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Abstract

:

The carburization of molten iron is close to saturation in the blast furnace process, while that in the flash ironmaking process is uncertain because there is no pressure from solid charge and no carburization reactions occurring between the deadman and hot metal. Some experiments were conducted to reveal the kinetic mechanism of coke dissolving in carbon-iron melts. Reduced iron powder, electrolytic iron as well as chemical pure graphite were used as experiment materials. With high-purity argon injected as the protective gas, the specimens were heated up to 1873 K in a tubular resistance furnace to study the isothermal mechanism. The results show that the composition of the ferrous sample affects the dissolution rate. When the FeO content of the iron-bearing material rises from 0% to 4.76%, the apparent dissolution rate constant, kt, falls from 7.98 × 10−6 m/s to 5.48 × 10−6 m/s. There are some differences amongst the dissolution rate coefficients of different cokes despite interacting with similar carbon-iron melts, with coke 1 of 7.98 × 10−6 m/s, coke 2 of 5.17 × 10−6 m/s, and coke 3 of 3.77 × 10−6 m/s. Besides, this index decreases with the increase of the dissolution time and solely depends on the procedure of the mass transfer. A negative correlation is demonstrated between kt and the sulfur content in the iron bath as well. The content of silicon dioxide in the coke has a significant influence on kt. Additionally, the dissolution rate coefficient increases with the increase of the graphitization degree of coke.
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1. Introduction


The development of the blast furnace ironmaking process has been seriously restricted due to its long process and unsatisfying adaptability to poor and miscellaneous resources, and the environmental problems resulting from its preparation process, such as coking, sintering, and pelletizing, are also a concern. Therefore, non-blast furnace ironmaking technology [1,2,3,4,5] using non-coking coal as the main energy source has become a hot research topic in the iron and steel industry. The processes that produce iron by the reduction of iron ore below the melting point of the iron produced are generally classified as direct reduction processes, and the product is referred to as direct reduced iron. The non-BF (non Blast Furnace) processes, which are not classified as direct reduction, are smelting processes that use coal as the reduction agent. At the final reduction stage, molten iron is produced from solid iron ores.



After a large number of in-depth studies, with direct reduction [6,7,8,9] and smelting reduction [10,11,12,13,14,15,16,17,18,19] as its core, modern non-blast furnace ironmaking processes have been set up, and the flash ironmaking process [20,21,22,23] has stood out as one of them in recent years. In this process, a pile of coke bed is designed in the melting zone. Consequently, solid-liquid carburization occurs when molten iron passes through the coke bed, and this is the main path of carbon migration. A suitable C content of hot metal in the flash furnace is very critical, which is suggested to be 3.0% to 4.0% to achieve a lower freezing point so that the accidents, such as the pig iron freezing in the ladle or torpedo canister during transportation, can be reduced. Furthermore, with high C content, it is helpful to decrease the oxygen content in liquid steel during carbon oxidation in the converter steelmaking stage [24]. However, liquid iron carburization in the blast furnace process can almost reach a saturation state, while that in the flash ironmaking process is uncertain because there is no solid charge that would press the deadman into the hot metal and no carburization reactions that occur between the bottom deadman and the hot metal. Therefore, it is necessary to undertake a simulation experiment to discuss the kinetics of coke dissolution in molten iron, and analyze its mechanism to provide a theoretical basis for the industrialization of the flash ironmaking process.



Mourao et al. designed a series of experiments to investigate the mechanism of carbon dissolution in iron-carbon melts [25,26]. In their research, pure graphite powder and electrolytic iron were mixed and preheated up to 1873 K in a pure alumina crucible (99.8%), and argon was injected as a protective gas with a positive pressure and a flow rate of 1.67 × 10−5 m3/s throughout the experiments. After preheating, the carbon samples were fixed on an aluminum rod and immersed into the melts. The amount of carbon dissolved into the melts was determined according to the measurement of the carbon samples’ weight loss. With regard to this experimental method, the influence from the segregation of carbon in molten iron is decreased, whereby the reliability of the experimental results is ensured. However, the final carbon sample is covered with a layer of iron in order to measure the accurate carbon weight loss, and the analysis of Fe in the specimens is required. However, this might be hard to achieve since the surface of the carbon sample is irregular, which leads to a complex operation and long duration of measurement. In an attempt to improve this experiment, the authors of this article have conducted optimized experiments, in which C-S analysis is applied, and the dissolution rate coefficient, kt, is calculated to simplify the experimental results.




