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Investigation of wetting behavior of coal-chars with liquid iron by sessile drop method
Rita Khanna (*), Fiona McCarthy and Veena Sahajwalla  
School of Materials Science and Engineering, University of New South Wales, Sydney, NSW 2052, Australia.  
Using the sessile drop approach, the wettability of four non-graphitic coal-chars with electrolytic iron and Fe-2 % C-0.01 % S alloy has been determined at 1550°C, in a horizontal tube resistance furnace with an argon atmosphere. The ash concentration in chars ranged between 9.04 to 12.61 wt %, with alumina and silica as predominant ash components. The contact angles of these chars with liquid Fe-2 % C-0.01 % S alloy showed lesser variations with time as compared to corresponding angles with electrolytic iron. While the initial contact angles ranged between 106° and 137°, the contact angles for all coal-chars were quite similar after 60 minutes of contact (105 - 110°). While no well defined correlations could be observed between the initial char structure (Lc values) and ash concentration / composition and contact angles in the initial stages of contact, the contact angles over extended periods were significantly affected by the presence of reaction products and impurity deposits in the interfacial region. With coal-chars generally showing a non-wetting behavior with liquid iron, these results are discussed in terms of the transfer of carbon and sulphur by mass transport across the interface, the formation of an enriched interfacial layer containing calcium, sulphur and alumina, reduction of reducible oxides such as silica and iron oxides, and possible transfer of these elements into the liquid iron. 
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1. Introduction : 

Coke consumption is a large fuel cost in the blast furnace iron making cycle and concerted efforts are being made worldwide to reduce fuel costs. One of the major advancements in the blast furnace technology has been the injection of pulverized coal through tuyeres to partially replace metallurgical coke as a source of heat and reductant. High injection rates for the pulverized coal (PCI), desirable for reducing the coke rate of the furnace, can seriously affect furnace stability with an increasing amount of unburnt char entering the raceway and entrained into the blast furnace burden [1 - 4]. The unconsumed char tends to collect at the interface between the softening zone and the dripping zone blocking gas flows. It is a major concern as it can adversely affect the permeability in the burden and therefore the stable operation of the furnace. It would be ideal for the unburnt char to actively participate in ore reduction reactions, consequently replacing some more of coke. There is also some evidence for the elutriated loss of unburnt solids in top off-gases. A clear understanding of these consumption mechanisms and corresponding rates is essential in order to optimize the productivity and life expectancy of blast furnace. The dissolution of carbon from the char can make significant contributions to the carburization of liquid iron. Wettability plays an important role and can significantly influence carbon dissolution by effectively controlling the area of contact between coal-chars and liquid iron. Due to difficulties associated with measuring contact angles with fine powders, very limited information is currently available on the wettability of non-graphitic carbons such as coal-chars, and the role of carbon type and ash composition is not well determined.
When a system is in chemical equilibrium, i.e. the chemical potentials of all components of the system are equal, the wetting behavior is relatively simple to characterize [5]. The change in system properties is only due to the system attaining mechanical and thermal equilibrium. However, when there is a reaction taking place in the system, the chemical potentials are not equal, and the system could be in a state of thermal, mechanical or chemical non-equilibrium. Aksay et al. [6] investigated the mechanics of wetting under non-equilibrium conditions and proposed that the change in free energy per unit area released by the reaction (ΔGr) was the main contributor to the changes in wetting. With reference to the specific system : Fe-C-S melt on graphite, Wu and Sahajwalla have provided an alternative explanation for the initial decrease in the contact angle, followed by a recovery to the equilibrium value [7]. They postulated that the initial decrease was due to the diffusion of carbon and sulphur atoms to the interfacial layer resulting in a reduction in the interfacial tension between the solid and the liquid. Once the diffusing species reduce the chemical potential difference between the solid and the liquid to negligible levels, the Van der Waals forces begin to dominate the wettability. This results in the contact angle approaching its equilibrium value. Wetting of the solid by liquid metal in a reactive system, where the only reaction is the mass transfer at the solid / liquid interface, has been studied by a number of investigators [8 - 10]. It is generally agreed that the free energy released by the chemical reaction contributed mainly to the increase of interfacial area and the changes in contact angle due to the spreading of liquid on a non-deformable solid surface.  
When surface-active elements are present at an interface, these may also affect the interfacial energy [11]. Surface activity is defined as the magnitude of change in surface tension brought about by the addition of a unit quantity of the species. The ultimate surface activity of a surface-active species in a binary system generally decreases with increasing temperature. Additions of more than one solute to a system complicate the determination of the surface activity, as the compounded results can not be predicted from the individual contributions [12]. For example carbon, a non surface-active element, increases the activity coefficient of the dissolved sulphur in liquid iron, lowers the surface tension of Fe-C-S solutions thereby enhancing the surface concentrations of sulphur.  

