THE WETTABILITY OF COKE BY PITCHES WITH DIFFERENT QUINOLINE-INSOLUBLE CONTENTS
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Abstract
The properties of pitch as the binder material for carbon anode manufacturing strongly affect the anode properties. Pitches show significant differences in their chemical composition depending on their origin. In this study, five coal tar pitches with different quinoline-insoluble (QI) contents were studied to understand the wettability of these pitches on one calcined petroleum coke using the sessile-drop test. The chemical properties of the coke and pitch were studied using XPS and FT-IR to investigate their wetting mechanism and their interactions. The structures of different pitches and the pitch-coke interface were characterized by optical microscopy and SEM, respectively. The results showed that not only the chemical but also the physical properties of the pitches contribute to the wettability of coke. The wettability increases with increasing heteroatom content in the pitch. The viscosity of pitch is a key parameter controlling the wetting behavior of pitch. The QI content, the solid particle size and distribution in the pitches play a significant role in the wettability of coke by pitch.
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1. Introduction
Prebaked carbon anodes are used in the electrolytic alumina reduction process to produce aluminum in industry. Dry aggregates consisting of approximately 65% petroleum coke and 20% recycled anodes and butts are mixed with 15% coal tar pitch [1]. As the binder in carbon anodes, coal tar pitch has an important influence on anode quality. Good binding between dry aggregates and pitch results in dense anodes, thus greatly affecting the final anode properties [1] . 
Wettability of coke by pitch is one of the important parameters which determine the quality of binding between coke and pitch [2]. The contact angle is a measure of the ability of a liquid to spread on the solid surface and penetrate through it if the solid is porous [2-7]. It is reported in the literature that the sessile-drop technique, during which the change in contact angle with time is monitored under an inert gas atmosphere, can be used successfully for wettability studies [2-7].
Many authors found that the wetting behavior between pitch and substrate depends on the properties of both the pitch and substrate [4-8]. Rocha et al. [4, 5] studied the effect of the chemical composition and structural order of the substrates (petroleum coke as the substrate, with several substrates prepared by thermal treatment from petroleum pitch) on the pitch/substrate wetting behavior. Rocha et al. [4] also studied pitch/coke wetting behavior and showed that pitch wetting behavior is related to both surface tension and viscosity of pitch. Sarkar et al. [7] investigated the dynamic contact angles and the interaction of different cokes by pitch, and reported that the wettability behavior of cokes by pitches is dependent on the presence of the surface functional groups in the coke and pitch that could form chemical bonds. Huang et al. [9] studied the wettability of bio-coke by pitch and found that the surfaces of bio-cokes have a different chemical nature from that of the petroleum coke, resulting in a better wettability of bio-coke by pitch compared to the petroleum coke.
[bookmark: OLE_LINK23][bookmark: OLE_LINK24] However, quinoline-insoluble (QI) contents have also been used to evaluate the properties of binder pitches used for anodes. Jones et al. [10] reported that a limited quantity of primary QI in binder pitch increases the bond strength and mechanical strength, and protects the underlying filler from both air-burn and CO2 oxidation. A large quantity of primary QI and carbon black can reduce the binding capacity of pitch. The absence of primary QI causes a high anisotropy of the binder-coke bridges [11] and generates higher flow conditions, resulting in an inferior strength [12]. Sakai et al. found that a limited amount of primary QI is necessary for optimized properties of the binder pitch [12]. Wombles et al. [13] reported that a substantial proportion (3-10%) of mesophase (> 4 μm) blocks the micropores of coke and prevents the infiltration of binder pitch and fine particles into the pores of the filler coke. This is detrimental to anode density and adversely affects the mechanical strength and reactivity [14].
For the effect of QI content on anode properties, there are conflicting results in the literature. Table 1 summarizes the findings of different researchers. 
Table 1: Studies on the effect of QI content on anode properties
	QI content
	Effect of QI content on anode properties
	Reference

	6-8.5 %
	Provides optimum wetting behavior, helps producing high performance baked anode
	[12]

	9 - 22 %
	High QI content does not deteriorate the wettability of pitch on coke
	[15]

	 13 %
	Helps improve anode properties
	[16]

	1-5 % and 5- 20 %
	Change in QI levels does not affect anode properties
	[12, 17-19]

	1-2 %
	Minimum QI level required for acceptable baked anode properties
	[20]

	Medium to high QI content 
	Correlates with superior anode quality
	[18, 21]


	Low primary QI content
	Requires process modifications to improve anode properties 
	[18, 21]



As can be seen from this table, studies do not agree on the optimum primary QI level of pitch required to have a good quality anode. This is probably because the anode properties are affected by not only the QI level but also the QI particle size and the structure of coke used. However, there does not seem to be any published study on the effect of the sizes of the solid particles or their size distribution as well as different QI contents on the wettability of coke by pitch. The objective of this study is to investigate the wetting of coke by pitches with different QI contents using the sessile-drop wetting system. The chemical properties of coke and pitch were studied using FT-IR and XPS. This study also involves the optical microscopy characterization of the QI particle size and their distribution in pitch. Furthermore, the pitch-coke interfaces were investigated using SEM.  

2. Methodology
2.1 Materials used
Five coal-tar pitches with different QI contents were used as binders in this study. Table 2 summarizes the main properties of these pitches. A calcined petroleum coke was chosen as the substrate and was obtained by sieving the as-received coarse sample to a 100-125-μm size [22]. The wettability of these pitches on coke was investigated for comparison. 
Table 2: Properties of different coal tar pitches
	Pitch type
	S.P.*
	Q.I.*
	ß-resin*
	CV*
	µ*