2. Material and Methods


The chemical compositions of the reduced iron powder and electrolytic iron are shown in Table 1 and Table 2, where a is total iron. Table 1 shows that there is FeO and a small quantity of sulfur in the reduced iron powder, and MFe reveals the total quantity of Fe3O4 and Fe (MFe means Fe content when there is no Fe3O4) In these experiments, the tube resistance furnace made by Shanghai Experimental Electric Furnace Factory was adopted as the heating equipment, with a corundum tube (inner diameter of 100 mm and length of 1200 mm), a corundum crucible (outer diameter of 82 mm and inner diameter of 74 mm), and a graphite crucible (outer diameter of 96 mm and inner diameter of 83 mm) installed in it. Figure 1 shows the schematic diagram of this furnace. In an attempt to obtain the original carbon content in the melts, a certain amount of chemically pure graphite (98%) was added into the ferrous sample during the preparation stage. Three types of coke samples with a shared particle size of about 20 mm were used in this research, and Table 3 and Table 4 display their chemical composition and ash chemical composition, respectively, where Ad and Vd are the ash and volatility of coke, respectively. The furnace was continuously infused with high-purity argon and a positive pressure was maintained throughout the experiment. At the end of the experiment, the iron samples were collected by a quartz tube of a 3 mm inner diameter, and its carbon content and sulfur content were then measured by C-S analysis. Additionally, the surface structure of the partially dissolved coke samples was examined by SEM and EDS (Energy Dispersive Spectrometer).



The graphite crucible, with a corundum crucible holding 400 g of reduced iron powder (or electrolytic iron) and a certain amount of chemical pure graphite in it, was put into the furnace before heating. During the experiment, argon gas was constantly injected into the furnace and a positive pressure was maintained. The coke bulk samples were added into the iron bath when the furnace temperature reached 1873 K, then this temperature was maintained for 140 min to ensure the sampling being carried out was under the same conditions. The quartz tube was inserted into the corundum tube from the top of the furnace, and the molten iron was extracted by an injector connected to the quartz tube with a rubber tube. The extraction was usually done after a slight agitation of the hot metal, so that the obtained sample would have a good representative component at that time. After successful extraction, it was quenched quickly in water, and then the bottom of the quartz tube was broken to obtain the iron sample.



In this duration, iron specimens were collected directly from the iron-carbon melt at 2, 4, 6, 8, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, and 120 min, then they were sent for C-S analysis, and the surface structure of the partially dissolved coke samples was examined by SEM and EDS. However, it is important to note that as the sampling continued, the volume of liquid iron gradually decreased, which might have affected the later experiments, thus the following calculations were carried out to discuss this problem:


V=S1L



(1)






S1=πR12



(2)






Vt=17V



(3)






mt=ρVt



(4)






S2=πR2



(5)






Δh=mtρS2



(6)




where V is the average volume of each sample, L is the average length of each sample, S1 is the quartz tube cross-sectional area, R1 is quartz tube inner diameter, Vt and mt are the total volume and total mass of all samples, respectively, S2 is the corundum crucible cross-sectional area, ρ is the density of molten iron, R2 is the corundum crucible inner diameter, and Δh is the height change of the molten iron level before and after sampling, which was calculated as 0.074 mm. Comparably, the original height of the hot metal was 13.04 mm, so the amount of molten iron meets the requirement of sampling and the decrease of the hot metal height had little influence on the experiment.