In this article we report a systematic study on the dynamic wettability of four chars with liquid iron at 1550°C using the sessile-drop method. Experimental results are reported on contact angles as a function of time and melt composition. There has been very little work reported on the wettability of Coal-chars and liquid iron. The system of interest in this study is rather complex : along with a heterogenous composition, the carbonaceous materials contain non-graphitic carbon and ash minerals; the liquid metal typically contains carbon, sulphur, and quite a few trace elements. In combination, these can result in a number of reactions occurring in the interfacial region, which could a have significant influence on the wettability of the system. 
2. Experimental Details : 


Raw coals were crushed in a jaw crusher and vibrating grinder, and wet sieved at 38 (m and 125 (m and the resulting size graded samples were dried in an oven prior to char making.  The chars were produced from raw coals in a drop-tube furnace in an atmosphere of 23 % O2 in N2 at a temperature of 1200 °C. Further details are given elsewhere [13]. Ash contents of coal-chars and their chemical composition is given in Tables (1) and (2).  Lc values, representing the crystalline short-range order in these chars, have also been provided in Table (1). These values were determined from X-ray diffraction (XRD) profiles using standard techniques [14]. The char substrates were prepared by grinding the powdered chars finely (< 38 (m). These were then compacted using a hydraulic press without a binder in a steel die and pressing to a pressure of 7.75 MPa.
[image: image2.png]Sample Metal  Char

TES  aumm samls suete
e
— oo
canora
L]
el
e oz L
=7 ==
alare
samge o
i
Temacote Gz o

outlet inlet




Figure (1): Schematic illustration of horizontal tube furnace.
	Composition
	Char 1
	Char 2
	Char 3
	Char 4

	C
	84.78
	80.49
	77.86
	79.39

	H
	1.72
	2.91
	2.54
	2.54

	S
	0.35
	0.56
	0.4
	0.36

	Ash
	9.04
	9.75
	12.61
	10.88

	Lc(Å)
	12.7
	12.7
	12.4
	9.4


Table (1) : Proximate analysis (wt %) and Lc (Å) for chars.
	Ash Material (wt%)
	Char 1
	Char 2
	Char 3
	Char 4