	Pitch-1
	118.4
	3.4
	22.5
	58.9
	1200

	Pitch-2
	119.6
	6.9
	22.2
	59.1
	1390

	Pitch-3
	118.0
	10.8
	22.2
	61.2
	1445

	Pitch-4
	121.5
	7.5
	22.1
	59.9
	2070

	Pitch-5
	119.4
	5.1
	22.9
	59.6
	1700


*S.P.: softening point (°C), Q.I.: quinoline-insolubles (wt %), ß-resin: beta resin (wt %), 
        CV: coking value (wt %), µ: viscosity at 170 °C (mPa.s).
2.2 Coke porosity analysis	
 The porosity distribution in the coke sample (100-125 µm) was measured by BET equipment (Gemini VII Surface Area and Porosity, Micrometrics) using nitrogen gas. Adsorption and desorption of nitrogen at liquid nitrogen temperature were measured for relative pressure in the range of 0 to 1. Barrett-Joyner-Halenda (BJH) analysis method was used to measure the porosity distribution based on the adsorption-desorption data. 
2.3 Sessile drop wetting system
In this study, the wetting behavior of the pitch was determined using a sessile drop system at 
170 °C, which is the common temperature of mixing used in industry. The sessile drop system consists of a tube furnace purged with gas (nitrogen), a pitch injection system, a graphite sample crucible, a digital video camera, and a vacuum pump (Figure 1). The coke sample is placed into the graphite sample crucible and is compacted to achieve a smooth coke bed surface. The injection chamber holds the solid pitch sample. This chamber has a small hole in its body and is placed just above the coke substrate by arranging the position of the injection chamber hole during the experiment. The experiments were conducted in vacuum under a nitrogen atmosphere. To decrease the O2 and humidity content of N2, the gas is passed through O2 and humidity traps before entering the system. There are two entry lines for nitrogen. The main line is directly connected to the furnace tube for maintaining the inert atmosphere inside the tube. The other line that connects the injection chamber to the inert gas supply carries the nitrogen gas required to slightly pressurize this chamber to force the molten pitch droplet out onto the coke substrate. A video of the drop is captured, and the images are saved on a computer. To measure the contact angle, FTA 32 software is used. Each experiment was repeated twice, and the contact angle was taken as the average of these two results. After the experiments, the pitch-coke drops were cut vertically and studied with SEM.
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Figure 1: Schematic diagram of sessile drop experimental set-up at UQAC.

2.4 FT-IR spectroscopy analysis  
FT-IR is a powerful tool used to detect different functional groups based on bond energies. FT-IR can also detect different hybridizations of carbon present in CH bonds and can identify aromatic and aliphatic hydrocarbons, which are difficult to analyze with XPS. The chemical structures of calcined petroleum coke and those of the five coal tar pitches were qualitatively examined by FT-IR spectroscopy at room temperature. The main objective was to identify the compliment functionality between pitch and coke, as well as to compare the chemical functionality of different pitches. IR spectra were collected in the wave number range of 500-4000 cm-1, and all of the spectra were recorded at a 4-cm-1 resolution. For each run, 64 scans were performed prior to the Fourier transformation. All of the spectra were collected using a KBr technique (the ratio of sample to KBr was 1:100), the spectrum version 5.0.1 software was used, and the result was taken as the average of two experiments. The IR spectra for each experimental set were transformed into absorbance spectra.
2.5 XPS analysis 
The surface quantitative chemical analysis of coke as well as coal tar pitches can be obtained by X-ray photoelectron spectroscopy (XPS). XPS analysis provides information about the distribution and content of different atoms and the nature of the corresponding bonds on the surface based on their electronic binding energy. In this study, the samples were ground to -125 µm and were analyzed using an AXIS Ultra XPS spectrometer (Kratos Analytica) with a mono-chromate Al K[α] (hν=1486.6 eV) source at a power of 210 W at the Alberta Centre for Surface Engineering and Science (ACSES), University of Alberta. The XP-spectra fitting was performed using CasaXPS software. The detailed analysis procedure and parameters used were described in a previous publication [7]. The analyzed surface depth of the sample was 2-5 nm. 
2.6 Optical microscopy analysis 
Optical microscopy allows the visualization of the solid particle content of the polished solidified pitches. The epoxy liquid resin was chosen for the preparation of polished blocks for different pitches to be observed in this study. Polishing was performed using Struers Polisher to create a scratch-free surface. The optical microscopy image analysis was performed using Nikon Eclipse ME600P optical microscope and was analyzed by Clemex Vision 4.0 image analysis software.
2.7 SEM analysis
The solidified pitch drops on calcined petroleum coke after the sessile-drop tests were sectioned vertically and polished for image analysis of the pitch-coke interface using SEM. This allows the visualization of the pitch structures and the penetration into the coke bed as well as the interface between the pitch and the coke particles. The SEM analysis was performed using a JEOL-JSM-6480LV with secondary electron scattering and with a voltage of 20 kV and a WD of 21-22 mm.

3. Results and discussion
3.1 Porosity distribution of coke
The BJH adsorption and BJH desorption average pore widths were found to be 0.267 and 0.193 µm respectively. Figure 2 shows the porosity distribution in a coke sample (100-125 µm). The result shows that the width of the most of the pores is around 0.2 µm (2000 Å) with a maximum around 0.3 µm (3000 Å).
[image: ]
Figure 2 Porosity distribution of coke particles (100-125 µm)
 The inter-particular space was calculated based on Figure 3. Figure 3 shows the orientation of 112.5 µm particles (average size of particles used) for high packing density. As the coke particles are packed well before doing the wettability experiment the packing shown in Figure 3 was chosen. Figure 3 shows that the maximum size of the particle that can enter between the 112.5 µm particles is 18 µm. 

[image: C:\Work\ying article\Figure 3.jpg]
Figure 3. Size of particle that can enter in inter-particular space
This analysis was carried out to estimate that the maximum size of solid particles of pitch that can fit into the coke pores as well as pass between the particles. This will be explained in more detail in Sections 3.4 to 3.6.

3.2 Wettability of coke by different pitches 
The wettability of coke by pitch, which is used as the binder in anodes, affects the properties of the anodes. Pitches show significant differences in their chemical composition and physical behavior depending on their origins. Five different coal tar pitches with similar softening points (Pitch 1, Pitch 2, Pitch 3, Pitch 4 and Pitch 5) were studied to understand the interaction between different pitches and one calcined petroleum coke using the sessile-drop wetting test. 
Figure 4 shows the wetting test results for five different pure pitches with different properties. The contact angle decreases with increasing time, and a smaller contact angle indicates a better wettability. It can be seen that the initial contact angles differed by approximately 10º between different pitches, while the duration for complete penetration/spreading into the coke bed are significantly different. Pitch-1 required the least amount of time (most penetrating), and Pitch-5 required the most time (least penetrating) for complete penetration/spreading. However, it can be observed that the contact angle values of these pitches at a specific time (60 s) followed the trend of Pitch-4 > Pitch-5 > Pitch-3 > Pitch-2 > Pitch-1. The time was chosen as 60 s because the typical kneading time for coke and pitch in anode plants is usually around 60 s. The kneading time indicates the mixing time of coke and pitch. Thus, according to the results at 60 s, Pitch-5 and Pitch-4 show similar contact angles (contact angle for Pitch-4 is slightly higher), and the wettability of coke by pitch in descending order is as follows: Pitch-1 > Pitch-2 > Pitch-3 > Pitch-5 >Pitch-4. It can be seen that, before 80 s, the wettability of pitch by coke is in the following decreasing order: Pitch-1 > Pitch-2 > Pitch-3 > Pitch-5 > Pitch-4. After 80 s, the wettability of coke by Pitch-5 was less than that by Pitch-4. 