3. Kinetic Model


The procedure of the carbon dissolving into the hot metal can be divided into two basic steps [2,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33]. The first one is the interface reaction, in which carbon atoms are transformed into the carbon to be dissolved, and the second one is the mass transfer, in which this carbon goes through the boundary layer near the solid coke and moves into the molten iron. The mass flux rate of coke dissolution, j, in the iron-carbon melt can be defined as:


j=kt(Cs−Cb)



(7)




where Cs and Cb are the saturated carbon concentration and instantaneous carbon concentration, respectively, and kt is the total dissolution rate coefficient, which is given by the following formula:


1kt=1km+1kb



(8)




where km is the mass transfer coefficient of carbon in the liquid boundary layer between the solid char and bulk liquid, and kb is the phase interface reaction constant. These equations reveal how the physical and chemical conditions in the iron bath affect the dissolution process [20], respectively. Based on Equation (8), the value of kt depends on both kb and km. If kb >> km, this parameter would be mainly determined by the mass transport in the liquid boundary layer, and if kb << km, it would depend on the phase interface reaction. The value of kt has been studied by a number of existing studies by changing the experimental conditions that might influence the liquid hydrodynamics around the solid samples. It was experimentally demonstrated that when the Reynolds number is less than a certain value, the mass transfer can control the coefficient rate of the liquid boundary layer near the solid, while the process may be controlled by the phase boundary reaction with a relatively high Reynolds number [20,21]. As shown in Table 4, SiO2 is the main chemical constituent of the ash in the coke, which increases the silicon content of the hot metal, and then increases the viscosity of the molten iron, and decreases the Reynolds number. Therefore, the dissolution rate might be commanded mainly by the mass transfer in the slag layer near the solid (coke) in this research.



The dissolution rate of coke in molten iron can be obtained by surveying the carbon content in the molten iron. The total mass of dissolved carbon, Wcd, can be calculated by multiplying the carbon content of the final iron specimen by the mass of the reduced iron powder or electrolytic iron. Equation (9) is put forward to calculate kt:


kt=WcdtAs(Cs−Cb)



(9)




where t is the immersed time of the coke samples, and As is the area of the samples exposed to liquid iron, which can be calculated by the following equations:


ρgV1=m1g



(10)






V1=S1h



(11)






As=S1+4ah



(12)




where V1 is the volume of the immersed part of the sample, g is the gravitational acceleration, m1 is the mass of the sample, S1 is the basal area, h is the immersed depth, and a is the side length. It can be seen in Equation (9) that the value of kt is related to t, Cb, and Wcd. In order to investigate how the surface structure and composition of the partially dissolved coke as well as the sulfur content in the iron bath affect the dissolution rate, the experimental results are sorted out and discussed as follows.




4. Results and Discussion


To investigate the mechanism of the dissolution of three different types of coke samples, their kinetic models were studied after the experiments. The operating variables include the initial weight of carbon, mci, and the metallization rate of the reduced iron powder, R.



The dissolution rate coefficient, kt, can be illustrated as the slope of the Wcd(As(Cs−Cb))−1-t curve, as shown in Figure 2. The values of kt at 1873 K are listed in Table 5. It shows in the first three lines that kt is different when using different ferrous material samples. When the content of FeO rises in the iron-bearing material, the influence of FeO on the carbon dissolving rate constant is not negligible, because of the chemical reaction occurring between FeO and C. Therefore, the addition of some carbon into the ferrous material can increase kt. This is attributed to the variations of their ash components, sulfur contents, silicon contents, and graphitization degrees, and these coke samples each have different surface structures and chemical compositions, hence kt varies despite the other experimental conditions being similar. Additionally, the dissolution rate changes with the carbon content, immersion time, t, and the chemical activity of the iron bath.



4.1. Effect of Ash Composition on the Dissolution Rate


When the dissolution rate coefficient is regarded as a variable, a certain value exists in every time point. The correlation between kt and t was calculated with Equation (9), as shown in Figure 3. With this method, the values of kt vary between 3.31 × 10−6 m/s and 24.93 × 10−6 m/s. It reveals that the value of kt decreases monotonically with the increase of the immersion time, t, and this variation law is triggered by the ash content and the porous structure of the coke samples.



