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Abstract: Through the correlation study between the abrasive resistance, compressive strength and pore characteristics indexes of coal-based activated coke (AC) for desulfurization and denitration, the effect of pore structure on mechanical strength of AC was clarified. The results show that the open pore is the main pore type that reduces the compressive strength. The open pore with diameter between 2 and 500 nm have the most serious damage to the compressive strength. The opening and closing state of the pore has no obvious effect on the abrasive resistance. The pores with diameter between 0 and 2 nm have the most serious damage to the abrasive resistance. With the increase of the number of recycling times, the AC pore structure further developed, and the compressive strength and abrasion resistance both decreases correspondingly. After recycled in the flue gas purification facility, AC average compressive strength reduces from 499 N to 340 N, while the abrasion resistance increases from 97.18% to 98.88% because its surface is smoothed during recycling.
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1  INTRODUCTION
SOx and NOx are the most important sources of atmospheric pollution in China. With the continuous implementation of environmental protection, SO2 and NOx emissions have continued to decrease. In recent years, the “ultra-low emissions” that have been bred and implemented have put forward stricter standards for pollutant emissions from energy-intensive industries such as coal-fired power plants. As a flue gas desulfurization, denitration process that is expected to achieve “ultra-low emission”, the activated coke (AC) flue gas treatment process is widely used in China[1-5].
At present, AC flue gas purification mainly is a moving bed integral reactor[6-10]. In the adsorption tower and desorption tower, the AC move downward by its own gravity to complete the denitration-desulfurization-regeneration cycle. During this process, the large pressure pressing on AC in the lower part of the adsorption and desorption tower may cause partial AC to crush. The friction between the AC particles or the AC and the equipment may cause the AC to wear. In addition to a small amount of chemical consumption during thermal regeneration, the consumption of AC is mainly due to physical damage[11]. Therefore, the AC mechanical strength indicator, such as the compressive strength and abrasion resistance, directly determine the service life of the AC[12].
A lot of research about the influencing factors of AC desulfurization and denitrification performance has been done, but there are only a few study on the influencing factors of AC mechanical strength, so it is difficult to purposefully product the high strength AC. It is generally believed that the developed pore structure leads to the looseness of the AC skeleton, which deteriorates the AC mechanical strength, but the specific pore structure characteristic index that affects the mechanical strength of the AC are not clear. In addition, the micropore of coal-based AC are developed and the mechanical strength is relatively high, so it has been widely used in the field of flue gas purification[13-14]. While, previous studies failed to learn the influencing factors affecting the mechanical strength of coal-based AC, because the AC type used in the research is more complicated[15]. Therefore, this study takes the coal-based AC commonly used in China as the raw materials to try to clarify the pore structure characteristic index that affects the AC mechanical strength, which provides a theoretical basis for the production and purchase of high mechanical strength AC.