It was reported in the literature that the interaction between coke and pitch depends on the properties of both the pitch (i.e., chemical composition, surface tension, viscosity, QI, mesophase content, etc.) and the coke (e.g. particle size, structure, texture, chemical functional groups on the surface, porosity, etc.) [5, 6, 8]. In this study, the same coke was used for all the experiments. Thus, the effects of physical (viscosity, QI amount, size of solid particles) and chemical properties (heteroatoms, functional groups) of different pitches on their wettability were studied. The effect of chemical properties of coke and pitch were studied using FT-IR and XPS. The pitches with different QI contents were characterized with optical microscopy. Furthermore, the pitch-coke interfaces were investigated using SEM.  



[bookmark: _Ref448502764][bookmark: _Toc411976497][bookmark: _Toc444219884]Figure 4: Contact angles of different pitches. 
[bookmark: _Toc444222081]3.3 FT-IR analysis
The qualitative analysis of the chemical groups in pitch and coke were carried out using FT-IR. From the FT-IR spectra shown in Figure 4, it can be observed that there are similar chemical functionalities in the five different coal tar pitches. The band at 750 cm-1 is due to the ortho-substituted aromatic ring vibrations [6,23]. The region of 700-900 cm-1 includes various bonds related to the aromatic out-of-plane vibration and C-H bending with different degrees of substitution [6, 23]. The regions between 2800-2980 cm-1 and 1480-1370 cm-1 are for aliphatic hydrogen (stretching vibrations) due to the –CH2- and –CH3 structures for the coal tar pitches [6]. The band at 3000-3100 cm-1 relates to aromatic hydrogen (stretching vibrations) [23]. The band at 1600 cm-1 is due to aromatic C=C stretching vibrations. The weak band at about 
1720 cm-1 is for C=O. The band at 1000-1200 cm-1 relates to C-O group, which could be assigned to alcohol/phenols/ether. Presence of both C=O and C-O can indicate the presence of  carboxylic acid or ester [23]. A wide peak around 3428 cm-1 is for free moisture. Multiple peaks in the region of 1200-1300 cm-1 are due to C-O /C-N vibrations [6]. All the pitches contain the above chemical functional groups.  Therefore, it is difficult to identify the differences in chemical groups of different pitches. 
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[bookmark: _Toc444219885]Figure 4: FT-IR spectra of five different coal tar pitches
Figure 5 shows the FT-IR spectra of the calcined petroleum coke used in the wetting test. The band at region of 3400-3600 cm-1 is related to free moisture/phenol/carboxylic acid [7]. The band at 3452 cm-1 is due to N-H groups in carbazole/secondary amine/OH stretching vibrations. The band at 3000-3100 cm-1 is due to aromatic hydrogen stretching vibrations. The region between 3000 and 2700 cm-1 are due to C-H stretching vibrations of alkyl substituents and methylene groups in hydro aromatic compounds [7]. A peak near 750 cm-1 shows the ortho-substitution of the aromatic ring. Amines (C-N) or ethers (C-O-C) are found in the region around 1100 cm-1. Band corresponding to aromatic C=C bond can be seen near 1500 cm-1. Carbonyl (C=O) group can be found in the region around 1800 cm-1. Two peaks near 1200 cm-1 and 1350 cm-1 are due to corresponding C-O stretching vibrations in ester/ether/acid and C-O-C vibrations in esters/carboxylic acid/ether [7].
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Figure 5: FT-IR spectra of calcined petroleum coke
There are usually three types of chemical interactions between coke and pitch samples [9]. The first interaction is a hydrogen bond between a hydrogen atom attached to a highly electronegative atom (O, N) and another electronegative atom (O, N). Thus, the hydrogen of the O-H group can form a hydrogen bond with functional groups containing oxygen (hydroxyl, ether, and carboxylic groups) or nitrogen atoms (amine). The second type is the acid-base interaction. In this case, acidic functional groups (carboxylic, phenolic) can interact with basic functional groups (amine). The third type consists of electrostatic interactions. In this case, the negatively charged pi electron cloud of aromatic rings can form electrostatic bonds with positively charged centers (e.g., a quaternary ammonium ion). Coal tar pitch and petroleum coke contain O-H, C-N, and COOH groups, as well as aromatic rings, indicating that the petroleum coke and the coal tar pitch possess complimentary functional groups. Thus, it might be possible that the functional groups on the coke surfaces may interact with the complementary functional groups present in pitches.
[bookmark: _Toc444222082]3.4 XPS analysis
Using XPS, the quantity of functional groups close to the surface can be found. Figure 6 (a) shows an example of the survey spectra obtained by an XPS scan for Pitch-2. The most prominent peak at 284.5 eV was designated as C1s, and other notable peaks were the O1s peak at 533 eV and N1s peak at 400 eV. The relative positions of these peaks can be used to determine the chemical nature of these atoms. High-resolution scans and a peak fit for the C1s region are shown in Figure 6 (b), providing quantitative information about the different functional groups based on the deconvolution of C1s binding energies. Deconvolution of Figure 6 (b) reveals three peaks located at 284.3 eV, 285.1 eV and 286 eV which form the C1s peak. The dominant peak at 284.3 eV is associated with the C=C bond of aromatic structures. The 285.1 eV peak corresponds to the C-C bond of aliphatic structures. An approximation was made such that the binding energy corresponding to the range of 285.5 eV to 289 eV with a peak at 286 eV corresponds to a number of functional groups, such as C-N/C-O/C-S/C=O/C-SO2/COOH. 
(b) 
(a) 

Figure 6: XPS spectra of Pitch-2 (a) survey spectra and (b) de-convoluted C1s spectra.
Table 3 summarizes the atomic percentages of different components of the pitches and calcined coke for the survey spectra and the de-convoluted C1s spectrum. It can be seen from this table that coke contains high amount of heteroatoms. Different pitches contain different amount of C=C, C-C, functional groups and heteroatoms. A good linear correlation was observed between the contents of CN/CO/CS/C=O/CSO2/COOH groups and heteroatoms (O, N and S) contents for different pitches (Figure 7 a). The percentages of CN/CO/CS/C=O/CSO2/COOH groups increase with increasing heteroatoms (O, N and S) contents. It is reported in the literature that increasing heteroatom content increases the wettability of coke by pitch [9]. The wettability results presented in Section 3.2 showed that the order of wettability of the pitches used in this project in decreasing order is Pitch-1 > Pitch-2 > Pitch-3 > Pitch-5 >Pitch-4 (Figure 7 b). The results are in agreement with the literature for all the pitches with the exception of Pitch-5 (shown in red in Figure 7 b) showing that there might be other factors influencing the wettability. Pitch-5 has high heteroatom content. Still it showed wettability close to that of Pitch-4 which has the lowest heteroatom content. This will be explained in more detail in the following sections. 