Several coke samples were observed for their surface structure and surface chemical composition by SEM. The SEM images before and after the reactions are shown in Figure 4, which illustrate that most of the pores on the coke samples were filled with liquid slag and metal, reducing the factual contact area between the coke and hot metal. The results of SEM analysis of the partially dissolved coke sample are shown in Figure 5. It shows that with the coke dissolving, there might be viscous layer forming and attaching on the surface of the coke, thereby possibly limiting its dissolution. Furthermore, the chemical composition of the sample surface was surveyed by conducting the dot analysis method, and the results are shown in Figure 5 and Table 6, revealing that it mainly contains iron, calcium, aluminum, and silicon (assuming that these elements other than iron exist in the form of slag, namely the metal oxide (Al2O3, CaO, and SiO2)). The CaO-SiO2-Al2O3 ternary phase diagram of the partially dissolved coke sample surface is shown in Figure 6, and it can be seen that the melting temperatures of these substances are much lower than the furnace temperature (1873 K). Therefore, there is a negative relationship between the Al2O3 and SiO2 content and the liquidus temperature of the coke surface layer, which means this viscous layer might restrict the process of coke dissolution. Additionally, Figure 7 shows the SEM and EDS analysis of the reacted ferrous sample. The results indicate that stratification occurred in the hot metal after coke dissolution, with the upper layer (thin layer) as the slag phase (consisting of oxide of Ca, Si, Al etc.), while the lower one (thick layer) is mainly where the iron-coke melts. It can be confirmed by Table 3 and Figure 7 that when the coke sample dissolved, the ash content on the sample surface increased gradually, thus a thick viscous layer was formed, which diminished the effective area for dissolution.




4.2. Effect of Sulfur on the Dissolution Rate


Although the dissolution rate is not determined by the phase interface reaction, the active elements on the sample surface, such as sulfur, may hinder the interfacial reaction and affect kt. Figure 8 shows that the value of kt decreases with the increase of the sulfur content in the iron bath, which is in agreement with the theoretical calculation and actual production. It can be seen from Figure 7 that as the dissolving occurred, the sulfur element migrated from inside of the coke to the surface and then into the molten iron. When the sulfur content is as low as less than 0.03%, a more plausible reason might be that the sulfur contaminates the coke surface, thus, reducing the reaction between C and Fe. With high sulfur contents, the surface of the coke could gather sulfur, which would reduce the contact area between the coke and molten iron, so the coke dissolution deteriorates.




4.3. Effect of Silicon (SiO2) on the Dissolution Rate


As can be seen from Figure 9, high SiO2 contents could remarkably curtail the dissolution rate coefficient. Since SiO2 is a stable compound, its melting temperature is much higher than the furnace temperature, so with the SiO2 content increasing, the interfacial layer liquidus temperature would rise as well. Table 4 and Figure 10 show that the complex compound consisting of SiO2, Al2O3, and CaO features a low melting temperature and high viscosity, which could increase the viscosity of the slag layer covering the coke samples and hinder its dissolution. In addition, a high Si content in the molten iron could inhibit the generation of Fe3C.



.




4.4. Effect of Graphitization Degree on the Dissolution Rate


The existing studies show that in the same hot metal, there is a non-negligible difference between the dissolution rates, kt, of the cokes with similar fixed carbon contents (a diversity of an order of magnitude was observed once [34]). The authors of this essay infer that the trigger might be the graphitization degree of these coke samples, so a calculation of this index was conducted and its influences on the dissolution rate were investigated.



