
. le 2
a—5- * samplel by Saﬁple ] y=2.8825x+5.5881
e sample3 y=2.9386x+5.9858 y P R?=0.9987
o sample 6 R?=0.9967 1° Sampleg g
-104 * sample
sample 10 o sample8  Y=2.8466x+5.3090
y=2.9115x+5.6223 87 o sample9 R?=0.9988
Q1 y=2.9192x+5.9366 R2=0.9963 R y=2.7902x+4.7389
§ R*=0.9988 § . y=2.8715x+5.4854 R?=0.9985
< —1a 2
5720~ =1 RE09978 y=2.7796x+4.6282
y=2.9321x+5.8399 R*=0.9973
Y 2o 16 -
R=0.9982 y=2.7805x+4.6621
R?=0.9982
=30 T I I I | =20 '|‘ I I | I
-12 10 8 4 9.0 7. 1760 45 -3.0
In(V*"/r) In(V""/r)
€30
2.9 -
Q
2.8 -
2.7 .

Type A

Type B





media/file21.jpg
a20q, DuuDy b DD, o g2
] . o smape1 [ o smped
Lo B B + anpics
; + gkt : « s
vl . : « mpeto [ pog
x o f + s
bana{® Db DU 60,
fa i
o P !
T 5§ @
.
W R H b W s o H )
© d
1
o
w
Sis
B Ju
v 10 — < —
q _—
os
w
w
TreA Ty e Ten
€18
u
2
316
Sz
o
w
w
TypeA T





media/file26.png
2.8

|
® (@\]
| O
N
O
ae)
o]
£
/9]
o | N
PS (@\]
°
) [ J
o® ° °
<
I T T T T -~
— > N 0 o o
on on (@\] (@\] (@\] (@]
UOISUQWIP [B1ORL] [OpOul- ],
_
(@\]
o
| O
(@\]
p—
O
IS
£
° =
° i o
o
| <
(@\]
T
N >
on on
UOISUQWIP [B1ORI] [OPOWI-TA]

0.8

0.4

0.2

1.6

1.2 H

D—10_D10

0.8 1

0.4 -

0.0

3.4

|
3.2
M-model

<
o)

UOISUSWIp [e}OrIJ [OPOW-

3.0

1.6

1.2 H

D-IO_DIO

0.8 1

0.4 -

e 0.8 -

0.6

0.4 -

DO_DIO

0.2 -

0.0

0.8

0.2

0.0

1.2 1.4

1.0

0.8

D—IO

0.6

0.4

0.2

0.0





media/file27.jpg
as
H
g
£, i
% £
= g
2 2
o 3% m om B B o i
Soad Sl
3 aw
2
H
i
S 3
i, o |
B .
I o 8
n
:7 L) ] o o) L3
Mol bty
o fin
125 s
w093
1 I
s us
».5] 0.0,
o o
s s .
o o) ) )

DDy





media/file3.jpg
g 10 * smple |
+ sample3 ¢
= B
o :
e ey
g } Dot
- Fon
H
Sous
v v— H
s vonem SR g
i
i R ™

] j
Incton e (MPS)

o sample2
- sampled
- sample s
- sample?
o smples 1
- smpled

Pore dsine o)

Volumme of mercury i
ry itrusion n st (e’ ')

W
Pore it oy 0010





media/file22.png
b D_,~D, sample 2
: ', | sample 3
184« 0 . : sample 5
| sample 6
! ' sample 7
|
| sample 8
1.2 4 |
D(g) Dy
t Dy-D,
| S o
[} [ J
0.6 - |
I
I ° °
I L (]
|
0.0 1 ! ] .
—-10 -5 g 0 10
d
0.8 -
S
Q
1_0.4
Q
0.0 -

a 2.0~ ° Dmin_DO
* | smaple 1
. : sample 6
164 o , sample 8
* ! sample 10
° ° |
., . :
D((])12 N ’ ¢ ° : " : DO_Dmax
° |
QDO o
| ¢ ¢
0.8 - L.
I ¢
|
| ' | | |
—-10 -5 g 0 10
C
25 - = .
2.0 1
c -
Q 1.5
li
I -
Q 1.0
0.5
0.0
|
Type A Type B
e
2.8
2.4 -
2.0 1
1.6 -
Q1.2 A
0.8
0.4 -
0.0 -