[bookmark: _Toc409990618][bookmark: _Ref410034399][bookmark: _Ref411878669][bookmark: _Ref411879434][bookmark: _Toc444219275]Table 3: Atomic percentages of different components of the raw materials
	Material
	C (%)
	Carbon (C1s) functional groups (%)
	O (%)
	N (%)
	S (%)
	Total heteroatoms O+N+S (%)

	
	
	C=C
	C-C
	CN/CO/CS
/C=O/CSO2/COOH
	
	
	
	

	Pitch-1
	96.62
	81.42
	13.00
	5.58
	1.89
	1.21
	0.29
	3.39

	Pitch-2
	96.93
	78.66
	15.96
	5.38
	1.74
	1.07
	0.25
	3.06

	Pitch-3
	97.88
	79.41
	16.74
	3.85
	1.15
	0.7
	0.26
	2.11

	Pitch-4
	98.08
	75.01
	21.03
	3.69
	1.21
	0.51
	0.2
	1.92

	Pitch-5
	97.61
	81.29
	14.42
	4.29
	1.18
	0.94
	0.27
	2.39

	Coke
	95.89
	80.54
	12.21
	7.25
	2.53
	0.60
	0.98
	4.11










(a)
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(b)
Figure 7: (a) Correlation between the contents of CN/CO/CS/C=O/CSO2/COOH and heteroatom (O, N and S) contents in different pitches, (b) relationship between contact angle at 60 s and heteroatom (O, N and S) contents.
[bookmark: _Toc444222083]3.5 Optical microscopy analysis
Results showed that there is a difference in the wettability of the same coke with different pitches. Table 2 compares the properties of different pitches. Even though the S.P., Beta resin, and coking value of the pitches are similar, their QI contents and viscosities are different.  The pitch structure was investigated using an optical microscope in order to see the differences in QI particle size of the pitches and the effect of this on wettability. As reported in the literature, the QI can be divided into two categories: primary QI and secondary QI [1, 24, 25]. The primary QI particles that are formed in the coke oven can be beneficial for anode quality [1]. The primary QI can be grouped into normal primary QI and carbon black/carry-over. The size of normal primary QI particles is approximately 1 µm. The size of carbon black particles (5-500 µm) is larger because of the agglomeration of small particles. Secondary QI particles are formed during the thermal treatment of pitch at a temperature greater than 400 °C. They are anisotropic and can be classified as mesophase (> 4 µm) and mesogens (2-4 µm). Optical microscopy is an important tool used to visualize the particles in the pitches. Figure 8 (a-e) shows the images of five pitches, as received. It is possible to observe the solid particles in all of the pitches. It can be seen that the pitch contains many particles; some of them remain isolated and some are agglomerated. 
(a) 
(b) 
(d) 
(e) 
(c) 

Figure 8: Optical microscopy images of (a) Pitch-1, (b) Pitch-2, (c) Pitch-3, (d) Pitch-4, and (e) Pitch-5
The area percentages of the solid particles in pitch presented in Figure 8 (a-e) were calculated using Clemex image analysis software. The area percentages of solid particles in these five pitches ranged from 11.7 % to 41.8 % (Table 4).  A good linear relation was observed between the QI content and the area percentage of solid particles in pitch as shown in Figure 9 (a). 
It was reported that a typical C/H ratio for coal tar pitch is 1.8; primary QI material has a C/H ratio of more than 3.5, while secondary QI has a C/H ratio of less than 3 [1]. Typical pitch density range is from 1.3 g/cm3 to 1.32 g/cm3 [1]. A larger value of the C/H ratio results in a higher density. It shows that the density of primary QI is greater than the other components in pitch. Turner et al. [14] reported that QI particles have a relatively large influence on pitch density because it has the density ranging from 2.0 g/cm3 to 2.2 g/cm3. 
If the area corresponding to solid particles in pitch is Asp and the remaining pitch is Arp, then the percentage of solid particles in pitch by area can be expressed as follows: 
(1)

The image analysis yields the area percentage of solid particles in pitch. However, it is more convenient to express the content in terms of weight percentage because it can be used to compare with the QI particle content of pitch given in weight percentage. 
If ρp is pitch density and ρsp is solid particles density, then the weight percentage of solid particles (Ws) in pitches can be expressed as follows:
(2)

The percentage of solid particles found does not match with the QI % given in Table 2. All the particles found in different pitch samples may not be QI particles. Their densities may also vary, and many particles may have a hollow center. Usually the QI particles have higher density compared to the other particles. As it is not possible to identify the QI particles specifically, it has been assumed that all the particles have densities similar to that of QI particles. This will result in a higher weight percentage of solids compared to that of the QI particles in pitch.  The calculation of weight percentage has some approximations, but it gives a representative weight percent of the solid particles in pitch sample. 
If all of the solid particles are QI particles, and assuming that the pitch and QI particle densities in this study are 1.31 g/cm3 and 2.1 g/cm3, respectively, the calculated values of solid particle area and the corresponding solid particle percentage in different pitches are presented in Table 4.


[bookmark: _Ref448502786]Table 4: Solid particle area and the corresponding solid particle content in different pitches
	Pitch types
	Pitch-1
	Pitch-2
	Pitch-3
	Pitch-4
	Pitch-5