When heated, the microcrystalline structure of the graphite-like layer in the cokes grows with the increasing temperature, and both the distortion and defect in them gradually disappears. In order to describe the degree of this reaction, the notion of graphitization degree (r0) [35] is introduced, and this parameter can be tested by XRD. According to the relevant research, the graphite interlayer spacing (d002) and r0 can be calculated by the classical Scherrer equations [36,37,38]:


r0=ΔdΔ0=3.44000−d0020.08600×100%



(13)






d002=λ2sinθ002



(14)




where Δd is the difference value between the interplanar distances of ungraphitized cokes (3.44000 Å) and that of the graphite being tested (d002), Δ0 is the difference value between the interplanar distances of ungraphitized cokes (3.44000 Å) and that of the ideal graphite (3.35400 Å), λ is the wavelength of the X-ray, and θ002 is the corresponding diffraction angle. When λ is fixed, there is a close relationship between r0 and θ002, and the accuracy of the former depends on that of the latter. Besides, different cokes have different θ002.



After the three types of coke samples employed were analyzed by XRD, their diffraction angles were acquired, and the graphitization degrees were calculated by Equations (13) and (14). Figure 11 reveals the correlation between the dissolution rate coefficient and the r0 values of these three types of cokes. It can be seen that the graphitization of coke promotes its dissolution in the hot metal. With the increase of r0, the amorphous coke converts into regular graphite, and the hexagonal carbon plane grids are transformed from a two-dimensional out-of-order overlap into a three-dimensional ordered one. Therefore, the binding force between C is enhanced, while that between carbon layers is weakened, which boosts the grain boundary sliding [39,40]. This means that the growth of r0 could promote the coke layer to fall off and accelerate the coke dissolution.





5. Conclusions


In this paper, the dissolution behavior of three types of cokes in the high temperature zone of a flash ironmaking furnace was observed, and the effects that the ash composition and sulfur content have on the dissolution rate were investigated as well. The conclusions were mainly obtained as follows:



(1) The height change of the molten iron level before and after sampling, which was calculated as 0.074 mm, is comparable the original height of the hot metal, 13.04 mm, so the amount of molten iron meets the requirement of sampling and the decrease of the hot metal height has little influence on the experiment. Regarding the dissolution rate coefficients as constants, some distinctions between the dissolution rate coefficients of different coke samples were found, with this index of 7.98 × 10−6 m/s in coke 1, 5.17 × 10−6 m/s in coke 2, and 3.77 × 10−6 m/s in coke 3.



(2) Regarding the dissolution rate coefficients as a variable, the effects of the coke ash composition on kt were indicated by the impact of the dissolution time. According to the calculations, the dissolution rate coefficient decreases as the dissolution time increases, and the values of kt varied between 3.31 × 10−6 m/s and 24.93 × 10−6 m/s in this experiment.



(3) Ash composition is a key factor that influences the rate of carbon dissolution. Silicon in coke, especially the one that exists in the form of oxide, might increase the viscosity of the slag layer covering the coke samples and hinder its dissolution.



(4) The dissolution rate coefficient decreased with the increase of the sulfur content in the iron-carbon melt. The dissolution rate coefficient increased with the increase of the graphitization degree of the coke.



(5) The value of kt in natural convection is mainly controlled by the mass transfer occurring in the liquid boundary layer covering the solid, and the contribution of the interfacial reaction and other factors (aluminum and calcium in the carbon-iron melt) might be relatively negligible.
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Figure 1. Schematic diagram of the experimental device. 
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Figure 2. The relationship between Wcd(As(Cs−Cb))−1 and t of different cokes and ferrous materials. (a) Coke 1 (R = 96.22%, mci = 7.5 g), (b) coke 1 (R = 99.95%, mci = 0 g), (c) coke 2 (R = 99.95%, mci = 0 g), (d) coke 3 (R = 99.95%, mci = 0 g). 
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Figure 3. The relationship between kt and t of different cokes. (a) Coke 1 (R = 96.22%, mci = 7.5 g), (b) coke 1 (R = 99.95%, mci = 0 g), (c) coke 2 (R = 99.95%, mci = 0 g), (d) coke 3 (R = 99.95%, mci = 0 g). 
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Figure 4. SEM images before (left) and after (right) the reaction of the coke surface. 
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Figure 5. SEM images (a,b) and EDS analyses of the reacted coke. 
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Figure 6. CaO-SiO2-Al2O3 slag system phase diagram of the partially dissolved coke sample surface. 
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Figure 7. SEM image and EDS analyses of the reacted iron sample. 
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Figure 8. Effect of sulfur content in the iron-carbon bath on the kt of coke samples. (a) Coke 1 (R = 96.22%, mci = 7.5 g), (b) coke 1 (R = 99.95%, mci = 0 g), (c) coke 2 (R = 99.95%, mci = 0 g), (d) coke 3 (R = 99.95%, mci = 0 g). 
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Figure 9. Effect of silicon content in the iron-carbon bath on kt
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Figure 10. CaO-SiO2-Al2O3 slag system phase diagram of unreacted coke samples. 
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Figure 11. The relationship between the values of kt and r0. 
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Table 1. The chemical composition of reduced iron powder (wt%).
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	Material
	FeO
	MFe
	TFe
	Sulfur Compounds
	Insoluble Matter