	Al2O3
	37.3
	30.6
	29.1
	25

	SiO2
	41.2
	52.6
	52.7
	53.8

	Fe2O3
	6.31
	5.91
	7.74
	7.31

	CaO
	4.18
	2.29
	3.31
	2.47

	TiO2
	2.16
	1.9
	1.46
	1.34

	K2O
	1.11
	1.08
	1.32
	2.98

	MgO
	1.08
	0.7
	1.21
	0.88

	P2O5
	1.28
	1.03
	2.08
	0.8

	Na2O
	1.24
	0.49
	0.27
	0.64

	SO3
	2.8
	0.72
	0.42
	0.9

	BaO
	0.13
	0.06
	0.08
	0.07

	Mn3O4
	0.06
	0.05
	0.05
	0.08


Table (2) : Ash analysis for chars.
The wettability of coal-char / Fe-C-S system was investigated in a laboratory scale, horizontal tube resistance furnace using the sessile drop approach. The static nature of the droplet helps to preserve the interfacial layer that forms between the iron and the char, allowing a detailed investigation of the interface. Apart from Marangoni flow, there is minimal flow within the liquid iron droplet in the sessile drop method. A schematic diagram of the experimental arrangement is shown in Figure (1). The furnace tube had an inside diameter of 50 mm. The weight of the metal used was ~ 0.70 g of electrolytic-grade iron and Fe-2 wt % C - 0.01 wt % - S alloy respectively. Initially, the metal / char assembly was held on a specimen holder, which could be pushed to the centre of the hot zone in the furnace with the help of a graphite rod. The metal / char assembly was held in the cold zone of the furnace until the desired temperature (1550 °C) was attained. The assembly was then inserted into the hot zone; this eliminated any reaction that could occur at lower temperatures and possibly influence the phenomena to be studied at the temperature of interest. The melting of iron marked the beginning of contact time. The furnace tube was purged with argon throughout the duration of the experiment with a flow rate of 0.5 l/min.
The wettability behavior of the metal/char system was investigated using a closely controlled and visually monitored sessile drop technique. A high quality, high resolution charge-coupled device (CCD) camera fitted with an IRIS lens was used to capture the live in-situ phenomena in the furnace. The output from the camera was channeled to a video cassette recorder (VCR) and a television (TV) monitor to record the entire process as a function of time. This allows specific images, displaying the contact between the metal and carbonaceous material, to be captured from the videotape, as a function of time, into a computer using a frame grabber. A time-date generator is used in the system to display the duration of the process. Specially designed computer software was used to determine the contact angle from the captured images, on the basis of a curve-fitting exercise. The details of this software are given elsewhere [15]. For a better understanding of reaction dynamics, contact angles were recorded up to 2 hours in most cases.
3. Experimental Results :
3.1 Wettability with Electrolytic Iron :  
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Figure (2) : Dynamic wettability of four coal-chars (1 - 4) with electrolytic iron at 1550°C. 
The wettability for four chars was determined using the sessile drop approach detailed in section 2 and the contact angle results are shown in Figure (2). Chars 1 and 2 had a very high initial contact angle of 145° and 140° respectively, which decreased to ~ 110° after sixty minutes of contact. While the contact angle for Char 1 showed a gradual decline with time, the contact angles for Char 2 showed a sharp reduction to 110° after 2 minutes of contact and then fluctuated around that value over long times of contact. Chars 3 and 4 had somewhat lower initial contact angles, 115° and 120° respectively, but these showed no improvement with time. Following a trend contrary to Chars 1 and 2, these chars did not show a sharp initial decline; there were only marginal fluctuations in contact angles as a function of time. After 60 minutes of contact, the contact angles for all four chars were quite similar ranging between 105 - 110°. Contact angles, taken as an average of 5 measurements, are summarized in Table (3) and these average values are used in the following discussion on the influence of various factors on wettability.  
	Carbonaceous Material
	Initial Contact Angle (o)
	Final Contact Angle (o)

	Char 1
	137
	111

	Char 2
	133
	107

	Char 3
	117
	119

	Char 4
	106
	101


Table (3) : Contact angles for electrolytic iron on different carbonaceous substrates at 1550°C.     
3.2 Wettability with Fe - 2 wt % C - 0.01 wt % - S Alloy : 
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Figure (3) : Dynamic wettability of four coal-chars (1 - 4) with Fe – 2 wt % C - 0.01 wt % S alloy at 1550°C.  
	Carbonaceous Material
	Initial Contact Angle (o)
	Final Contact Angle (o)

	Char 1
	113
	111

	Char 2
	123
	110

	Char 3
	115
	101

	Char 4
	125
	102


Table (4) : Contact angles for Fe – 2 wt % C - 0.01 wt % S alloy on different carbonaceous substrates at 1550°C.

Experimental results on the wettability studies of four chars with the Fe – 2 wt % C - 0.01 wt % S alloy are shown in Figure (3). These contact angles, taken as an average of 5 measurements, are summarized in Table (4). The contact angles for liquid iron containing carbon and sulphur showed lesser variation as compared to the corresponding results for electrolytic iron. Contrary to the results observed for electrolytic iron, Char 1 did not show an initial/gradual decline of contact angles with time; angles for Char 1 remained nearly constant with time. On the other hand, the contact angles for Char 2 showed behavior similar to the one observed for electrolytic iron, namely a sharp initial decline from 128° to 108° in a short time, followed by fluctuations around a mean value for long periods of contact. Chars 3 and 4 showed behavior contrary to the one observed for electrolytic iron: both chars showed a sharp initial decline in contact angles (118° to ~ 90° for Char 3 and 134° to 100° for Char 4) before stabilizing to a nearly constant value over time. These results are discussed further in the next section.  
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4. Discussion : 
A number of factors can affect the wettability of system under investigation and these are discussed in detail below.
4.1 Effect of carbon structure : 
We first examine the role of the carbon structure on the wettability of chars. Four chars under investigation have only marginal differences in their initial carbon content and Lc values (Table 1). While char 4 has the least ordered structure (Lc  = 9.5Å), other three chars have very similar Lc values (12.4 - 12.7 Å). In the initial stages of contact (0 - 100 seconds), no clear correlation between wettability and carbon structure could be observed. Char 4, which has most disordered structure among all chars under investigation, has one of the lowest initial contact angle (120°) with electrolytic iron and one of the highest initial contact angles (134°) with Fe-2 wt % C-0.01 % S alloy. There were wide variations in the contact angles for the other three chars, which possessed very similar Lc values (12.4 to 12.7Å). This suggests that the role, if any, of carbon structure of the chars in iron/char wettability in the initial stages of contact is not likely to be a dominant one. This view is further supported by the results on highly ordered natural graphite, where the initial contact angles were quite similar to the values recorded for the better wetting chars [16].
It is quite difficult to correlate contact angles over extended periods with initial crystal structures of chars. Firstly, there could be further structural evolution in chars during extended exposure to high temperatures.  Secondly, a number of changes could take place in the interfacial region and char particles may loose their integrity to a certain extent. Sahajwalla and Khanna [17] have carried out Monte Carlo simulations on carbon dissolution from graphite into liquid iron and have reported on the morphology of a dissolving particle. It was observed in these simulations that the liquid had a tendency to penetrate the particle and dissolve carbon. In this study, the overall shape and size of the particle remained intact until it eventually disintegrated. SEM images on the reacted char particles collected from the liquid surface after carburizer cover experiments, also show similar characteristics (a large number of pores) [18]. 
4.2 Effect of ash impurities : 
We next consider the influence of ash impurities (Table 2) present in chars under investigation.  Chars 1 and 2, which had lower ash content of 9.04 and 9.75 wt % respectively, had the highest contact angle in the initial stages of contact with electrolytic iron. Chars 3 and 4 however did not follow this trend; higher (12.61 wt %) ash containing Char 3 had a higher contact angle (117°) than lower (10.88 wt %) ash containing Char 4 (106°). With Fe-2 wt % C-0.01 % S alloy, Char 2 and Char 4, with respective ash components of 9.75 and 10.88 wt %, have similar initial contact angles (123° - 125°). Chars 1 and 4, which contained the lowest (9.04 wt %) and the highest (12.74 wt %) ash have similar contact angles (113° - 115°). No well defined trend could be observed with the overall level of ash impurities present in chars. 
Figure (4): Left: Interface of metal droplet after 5 minutes contact of iron with Char 1 showing fused ash material and iron surface, x 1.5 K magnification. Right : EDS spectra of regions indicated.