	Area percentage of solid particles in pitch (a)
	11.7
	21.9
	41.8
	18.5
	14.0

	Weight percentage of solid particles (Ws)
	28.0
	42.5
	65.4
	38.0
	31.5


    
 The relationship between the QI content and the solid particle percentages depending on the area percentage of solid particles in the optical microscope image of pitch is shown in Figure 9 (b). The weight percentage of solid particles in these five pitches ranges from 28.0 % to 65.4 % (Table 4). However, the real weight percentage of QI content in these five pitches ranges from 3.4 % to 10.8 % (Table 2), which is significantly lower than the values calculated from the image analysis. As explained earlier, the assumption that all the particles have density of that of QI particles (2.1 g/cm3) resulted in a high weight percentage of solid particles. This indicates that not all of the solid particles that appeared as white dots in the optical microscopy images of pitch are QI particles. It may contain certain particles shown as solids in the optical microscopy images, but soluble in quinoline. However, a linear correlation was observed between the QI content and solid particle content, which is discussed below.  
(a) 
(b) 
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Figure 9: (a) Correlation between QI content and the area percentage of solid particles in the optical microscopy image of pitch and (b) Relationship between QI content and weight percentage of solid particles depending on the area percentage of solid particles in the optical microscopy image of pitch.
The particles sizes (maximum length) were determined using Clemex image analysis software. Figure 10 (a) shows the comparison of the number of solid particles in five different pitches using the image analysis technique. This technique may reveal the relationship between the number of solid particles and the QI content of the different pitches. The solid particles in Pitch-3 show the highest number, while Pitch-1 has the lowest number. The number of solid particles in the pitches gives a linear relation with the QI content of the corresponding pitches (Figure 10 (b)). The number of particles increased with increasing QI content.
Figure 10 (c) shows the particle size distribution in different pitches. The size of most of the particles is approximately 1 µm. The size of primary QI is approximately 1 µm [12], and the size of the secondary QI particles is greater than that of normal primary QI [12]. It is possible that most of the particles represent primary QI. It is difficult to identify the types of all of the particles; the particle size of 2 - 4 µm might be mesogens, and the particle size > 4 µm might be mesophase or carbon black. The different solid particle sizes (1-10 µm) are grouped into two regions: small particle-size region (1-3 µm) and large particle size region (4-10 µm). As can be seen in Figure 10 (d), in the small particle-size region, the particle count (%) of Pitch-5 is the lowest; however, in the large particle-size region, the particle count (%) of Pitch-5 is the highest. This might have decreased the wetting ability of Pitch-5 even this pitch had relatively high heteroatom content. This will be discussed further in the following sections.
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[bookmark: _Toc444219886]Figure 10: (a) Number of particles in five different pitches, (b) Relationship between the number of particles and the QI content, (c) Particle size distribution in different pitches, (d) Comparison of particle size distribution.
[bookmark: _Toc444222084]3.6 SEM analysis
The analysis of the pitch-coke interface was done with the scanning electron microscopy (SEM) at high magnification. For the analysis, the sessile drop samples obtained from the contact angle experiments were used. It should be noted in this case that the pitch and coke samples used had been heated to 170 ºC whereas the FT-IR and XPS analyses of pitches and coke as well as the optical microscopy analysis of pitches were carried out on samples at room temperature without prior heating. Thus, the results obtained with the optical microscopy may not be agree with the results obtained using SEM because of the heating of the pitch which may have altered the coke-pitch interactions and the pitch structure. 
Figure 11 shows the interfaces of five pitches with the coke. It is possible to differentiate pitch and coke particles in these images. All of the pitch surfaces contain solid particles. It was reported that the size of primary QI is approximately 1 µm [1, 12], and the size of the secondary QI particles is greater than 1 µm [12]. Both of them are also spherical. It can be seen that there are particles with shapes other that spherical in Figure 11 (a-e). Hence, the SEM images also indicate that all of the pitches used in this study contain particles with characteristics similar to those of primary QI. However, it is difficult to arrive at a conclusion that all are QI particles.
It was observed that the particles of Pitch-5 showed agglomeration (size of agglomerated layer much greater than 18 µm) and patchy distribution compared to those in other pitches (Figure 11 (e)). As mentioned previously, the optical microscopy results showed that Pitch-5 had large agglomerated particles. The optical microscopy and SEM results showed that the particle size distribution in all of the pitches might vary before and after heating or in the presence of the coke particles (see Figure 8 (a-e) and Figure 11 (a-e)). It is possible that heating might have changed the chemical nature of particles in pitch.
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[bookmark: _Ref443985974][bookmark: _Toc444219887]Figure 11: SEM images of (a) Pitch-1/Coke, (b) Pitch-2/Coke, (c) Pitch-3/Coke, 
(d) Pitch-4/Coke, and (e) Pitch-5/Coke Interface

3.7 Effect of different parameters on the wettability of coke by different pitches
Wettability of pitch by coke depends on a number of parameters. In this study the effects of different parameters have been analyzed with a view to identify the key parameters controlling the wettability of coke by pitch. A smaller contact angle indicates better wettability of coke by pitch. Different parameters were plotted against the contact angle at 60 s. A linear trend line was found for each of the cases, and the coefficient of regression has been noted. Figure 12 presents the coefficient of regression of different parameters. The white columns represent the parameters enhancing the wettability while the black ones showed the parameters decreasing the wettability. The value of the coefficient of regression close to unity indicates significant dependency contact angle on that particular parameter.   
FT-IR results show that coke and pitch contained different functional groups that can influence coke-pitch interactions. It cannot justify the differences in the wettability. XPS study shows that increase in C and C-C contents increased the contact angle.  Increase in carbon percentage decreased heteroatom content. Reduction of wettability by C-C can be attributed to the steric hindrances offered by the alkyl chains. Increase in the heteroatoms and heteroatom-containing functional groups helped decrease the contact angle. Heteroatoms enhance condensation reactions and hydrogen bonding, thereby improving wettability of coke by pitch. C=C can be attributed to aromatic content which can improve wetting though electrostatic interaction. Thus, increase in C=C reduced the contact angle at 60 s. Among the different chemical interactions C, O, total heteroatom content and heteroatom containing functional groups showed high values of the coefficient of regression (Figure 12). Hence, these four parameters have significant effect on the wettability of coke by different pitches. As increase in C content is directly related to decrease in heteroatom content, it can be concluded that heteroatoms, especially oxygen, helps improve wettability of coke by pitch.  
Figure 12 shows that increase in viscosity decreased wettability of coke by pitch. Increase in viscosity reduced the flow of pitch into the coke bed resulting in higher contact angle at 60 s. It has the highest regression coefficient which shows that viscosity of pitch is a major parameter that controls the wettability of coke by pitch. As it was previously mentioned, the wettability decreased in the following order Pitch-1 being the best wetting: Pitch-1 > Pitch-2 > Pitch-3 > Pitch-5 >Pitch-4. From Table 2, it can be seen that the viscosity of the pitches increased from Pitch-1 to Pitch-4 and Pitch-5 had viscosity lower than that of Pitch-4 but higher than those of other pitches. 
Figure 12 also shows the effect of the particles in pitch. Total solid content in pitch analyzed by optical microscopy showed practically no influence on the wetting behavior. QI content had some influence whereas large particles had more influence on wettability. The number of particles increased with increasing QI content; however, no direct relationship was found between the QI content of the pitch and the wettability of coke by these pitches. The number of large particles (size 4-10 µm) of Pitch-5 is the highest among these pitches. This may have contributed to the wetting test results obtained above (Pitch-5 being the lowest wetting even though the atomic percentages of O, N, and S are reasonably high). Figure 2 shows that the pores in the coke particles are smaller than the solid particle size. Thus, the solid particles can block coke pores. Figure 3 shows that particles larger than 16 µm cannot enter the pores between the coke particles. Thus, large particles or agglomerated particles can block the pores of the coke bed resulting in poor wetting.  It is enough to block the pores even if only two to three large particles form agglomerates. Therefore, it is a highly possible that large particles of Pitch-5, after 60 s, may have blocked the pores of coke as well as that of coke bed preventing the penetration of pitch. Then, it might be be said that the presence of large particles and agglomeration of particles in Pitch-5 might have caused poor wetting in spite of having high heteroatom content, and medium viscosity. 
The results showed that high heteroatom content, low viscosity and small particle size help improve wettability of coke by pitch. Agglomeration of particles in pitch can override the effect heteroatom content and viscosity, and deteriorate the wettability of coke by pitch.  