2. EXPERIMENTAL MATERIALS AND TEST METHODS
2.1 Experimental materials
The 13 kinds of AC samples were used in this study. These include 8 kinds of coal-based columnar fresh AC, named F-1~F-8, commonly used in the field of flue gas purification; 1 kind of recycled AC, named C-x, recycled many times in the fluidized bed flue gas purification facility fed by F-1; 3 kinds of recycled AC, named C-10, C-20, C-30, which were F-1 respectively completed 10, 20, 30 denitration-desulfurization-regeneration cycles in the fixed bed flue gas purification simulation device; a kind of reconsolidation AC, which was made from the AC powder produced in the fluidized bed flue gas purification facility and coal tar. All AC samples have a diameter of 9 ± 0.25 mm.
2.2 Experimental methods
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FIGURE 1 SEM image of F-1 at 2000 magnification
As shown in Figure 1, the AC has a developed pore structure which will worsen the mechanical strength. In addition to the open pores connecting with the AC surface, there are many independent closed pores embedded in the coke skeleton. The closed pores have different shapes, and can be divided into round close pore and slit closed pore according to their shape. The open pores are varied in size, and the small pore is branch of the large pore. The ratio of the open and closed pore volume to the AC particle volume is the total porosity ratio, wherein the ratio of the open pore volume to the AC particle volume is the open porosity ratio. Total porosity ratio and open porosity ratio of AC can be calculated by the equation (1) and (2), respectively.
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Where, is the total porosity ratio of AC. is the open porosity ratio of AC. is the true density of bulky AC with closed pores. is the true density of nano-sized powder AC whose closed pores are considered to be negligible. is the bulk density of bulky AC. The  and  were tested by the UPYC 1000 true density meter. The  was measured by the wax sealing method. 
The 0-5 nm and above 5 nm pore size distribution of AC were obtained by the Quadrasorb Station 1 nitrogen adsorption apparatus and the PoreMaster 60GT mercury intrusion meter, respectively. The results are shown in Table 1. According to Table 1, the 0-2 nm and 2-500 nm pores volume is similar, and above 500 nm pores volume is larger than that of 0-2 nm and 2-500 nm. The compressive strength and abrasion resistance of the AC were tested by the crushing method and the drum method respectively (GB/T30202.3-2013)[16]. In order to investigate the effect of AC porosity characteristics on the mechanical strength, the relationships between porosity indexes value and mechanical strength were studied.

Table 1 The pore structure indexes of ACs
	samples
	Stomatal state
	Pore size distribution

	
	Total porosity ratio（%）
	Open porosity ratio（%）
	0-2 nm
(cm3/g)
	2-500 nm
(cm3/g)
	>500 nm
(cm3/g)

	F-1
	47.66
	42.02
	0.0825
	0.0814
	0.1539

	F-2
	45.12
	38.47
	0.0715
	0.0698
	0.1425

	F-3
	50.25
	45.16
	0.1075
	0.1061
	0.1438

	F-4
	48.89
	43.71
	0.0615
	0.0861
	0.1950

	F-5
	47.63
	42.06
	0.0870
	0.0905
	0.1432

	F-6
	48.28
	42.86
	0.0770
	0.0788
	0.1745

	F-7
	46.39
	40.24
	0.0770
	0.0756
	0.1482

	F-8
	49.52
	44.68
	0.0920
	0.0886
	0.1694

	C-10
	49.69 
	47.45 
	0.1101 
	0.1103 
	0.1599 

	C-20
	51.08 
	49.78 
	0.1176 
	0.1196 
	0.1617 

	C-30
	53.66 
	52.74 
	0.1271 
	0.1315 
	0.1640 

	C-x
	51.68
	50.49
	0.1199
	0.1225
	0.1623

	Re-F
	53.71 
	43.60 
	0.1127 
	0.1002 
	0.1112 



Table 1 shows that the most of AC pores are open pores. Besides, the opening porosity ratio of recycled AC and the C-x is obviously higher than fresh AC and increases with the cycle times, because AC is further activated by the sulfuric acid during the generation process.[17-18] In addition, the closed porosity ratio of fresh AC is between 4.83%-6.63%. The closed porosity ratio of recycled AC and the C-x is obviously lower than fresh AC, because the closed pore is opened due to the activation of sulfuric acid. Simultaneously, the closed porosity ratio of Re-F is up to 10.11%, because it is made from the porous AC powder and the pore is sealed to become closed pore by coal tar during reconsolidation. Comparing the mechanical strength indexes of F-1 and C-x, after recycled in the flue gas purification facility, AC average compressive strength reduces from 499 N to 340 N, about 70% of original compressive strength, while the abrasion resistance increases from 97.18% to 98.88% because its surface is smoothed during recycling.
2. RESULTS AND DISCUSSION
2.1 Influence of pore structure on compressive strength
2.1.1 Effect of open and closed state of pores on compressive strength
The correlations between the AC total porosity ratio and compressive strength are shown in Figure 2.(  represent F-1~F-8;  represent C-10~C-30;  represent C-x;  represent Re-F.) There is a negative correlation between the compressive strength and the total porosity ratio, but the R2 of the linear fitting is only 0.6409. While, when the fresh AC and recycled AC are separately fitted, the R2 are up to 0.9798 and 0.9807 respectively, and the Re-F does not conform to the former two linear relationships. Accordingly, some pore characteristic index may be great different among the fresh ACs, recycled ACs and Re-F, which leads to AC compressive strength presents different relationships with characteristic index. As shown in Figure 3, there is a good negative correlation between the open porosity and compressive strength, regardless of whether the AC is recycled or not and whether the material is coal powder or AC powder. It can be seen that it is the open pores that lead to the decrease of the AC compressive strength, rather than the total pores including closed pores.