Type A

Type B





media/file35.png





media/file19.jpg
o,

« sample | b ° smple2
+ sampled L9631 o] s p——
- amples R=09981 - sp 9983
+ smple 10 . smple?
L RN
PO R S TS
N R-097%
e I ity
R-09965 R0
20088041176
5 09963
o ot 1 PR P T P P Y
7 T
S =
Qw0
2
T TypeB





media/file28.png
a 3.2+
=
.8
2 3.0
2 &
n
5 3.0 S
E .g 2.9 =
3) S
) —_
3 § 2.8 -
g 2.8 4 o
1 i) [ )
o)
> g 2.7
F
2.6 I I I T | 2.6 I I I |
2.90 2.92 2.94 2.96 2.98 3.00 2.91 04 2.97 3.00
S-model S-model
C d 1.0 -
o
.S
n
=
(0]
£ .
o [ )
E .
Q
& DDy, *
o °
: ©
£ o
—~ 0.8 o
274 ¢
I I I | I I I
2.7 2.8 2.9 3.0 3.1 0.2 0.4 0.6
M-model D_ D,
e 1.30 - f 1.30 -
[ ]
1.25 - 1.25 -
R*=0.93
1.20 - 1.20 -
1.15 - 1.15 -
D_10_D 10 D_10_D 10
1.10 - 1.10 -
1.05 - 1.05 -
1.00 I . . 1.00 . |
0.0 0.2 0.4 0.6 0.8 1.0





media/file10.png
y=0.7453x-2.5673 iiﬁﬂg po3q  y0IIG22s . sample?
R2=0.9062 . sample 6 24w y=0.8961x-2.6946 * sample 4
e sample 10 11 R?=0.8722 * sample s
. . 0 - ;! e sample 7
* o  y=0.7196x-3.1352 1 4 b, . * sample 8
y=0.7929x-3.11 ’ :...Rz=0.8754 221 3 *  sample 9
R220863O : .. ¢ %& —3 4 y—_08714X—21564.
oo 5 —4 4 R™=0.8905
2 5 |y=0.7876x-2.2610
_¢ {R*=0.7955
= _ e
- 0-8355x=3.9185 -7 y=0.9363x-2.3235 y=0.7453x-2.5673 cog’e
709464 -8 4 R2=0.8560 R2=0.9062 TE
1 | | | | 1 1 | | 1 1 1 1
-4 3 2 -1 0 2 3 4 —4 -2 0 4
logP logP
Cc
3.30 -
Q
3.15 -
3.00 -

Type A Type B





media/file33.jpg
a
H
H
T
H
i
£

Fractaldimension of a singl model

0

0 1:
ol por volame 't )

Fractl dimension of  sngle model

s





media/file32.png
a 3.6 -

Fractal dimension of a single model

3.2

2.8

24

2.0

e M-model
e S-model
®e e T-model

3.2 /_-_o___/,___/""‘".

R’=0.60
oo R*=0.56

e M-model b
e S-model
¢ T-model o '
. o]
° ° o]
- P ° [ E °
° o o °
[ ] ° ,Bb [ ]
[} ° wn :
- ° ° ® <
. R*=0.41 s 281 o
2
° ° P °o ° g
R*=0.35 £ .
o LY o
T 24+
Q
| | | | 8 | |
&3
0.3 0.6 0.9 1.2 1.5 0.0 0.1
Total pore volume (cm’.g ")
c 34+ * M-model
= e S-model , .
'8 3.2 4 T-model ° * R°=0.37 °
g
L o
203.0- ¢
7 ° ° o
o 2.8 1 e R?=0.57
15 .
£ 2.6 -
g ® \ 4 L4
o) o © [ ] ° o0
= 24 -
15
s
22 . . . .
0.2 5 0.6

0.3 04
Pore diameter100~1000nm

0.2 0.3
Pore diameter <100nm

0.4 0.5





media/file14.png
. samp}e; b 1-y=0.5297x-1.3368 y=0.5316x-1.44]8
° sample =0.5374x-2.4689 2 2_
o sample 10 ' ‘ R2=O.881(2., ‘il
_y Jy=0.5431x-1.661 0
2_
7 y=0.4932x-2.2442 RE0.8316
y=0.3052x-3.1413 % R2=0.9090 sample 2
. R*=0.9269 = e sample 4
o3 e sample 5
y=0.5439x-2.1438 Samgle .
R2=0.9260 47 sample 8
% *  sample9
| | | ] | ] | 1 | 1 _5 | | | | | | | | | 1 1
5 4 3 2 -1 0 1 2 3 4 5 5 4 3 2 -1 0 _ 1 2 3 4 5 6
InP InP
C
[ 1A
2.7 - B B
2.6 -
Q
2.5 -
2.4 -