Figure 12. Effect of different parameters on the wettability of coke by pitch (black: increases contact angle with increase in the parameter; white: decreases contact angle with increase in the parameter)









4. Conclusions
The dynamic contact angle results showed that the wettability of five pitches with different properties on the same coke is significantly different. Their QI content as well as the solid particle quantity and particle size distribution have a significant effect on wetting. The wettability results show that both the chemical and physical properties of pitches contribute to the wettability of coke by pitch. 
  The FT-IR results indicated that the petroleum coke and coal tar pitch contained complimentary functional groups, and the functional groups on the coke surfaces can interact with the functional groups present on pitch surfaces, as confirmed by the XPS results. The XPS results showed that as the QI content increased (except for Pitch-4), the percentages of O, N increased, and the possibility for chemical interactions between coke and pitch functional groups increased, thus increasing the wettability. 
The optical microscopy analysis showed that the amounts and size distributions of solid particles in these pitches with different QI contents are different. It is observed that the QI particle size of Pitch-5 is the largest among the five different pitches. This may have contributed to the wetting test results obtained for the five pitches (such as the lowest wetting for Pitch-5, even though the atomic percentages of O and N are reasonably high). The SEM analysis indicated that the QI particles of Pitch-5 were agglomerated and had a patchy distribution compared to the other pitches. Therefore, the interaction between Pitch-5 and the coke is reduced because the pores of the coke are blocked by QI particles. The level of QI and the QI particle size and distribution in pitches play a significant role in the wettability of coke by pitch, possibly explaining why the wettability of Pitch-5 is the lowest. The results showed that the size distribution of solid pitch particles affects the wetting. Large particles may accumulate and form a barrier, which prevents the pitch penetration into the coke. 
The results showed that the wettability of coke by pitch can improve due to high heteroatom content, low viscosity and small particle size. However, the agglomeration of particles in pitch can override the effect heteroatom content and viscosity, and reduce the wettability of coke by pitch.  
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Contact angle (°)