On the role of specific impurities present, an ash component that may have some influence on wettability is alumina. Previous work on the wettability of graphite/alumina substrates with liquid iron had observed an increase in contact angles with increasing the alumina concentrations [19]. The proportion of alumina present in various chars, as computed by multiplying ash concentration with the corresponding alumina content (Tables 1 and 2) is as follows: Char 1 - 3.37 wt %; Char 2 - 2.98 wt %; Char 3- 3.667 wt %; Char 4 - 2.72 wt %. With alumina contents ranging between 2.72 wt % and 3.667 wt %, no definitive correlation could be established between wettability and alumina concentrations; this however could be due to the rather narrow range of alumina concentrations present.  

The presence of alumina can have a significant influence on the reaction products in the interfacial region. The nature of this interfacial layer will strongly influence the final contact angle, as it is this material that the liquid iron is in quasi-equilibrium with (and not the original char substrate). Whether the layer is continuous or fragmented, and the nature of the layer composition will determine the contact angle. The interfacial region between electrolytic iron and Char 1 was investigated using FESEM and EDS analysis. The results for Char 1 after 5 minutes of contact with liquid iron are shown Figure (4). From this figure, ash deposits and iron can be clearly observed. Aluminium, calcium, sulphur, oxygen and iron were detected in the interfacial layer. Small concentrations of magnesium and silicon were also detected indicating the partial presence of the parent ash. While the ash in Char 1 contained 41.2 wt % silica, silicon peak in the interface was very small. The white phase was mainly alumina. 

Figure (5) : Left: Interface of metal droplet after 3 hours contact with Char 1, showing calcium sulphide complex, and iron surface, x 1500 magnification. Right : EDS spectra of region indicated.

Figure (5) shows the interfacial region between contacting metal droplets and Char 1 after 3 hours. From this figure, it is clear that the interfacial coverage has increased considerably over time. Significantly less iron was measured indicating a further decrease in iron/carbon contact area. EDS spectra showed a significant increase in the concentrations of both calcium and sulphur at the interface. Levels of Ca detected in this region were quite high considering the concentration of CaO was only 4.18 wt % of the ash in Char 1. This enrichment appeared to be linked with increased sulphur levels at the interface, and was seen in all samples. The Char was the only significant source of sulphur in this system, which is picked up by the metal during contact with char at high temperatures. Enrichment of calcium along with the association of calcium and sulphur in the interfacial region suggests that the calcium oxide in the char ash was reacting with sulphur in the liquid iron. This desulphurization reaction produces calcium sulphide, which was detected on the interfacial region of Char 1.