Type A Type B





media/file11.jpg
1 « mple | 12 o sample2
% bo 1276025257
20+ el Sean |
« sample6 > . e S
mpi samp
3 + Smpelo LIS ¢ ]
Lisem ®-03801 © e
2 o Ra-09095 N N4 . ampey
3 o I N3 L2
5] yomsnanim 3 s {r-09ms 09793
L e 5
o =26 12mm2am
0 7 Jra-a9mse
y ks b 210 2956
- 09791
2 0 o 1 oz 3 4 s o B o
logP * gp ? L
e
296
e
m
m
64

TipeA

TyeB





media/file15.jpg
au I o S
BT s RA097S y-0081s 00620
w . & ,R:ooup:m)n%z R09627
e i ravenason 08678
+ et R0 K011 .
31 ¢ oo ool as T . ey
§ iy v aosiTeops * snpies
0002065 151 £ jmplcs
2 101 Torases - 7
© sanples
s -y
LI S B 3 Tt T
<2
29
Qs .
wm
0

TypeA TymB





nav.xhtml


  processes-12-01553


  
    		
      processes-12-01553
    


  




  





media/file6.jpg
S wngr s, o 2108

o e,
om
* —
 d

e

TypeA

TypeB

Tyma





media/file16.png
a 0.0 5

y=0.0746x-0.2956
R?=0.9671 o000l

b 1.0

y=0.0362+0.1853

y=0.0394x-0.0980

M«f/%w R2=(.8438 R*=0.9715 y=0.0491x-0.0620
05 ¥=0.0409x+0.0562 R?=0.9627
.84 ¢ 00744x 07122 ¥70-0606x-0.6017 R*=0.8678 e .
' ' R?=0.9511
o sample 1 R=0.9707 0.0 3 :
16 - e sample 3 y=0.0905x-2.1368 E W
E o sample6  R2-0990] 05 4 M}e i
* sample 10 e y=0.0547x-0.4950 samp'e
y=0.0333x-0.2065 R2-() 9442 * sample 5
* sample 8
| T . . ! -15 | | ° Isample 9
-2 -1 0 | n}; 2 3 -2 0 InP 4
€2.98
2.96 -
R2.94 -
2.92 -
2.90 -

Type A

Type B





media/file2.png
\\\§

////

I
L 09 UJ ]10

==

//






media/file20.png
e sample 1

b e sample 2

¢ | ¢ sample3 y=3.1936x+63136 ] sampled y=2.9386x+4.0486
* sample 6 R2=0.9981 * sample 5 R’=0.9983
e sample 10 e sample 7
i sample 8
Q—m - - "osampled ) 9261x+4.147
2 R R?=0.9972
£ -15 - =16 - -
P10 y3.0844x55.1071 ) y=29191x+42838 [y 2ILo8xe3.Ta84 y 2 701x2.966
R*=0.9941 , R%=0.9965 Ly JR=0.9974 R?=0.9968
y=2.9088x+4.1176
2 o ; R2=0.9963
1 : | | | - 1 | | | 1
-10 6 4 -10.5 9.0 7.5 6.0 4.5 -3.0
In(V"3/r) In(V/r)
C
[ Ta
3.3 - B s
Q 3.0 -
2.7 4

Type A

Type B





media/file23.jpg
el + g2
} ] oL e, + anpies
] * s . ;=
R o smpielo sk T
P AR b, sample s
H * anpies
¥ : Db D) B
o, s
0 :
| TEE Vi
o0 w
§
495
e
- o
<
N
s
™
w0 s
TpeA T Tipea s
1%
S l =
o

TyeA

Ty B





media/file5.jpg
B

Type A

TypeB

TyA






media/file7.png
1 1 1
< - ~
(=) [—) —

S WMUYYO~00] 1PWeRIP 210]

<

s

a 0.75
60 -
45
0.30 -

= = S
W) & I9PWeIp dI0d

Type B

Type A

Type B

Type A





media/file24.png
sample 2

a - smaple 1
1.6 Pmin_D | sample 3 b e D_\D, | e sample 4
o : . . | sample 6 R | J samp}e g
o s ! sample 10 ! o sample
1.2 1 * e . : : P 124 8 g - : * sample 8
¢ I e sample 8
| |
0.8 ' Dy
8 - | _ |
D(q) | DO Dmax D((]) 0 | DO_DIO
| _ |
D, 0.6 |
0.4 - | |
I ' I i
| (] |
. ' . P
OO T I |I I OO I | II | ! |
—-10 -5 8 10 —-10 -5 0 5 10
q
d 0.95