Pitch-1	0.32526911934581748	2.5314422766478391	4.4618437892871166	4.009295449327726	3.4294678887547514	2.5526554800834362	2.4536605307173192	4.426488450227791	3.5213917703090094	4.2002142802480904	3.7335238046649719	2.5597265478953055	5.0416713498600805	4.1224325343175705	3.3092597359530371	4.3911331111684611	3.0829855659733467	2.4465894629054499	3.203193718775061	2.8708535316173793	1.79605122421383	3.8820162287141446	3.4931074990615354	0.86974134085945398	0.32526911934581748	2.5314422766478391	4.4618437892871166	4.009295449327726	3.4294678887547514	2.5526554800834362	2.4536605307173192	4.426488450227791	3.5213917703090094	4.2002142802480904	3.7335238046649719	2.5597265478953055	5.0416713498600805	4.1224325343175705	3.3092597359530371	4.3911331111684611	3.0829855659733467	2.4465894629054499	3.203193718775061	2.8708535316173793	1.79605122421383	3.8820162287141446	3.4931074990615354	0.86974134085945398	0	0.18335000000000001	0.55000000000000004	0.81664999999999999	1.1833499999999999	1.6166499999999999	2.1166499999999999	2.75	3.4833499999999997	4.3833500000000001	5.4499999999999993	6.7166499999999996	8.25	10.083349999999999	12.283349999999999	14.95	18.11665	21.916650000000001	26.483350000000002	31.983349999999998	38.583349999999996	46.483350000000002	55.95	70	85.86	81.22	79.215000000000003	79.675000000000011	79.075000000000003	78.245000000000005	76.974999999999994	76.490000000000009	74.84	74.260000000000005	73.39	71.17	69.564999999999998	68.034999999999997	65.150000000000006	62.394999999999996	58.3	54.68	49.414999999999999	42.629999999999995	36.11	28.024999999999999	17.850000000000001	2	Pitch-2	0.89095454429504339	0.5303300858899106	0.59396969619670237	0.59396969619670237	0.23334523779155947	1.1879393923933945	0.74246212024587288	1.0606601717798212	3.5355339059325371E-2	0.65760930650348393	1.4919953083036248	1.0677312395916903	0.55154328932550789	1.1596551211459383	0.9475230867899761	0.77074639149333923	1.3152186130069781	0.33941125496954561	2.4253762594698576	0.74953318805774194	0.29698484809835118	0.90509667991878162	1.35764501987817	0.45961940777125487	0.62932503525602768	0.89095454429504339	0.5303300858899106	0.59396969619670237	0.59396969619670237	0.23334523779155947	1.1879393923933945	0.74246212024587288	1.0606601717798212	3.5355339059325371E-2	0.65760930650348393	1.4919953083036248	1.0677312395916903	0.55154328932550789	1.1596551211459383	0.9475230867899761	0.77074639149333923	1.3152186130069781	0.33941125496954561	2.4253762594698576	0.74953318805774194	0.29698484809835118	0.90509667991878162	1.35764501987817	0.45961940777125487	0.62932503525602768	0	0.2	0.45	0.74994999999999989	1.1666500000000002	1.5166500000000001	2.1666499999999997	2.7333499999999997	3.4166499999999997	4.2332999999999998	5.2166499999999996	6.3833000000000002	8.5500000000000007	10.3833	12.583299999999999	15.25	18.416650000000001	22.216650000000001	26.783299999999997	32.283299999999997	38.883299999999998	46.783299999999997	56.25	67.650000000000006	85	89.42	88.004999999999995	86.31	85.87	86.094999999999999	85.47999999999999	85.14500000000001	85.34	82.925000000000011	83.275000000000006	81.625	81.254999999999995	78.59	75.830000000000013	74.3	71.924999999999997	70.300000000000011	66.539999999999992	60.564999999999998	55.29	48.07	40.85	32.479999999999997	19.734999999999999	2	Pitch-3	0.27577164466275395	2.3334523779156049	9.1923881554247966E-2	0.48790367901871617	0.45961940777125992	1.7253405460951845	1.0960155108391465	2.0435385976291229	1.0182337649086268	1.0960155108391465	0.82024386617639278	2.1566756826189679	0.55154328932550789	1.7111984104714462	2.2273863607376185	1.1101576464628748	1.2020815280171329	1.9445436482630056	0.28284271247462306	1.3293607486307111	1.2445079348883272	0.7778174593052033	1.0818733752154186	0.51618795026617748	0.19091883092037004	1.0111626970967629	0.72831998462214353	0.17677669529663689	0.27577164466275395	2.3334523779156049	9.1923881554247966E-2	0.48790367901871617	0.45961940777125992	1.7253405460951845	1.0960155108391465	2.0435385976291229	1.0182337649086268	1.0960155108391465	0.82024386617639278	2.1566756826189679	0.55154328932550789	1.7111984104714462	2.2273863607376185	1.1101576464628748	1.2020815280171329	1.9445436482630056	0.28284271247462306	1.3293607486307111	1.2445079348883272	0.7778174593052033	1.0818733752154186	0.51618795026617748	0.19091883092037004	1.0111626970967629	0.72831998462214353	0.17677669529663689	0	0.18330000000000002	0.38329999999999997	0.68330000000000002	0.91664999999999996	1.2332999999999998	1.7666499999999998	2.2333500000000002	2.8	3.4832999999999998	4.2999499999999999	5.2832999999999997	7.0833499999999994	8.6166499999999999	10.449950000000001	12.64995	15.316649999999999	18.483350000000002	22.283349999999999	26.84995	32.34995	38.949950000000001	46.84995	56.316649999999996	67.716650000000001	81.383350000000007	97.749949999999998	117.9	91.034999999999997	89.16	87.855000000000004	88.125	86.424999999999997	86.57	86.14500000000001	84.615000000000009	83.73	84.675000000000011	83.76	81.384999999999991	79.83	79.180000000000007	77.194999999999993	75.825000000000003	73.900000000000006	69.704999999999998	65.33	62.69	59.21	53.3	49.655000000000001	42.314999999999998	33.495000000000005	25.975000000000001	12.975000000000001	1.7250000000000001	Pitch-4	1.5909902576697319	1.9374725804511466	1.7394826817189124	1.400071426749367	1.9728279195104719	3.2314779900225274	0.86267027304758714	0.62932503525602768	2.913279938488579	0.55154328932550789	0.31819805153394842	1.7253405460951743	0.88388347648318444	0.20506096654410322	0.77781745930520829	2.6728636328851505	1.9516147160748747	3.3021886681411781	1.9940411229460593	1.0748023074035495	2.0364675298172537	3.6769552621700443	3.8961583643378757	3.3092597359530425	3.0334880912902884	3.2880465325174453	0.14849242404917432	1.0818733752154179	1.5909902576697319	1.9374725804511466	1.7394826817189124	1.400071426749367	1.9728279195104719	3.2314779900225274	0.86267027304758714	0.62932503525602768	2.913279938488579	0.55154328932550789	0.31819805153394842	1.7253405460951743	0.88388347648318444	0.20506096654410322	0.77781745930520829	2.6728636328851505	1.9516147160748747	3.3021886681411781	1.9940411229460593	1.0748023074035495	2.0364675298172537	3.6769552621700443	3.8961583643378757	3.3092597359530425	3.0334880912902884	3.2880465325174453	0.14849242404917432	1.0818733752154179	0	0.63335000000000008	1.0667	1.5667	2.2000500000000001	2.9333499999999999	3.8333499999999998	4.9000500000000002	6.1667000000000005	7.7000500000000001	9.5333500000000004	11.73335	14.40005	17.566700000000001	21.366700000000002	25.933349999999997	31.433349999999997	38.033349999999999	45.933350000000004	55.40005	66.800049999999999	80.466700000000003	96.833349999999996	116.50005	140.13335000000001	168.43334999999999	202.43334999999999	243.23335	93.254999999999995	91	92.39	91.81	90.974999999999994	91.835000000000008	91.03	89.175000000000011	90.86	88	87.335000000000008	86.81	84.045000000000002	83.555000000000007	81.650000000000006	79.19	79.300000000000011	75.455000000000013	73.33	67.740000000000009	62.11	57.31	51.715000000000003	43.84	36.155000000000001	24.984999999999999	14.594999999999999	2.7050000000000001	Pitch-5	0.89802561210691256	1.5202795795510813	0.36062445840514284	1.400071426749367	0.20506096654409317	1.8314065632731604	0.24748737341528762	0.27577164466275395	0.29698484809835118	7.0710678118660789E-2	4.2426406871184409E-2	0.96166522241370422	4.949747468306355E-2	1.1596551211459383	1.6475588001646544	1.6687720036002518	0.49497474683058529	0.43840620433566269	1.0889444430272877	0.71417784899841663	0.29698484809834613	1.1455129855222053	0	1.8809040379562141	1.6829141392239848	1.7111984104714437	2.404163056034256	0.87681240867132026	0.89802561210691256	1.5202795795510813	0.36062445840514284	1.400071426749367	0.20506096654409317	1.8314065632731604	0.24748737341528762	0.27577164466275395	0.29698484809835118	7.0710678118660789E-2	4.2426406871184409E-2	0.96166522241370422	4.949747468306355E-2	1.1596551211459383	1.6475588001646544	1.6687720036002518	0.49497474683058529	0.43840620433566269	1.0889444430272877	0.71417784899841663	0.29698484809834613	1.1455129855222053	0	1.8809040379562141	1.6829141392239848	1.7111984104714437	2.404163056034256	0.87681240867132026	0	0.53334999999999999	1.0000499999999999	1.5667	2.25	3.0666500000000001	4.05	5.2167000000000003	7.3833500000000001	9.2166500000000013	11.416650000000001	14.083349999999999	17.250050000000002	21.050049999999999	25.61665	31.11665	37.716650000000001	45.61665	55.083349999999996	66.483350000000002	80.150049999999993	96.516649999999998	116.18334999999999	139.81664999999998	168.11664999999999	202.11664999999999	242.91665	291.85005000000001	90.215000000000003	87.284999999999997	85.534999999999997	86.449999999999989	86.825000000000003	86.655000000000001	85.545000000000002	82.735000000000014	82.34	81.789999999999992	81.93	80.710000000000008	79.585000000000008	76.740000000000009	73.754999999999995	72.34	69.84	67.59	64.599999999999994	60.765000000000001	56.769999999999996	53.519999999999996	46.36	42.67	33.239999999999995	25.85	12.89	3.29	
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Absorbance
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Absorption