In Figure (5), the aluminium peak measured was much smaller when compared to the one observed in Figure (4) after 5 minutes of contact. The thickness of the interfacial layer showed an increase over time. With carbon dissolving in liquid iron, alumina present in ash remains at the interface, as the carbon is removed from the char preferentially. In non-wetting situations the contact area between the two materials, iron and alumina, is minimized. Over the longer time periods, any mineral interface can also be expected to strengthen due to sintering effects. Therefore, when the iron droplet was physically removed from the char substrate after quenching for examination, it is quite probable that alumina deposits remain on the char substrate and therefore were not detected in the interfacial layer (underside of the iron droplet). Due to the nature of the char substrates, it was not practical to analyze the char remaining in the region of the interface as the char was too friable and typically could not be handled after the experiment. 
Previous work on the wettability of natural graphite with liquid electrolytic iron [16] had observed that the contact angle varied quite significantly during the course of the experiments. These researchers suggested that the changes in wettability were due to reactions occurring in the interfacial layer. The final contact angle was approximately 102°. Using the literature values for wettability of iron with alumina and calcium sulphide as 122° and 87° respectively, Wu et al. [16] found that the wettability of natural graphite was significantly affected by the presence of alumina-calcium sulphide mixtures in the interfacial region. The interfacial investigations reported above also clearly indicate the presence of alumina-calcium sulphide mixtures in the case of chars as well. The presence of ash impurities and the nature of the interfacial layer therefore play an important role, on the magnitude of contact area and therefore the contact of reactants as contact time increases. 

4.3 Effect of melt composition : 
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Figure (6) : Dynamic contact angle results for Char 1 with electrolytic iron and Fe-2wt%C-0.01wt%S alloy at 1550°C.
The influence of the metal composition on the wettability of Char 1 is shown in Figure (6). The results clearly show that the contact angles with electrolytic iron were much higher than the corresponding angles with the iron alloy for this char. This trend continues until around 2500 seconds (~ 41 minutes) where the contact angles converge to similar values. With prolonged contact with Char 1, electrolytic iron picks up significant amount of carbon and up to 0.025 wt % S, [14] it is therefore quite likely that compositional differences between two liquids diminish with time, resulting in similar values of contact angles after extended periods. 
Investigations on natural graphite had shown that the carbon pick-up by metal had an influence on wettability, with changes in carbon concentration preceding the initial decrease in contact angles. Contact angles decreased from 102° (1 sec) to 60° (20 sec) and then increased to 105° over prolonged contact. Detailed carbon dissolution studies on these chars carried out using the carburizer cover method [18], had shown generally slow rates of carbon dissolution with carbon concentrations in the melt (~ 3.5 wt %) after 40 minutes of contact far below the saturation value (5.6 wt %) at these temperatures. Final contact angles for natural graphite are quite similar to the angles observed for chars over similar periods of contact. These contact angles most likely reflect the wetting behavior of interfacial products and do not represent the fundamental characteristics of individual chars.
5. Conclusions


In conclusion, a detailed investigation has been carried out on wettability from four non-graphitic chars into liquid iron at 1550°C and has produced important fundamental data on contact angles for four chars. This study has identified important drivers in the form of interfacial reactions; the evidence suggests that the deposition of reaction products in the interfacial region strongly affected the wettability and therefore the contact area between the char carbon and liquid iron. Determining the effect of such a dynamic interface on overall reaction kinetics will be explored in future studies. Main findings of this investigation are:

1. The wettability of four chars with electrolytic iron and Fe-2 wt%C-0.01%S has been determined at 1550°C. While the initial contact angles ranged between 106° and 137°, the contact angles for all coal-chars were quite similar after 60 minutes of contact (105-110°). The contact angles of these chars with liquid Fe-C-S alloy showed lesser variations as compared to electrolytic iron.

2. The influence of carbon structure on the initial wettability of chars was found to be marginal, with no well defined trends observed with Lc values. Wide variations were observed in contact angles for chars possessing very similar Lc values. Due to the likelihood of structure evolution and changes in particle morphologies, no comments however can be made regarding the influence of structure on contact angles over prolonged periods of contact.

3. While no correlations were observed between initial contact angles and ash concentration / composition, final contact angles were significantly affected by the presence of reaction products and impurity deposits in the interfacial region. Aluminum, calcium, sulphur, oxygen and iron were detected in the interfacial layer. Small concentrations of magnesium and silicon were also detected indicating the partial presence of the parent ash. The presence of ash impurities and the nature of the interfacial layer play a very important role in affecting the wetting behavior, as it is this material that the liquid iron is in quasi-equilibrium with.

4. It is quite likely that combinations of several reactions are occurring simultaneously to dictate the wetting behavior. Reactions that could be occurring and subsequently influencing the contact angle are: formation of an enriched interfacial layer containing calcium, sulphur and alumina; transfer of carbon and sulphur by mass transport across the interface; reduction of reducible oxides such as silica and iron oxides, and possible transfer of these elements into the liquid iron.
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