FIGURE 2  Correlation between total porosity and compressive strength


FIGURE 3  Correlation between open porosity and compressive strength
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FIGURE 4  Stress analysis of pores under external force

As a brittle material with many pores, AC crushing is mainly caused by the stress concentration formed near the pores under the external pressure.[19] The sharp pore tip of AC provides good conditions for stress concentration. In order to clarify the mechanism of the effects of pore opening and closing states on AC compressive strength, the stress of the open pore and closed pore are analyzed. As shown in Figure 4, when the external pressure is put on, the pore tip of the open pore will generate a strong stress concentration, so that the tensile stress at the tip is several times the average tensile stress on AC force surface. When the tensile stress at the tip is above the AC critical tensile stress, the open pore crack extend along the tip, and then the AC break. However, it is difficult to generate strong stress concentration at the tip of round closed pore. The stress at the tip of slit-type pore is shared by both tips. The stress on tips of closed pores will be significantly lower than that of open pores. So, when large number of open pores exist, the closed pore is not easy to become the weak region of AC compressive strength. Therefore, the AC is easily broken at the open pores, and the open pores themselves are the destructive factors of the compressive strength, not by destroying its skeleton. 
2.1.2 Effect of pore size distribution on compressive strength
The linear fitting correlations between AC compressive strength and the pore volume of 0-2 nm, 2-500 nm and above 500 nm are shown in Figure 5 - Figure 7. The 0-2 nm and 2-500 nm pore volume are similar, but the former fitting R2 significantly greater, and the slope of the fitted line is larger, so the 2-500 nm pores have a more significant deterioration on the compressive strength. The above 500 nm pore volume is significantly larger than the pore volume of 0-2 nm and 2-500 nm, but the correlation between above 500 nm pore volume and the compressive strength is weakest, so above 500 nm pore has a relatively small damage to compressive strength. 


FIGURE 5  Correlation between 0-2 nm pore volume and compressive strength


FIGURE 6  Correlation between 2-500 nm pore volume and compressive strength


FIGURE 7  Correlation between above 500 nm pore volume and compressive strength

It can be known from above analysis that the stress concentration plays an important role in the AC crushing. The stronger the stress concentration at the pore, and the more pore where the strong stress concentration can takes place, the smaller the compressive strength of AC. As an index to characterize the stress concentration degree, the stress concentration coefficient can be calculated numerically by equation (3). In addition to the shape of pore, the K is also positively correlated with the pore diameter and ratio of length to diameter [20]. For a single pore, the larger the pore diameter and the ratio of length to diameter are, the greater the K will be. However, when the pore volume is constant, the larger the pore diameter is, the smaller the pores number will be. Although the pores of above 500 nm have a strong damage on compressive strength, the negative influence on the compressive strength is small because the pores number is small. Under the same pore volume, the 0-2 nm pores number is thousands of times of 2-500 nm pores number. But as shown in Figure 8, the micropore diameter and the ratio of length to width is relatively small, so the K is smaller, thereby the impact on the compressive strength is less.
(3)


 : the maximum equivalent stress value (MPa) at the material defect;