	Reduced iron powder
	4.76
	94.11
	97.81
	≤0.06
	≤0.1
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Table 2. The chemical composition of electrolytic iron (wt%).
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	Material
	Fe
	Al
	Si
	S
	Cu
	Mn
	P





	Electrolytic iron
	99.95
	0.026
	0.002
	0.011
	0.004
	0.001
	0.001
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Table 3. The chemical composition of coke samples (wt%).
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	Samples
	C
	Ad
	Vd
	S
	H2O





	Coke 1
	85.32
	13.74
	0.94
	0.35
	0.05



	Coke 2
	83.82
	13.18
	2.58
	0.72
	0.98



	Coke 3
	85.88
	12.99
	1.13
	0.30
	0.87
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Table 4. The chemical composition of the ash in coke samples (wt%).
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	Samples
	SiO2
	Al2O3
	Fe2O3
	CaO
	MgO
	Na2O





	Coke 1
	49.84
	37.15
	4.34
	6.98
	1.24
	0.38



	Coke 2
	55.30
	21.66
	7.42
	6.72
	3.76
	0.58



	Coke 3
	73.14
	16.01
	4.44
	5.35
	0.34
	1.42
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Table 5. The typical values of kt in each experimental condition.
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	Samples
	Material
	T/K
	R/%
	mci/g
	t/min
	Wcd/g
	kt×106(m/s)





	Coke 1
	reduced iron powder
	1873
	96.22
	0
	120
	8.85
	5.48



	Coke 1
	reduced iron powder
	1873
	96.22
	7.5
	120
	9.61
	6.50



	Coke 1
	electrolytic iron
	1873
	99.95
	0
	120
	10.55
	7.98



	Coke 2
	electrolytic iron
	1873
	99.95
	0
	120
	8.15
	5.17



	Coke 3
	electrolytic iron
	1873
	99.95
	0
	120
	8.91
	3.77
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Table 6. Chemical composition of slag-like found on partially dissolved coke samples.
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At a Point Average

	
Elemental Analysis (wt pct)




	
Fe

	
Al

	
Si

	
Ca

	
K

	
Na

	
P




	
Coke 1

	
35.68

	
18.12

	
31.25

	
7.28

	
3.36

	
2.13

	
-




	
Coke 2

	
36.56

	
17.02

	
33.56

	
7.36

	
2.84

	
1.76

	
-




	
Coke 3

	
37.25

	
17.07

	
35.45

	
8.24

	
2.18

	
1.84

	
-




	
At a Point Average

	
Oxide, Estimated Using Elemental Analysis (wt pct)




	
Al2O3

	
CaO

	
SiO2

	
K2O

	
Na2O

	
P2O5




	
Coke 1

	
28.22

	
8.54

	
57.50

	
3.36

	
2.38

	
-




	
Coke 2

	
26.85

	
8.61

	
59.70

	
2.84

	
2.00

	
-




	
Coke 3

	
22.27

	
9.63

	
63.26

	
2.86

	
1.98

	
-
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