 : the equivalent stress value (MPa) at the defect-free material.
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FIGURE 8  Schematic diagram of AC pore structure
2.2 Effect of pore structure on abrasion resistance
2.2.1 Effect of open and closed state of the pores on abrasion resistance
The correlations between the AC total porosity ratio, open porosity ratio and abrasion resistance are shown in Figure 9 and Figure 10. Except for C-x, the abrasion resistance shows a negative correlation with the total porosity ratio and open porosity ratio, and the linear fitting results of R2 were 0.7267 and 0.6371, respectively. The higher R2 of the former implies all pores, regardless of closed pore or open pore, have significant effect on AC abrasion resistance. The relatively weak correlations indicate that there may be other indexes that affect AC abrasion resistance, such as surface roughness, ash content, etc.
The abrasion occurs at the AC particles surface contacting each other. The shear stress generated due to the relative motion, which causes the AC particles surface layer to peel off. So, only the pores near the AC particles surface can have a great impact on the AC abrasion. After the outermost layer is peeled off, the closed pore inside will eventually be exposed to the surface to become open pore, and then affect the AC abrasion resistance. Therefore, the initial opening and closing state of the pore does not significantly affects the abrasion resistance.


FIGURE 9  Correlation between total porosity and abrasive strength

FIGURE 10  Correlation between open porosity and abrasive strength

2.2.2 Effect of pore size distribution on abrasion resistance
Except for C-x, the correlations between abrasion resistance and the pore volume of 0-2 nm, 2-500 nm, above 500 nm of 12 ACs are shown in Figure11- Figure 13. The fitting results show that the abrasion resistance is more closely related to the pore volume of 0-2 nm than that of 2-500 nm, and there is no obvious correlation with the pore volume above 500 nm. Therefore, the small pore is the main destroying reason for the abrasion resistance. When the pore volume is constant, the more the small pores, the more damage to the abrasion resistance.

 
FIGURE 11  Correlation between 0-2 nm pore volume and abrasive strength

 
FIGURE 12  Correlation between 2-500 nm pore volume and abrasive strength

 
FIGURE 13  Correlation between above 500 nm pore volume and abrasive strength
Unlike the compressive strength, the abrasion only takes place in AC surface, and the abrasion resistance is the ability of the AC surface to resist shear stress damage. The stronger the bonding force between the AC surface particles, the higher the abrasion resistance. The micro-convex model of the abrasion resistance believes that the micro-convex with different height is densely distributed on the material surface. When the external material contacted with the micro-convex and moved relatively.[21] The micro-convex will become the stress point of the material surface. Under the cutting action of the external material, the stressed point fractures and forms abrasion debris[15]. The pores divide the AC surface into numerous stress points. As shown in Figure 14, when the pore volume is constant, the smaller the pore size, the larger the pore number, and the smaller the stress point is divided, which in turn leads it is worn more easily. Therefore, the smaller pore will be a major factor in destroying the AC abrasion resistance.
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FIGURE 14  activated coke abrasive process under micro-convex model. (a) AC with small pores on surface  (b) AC with big pores on surface

3. CONCLUSION
(1) The AC compressive strength has a good negative correlation with the open porosity ratio. The open pores with pore diameter of 2-500 nm have the most significant damage to the compressive strength. The open pore itself is a destructive factor of the compressive strength, not by destroying the strength of the coke skeleton.
(2) The AC abrasion resistance showed a positive correlation with the total porosity ratio. The closed pore and open pore both have damage to AC abrasion resistance. The open pores with pore diameters of 0-2 nm have the most significant damage to the abrasion resistance. 
(3) The AC pore structure further develops during denitration-desulfurization-regeneration cycles, which brings about the mechanical strength indexes decrease. After recycled in the flue gas purification facility, the average compressive strength reduced to 70% of the original strength, while the abrasion resistance increased because AC surface was smoothed.
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