C1s	293.25400000000002	293.154	293.05399999999997	292.95400000000001	292.85399999999998	292.75400000000002	292.654	292.55399999999997	292.45400000000001	292.35399999999998	292.25400000000002	292.154	292.05399999999997	291.95400000000001	291.85399999999998	291.75400000000002	291.654	291.55399999999997	291.45400000000001	291.35399999999998	291.25400000000002	291.154	291.05399999999997	290.95400000000001	290.85399999999998	290.75400000000002	290.654	290.55399999999997	290.45400000000001	290.35399999999998	290.25400000000002	290.154	290.05399999999997	289.95400000000001	289.85399999999998	289.75400000000002	289.654	289.55399999999997	289.45400000000001	289.35399999999998	289.25400000000002	289.154	289.05399999999997	288.95400000000001	288.85399999999998	288.75400000000002	288.654	288.55399999999997	288.45400000000001	288.35399999999998	288.25400000000002	288.154	288.05399999999997	287.95400000000001	287.85399999999998	287.75400000000002	287.654	287.55399999999997	287.45400000000001	287.35399999999998	287.25400000000002	287.154	287.05399999999997	286.95400000000001	286.85399999999998	286.75400000000002	286.654	286.55399999999997	286.45400000000001	286.35399999999998	286.25400000000002	286.154	286.05399999999997	285.95400000000001	285.85399999999998	285.75400000000002	285.654	285.55399999999997	285.45400000000001	285.35399999999998	285.25400000000002	285.154	285.05399999999997	284.95400000000001	284.85399999999998	284.75400000000002	284.654	284.55399999999997	284.45400000000001	284.35399999999998	284.25400000000002	284.154	284.05399999999997	283.95400000000001	283.85399999999998	283.75400000000002	283.654	283.55399999999997	283.45400000000001	283.35399999999998	283.25400000000002	283.154	283.05399999999997	282.95400000000001	282.85399999999998	282.75400000000002	282.654	282.55399999999997	282.45400000000001	282.35399999999998	282.25400000000002	282.154	282.05399999999997	281.95400000000001	281.85399999999998	281.75400000000002	281.654	281.55399999999997	281.45400000000001	281.35399999999998	281.25400000000002	281.154	281.05399999999997	280.95400000000001	280.85399999999998	280.75400000000002	280.654	280.55399999999997	280.45400000000001	280.35399999999998	280.25400000000002	280.154	280.05399999999997	279.95400000000001	279.85399999999998	279.75400000000002	279.654	279.55399999999997	279.45400000000001	279.35399999999998	279.25400000000002	93.333299999999994	110.833	110.833	130	125	119.167	117.5	126.667	135	121.667	105.833	114.167	126.667	130.833	133.333	127.5	135.833	149.167	135	145.833	132.5	150.833	145	130.833	140	132.5	143.333	133.333	143.333	135.833	150	144.167	143.333	134.167	132.5	138.333	127.5	140.833	129.167	134.167	130	139.167	122.5	137.5	141.667	143.333	135.833	134.167	134.167	119.167	129.16800000000001	132.50299999999999	121.67400000000001	129.18199999999999	140.03200000000001	135.89699999999999	138.45699999999999	143.26	143.44800000000001	143.74299999999999	144.29400000000001	145.14599999999999	146.571	148.74	151.99700000000001	156.643	163.16	171.85599999999999	183.25299999999999	197.636	215.21700000000001	235.90700000000001	259.39299999999997	285.86599999999999	315.21600000000001	348.28199999999998	386.71199999999999	432.50900000000001	487.91899999999998	555.54499999999996	636.97900000000004	734.54300000000001	850.62099999999998	987.81100000000004	1148.32	1330.85	1526.83	1718.19	1878.11	1976.44	1987.59	1902.31	1729.86	1495.19	1230.8699999999999	967.95600000000002	729.90800000000002	530.63400000000001	373.68099999999998	256.64800000000002	173.43	116.848	79.957400000000007	56.920999999999999	43.006900000000002	34.914499999999997	30.330400000000001	27.871600000000001	26.582799999999999	25.9161	25.591799999999999	25.4237	25.3306	25.299299999999999	25.285900000000002	25.0031	16.6678	15.000400000000001	15.833500000000001	12.5	17.5	16.666699999999999	20.833300000000001	19.166699999999999	15	18.333300000000001	17.5	15.833299999999999	8.3333300000000001	12.5	15	10	10	10	13.333299999999999	12.5	12.5	13.333299999999999	6.6666699999999999	10.833299999999999	10	C-N/C-O/C-S/C=O/CSO2/COOH	293.25400000000002	293.154	293.05399999999997	292.95400000000001	292.85399999999998	292.75400000000002	292.654	292.55399999999997	292.45400000000001	292.35399999999998	292.25400000000002	292.154	292.05399999999997	291.95400000000001	291.85399999999998	291.75400000000002	291.654	291.55399999999997	291.45400000000001	291.35399999999998	291.25400000000002	291.154	291.05399999999997	290.95400000000001	290.85399999999998	290.75400000000002	290.654	290.55399999999997	290.45400000000001	290.35399999999998	290.25400000000002	290.154	290.05399999999997	289.95400000000001	289.85399999999998	289.75400000000002	289.654	289.55399999999997	289.45400000000001	289.35399999999998	289.25400000000002	289.154	289.05399999999997	288.95400000000001	288.85399999999998	288.75400000000002	288.654	288.55399999999997	288.45400000000001	288.35399999999998	288.25400000000002	288.154	288.05399999999997	287.95400000000001	287.85399999999998	287.75400000000002	287.654	287.55399999999997	287.45400000000001	287.35399999999998	287.25400000000002	287.154	287.05399999999997	286.95400000000001	286.85399999999998	286.75400000000002	286.654	286.55399999999997	286.45400000000001	286.35399999999998	286.25400000000002	286.154	286.05399999999997	285.95400000000001	285.85399999999998	285.75400000000002	285.654	285.55399999999997	285.45400000000001	285.35399999999998	285.25400000000002	285.154	285.05399999999997	284.95400000000001	284.85399999999998	284.75400000000002	284.654	284.55399999999997	284.45400000000001	284.35399999999998	284.25400000000002	284.154	284.05399999999997	283.95400000000001	283.85399999999998	283.75400000000002	283.654	283.55399999999997	283.45400000000001	283.35399999999998	283.25400000000002	283.154	283.05399999999997	282.95400000000001	282.85399999999998	282.75400000000002	282.654	282.55399999999997	282.45400000000001	282.35399999999998	282.25400000000002	282.154	282.05399999999997	281.95400000000001	281.85399999999998	281.75400000000002	281.654	281.55399999999997	281.45400000000001	281.35399999999998	281.25400000000002	281.154	281.05399999999997	280.95400000000001	280.85399999999998	280.75400000000002	280.654	280.55399999999997	280.45400000000001	280.35399999999998	280.25400000000002	280.154	280.05399999999997	279.95400000000001	279.85399999999998	279.75400000000002	279.654	279.55399999999997	279.45400000000001	279.35399999999998	279.25400000000002	93.333299999999994	110.833	110.833	130	125	119.167	117.5	126.667	135	121.667	105.833	114.167	126.667	130.833	133.333	127.5	135.833	149.167	135	145.833	132.5	150.833	145	130.833	140	132.5	143.333	133.333	143.333	135.833	150	144.167	143.333	134.167	132.5	138.333	127.5	140.833	129.167	134.167	130	139.167	122.5	137.5	141.667	143.333	135.833	134.167	134.167	119.167	129.16800000000001	132.50299999999999	121.67400000000001	129.18199999999999	140.03200000000001	135.89699999999999	138.45699999999999	143.25899999999999	143.446	143.738	144.28200000000001	145.119	146.51300000000001	148.61600000000001	151.744	156.13900000000001	162.18299999999999	170.023	179.92099999999999	191.739	205.095	219.065	232.17699999999999	243.12	250.10599999999999	252.053	248.505	239.78899999999999	226.84899999999999	211.423	194.70099999999999	178.23400000000001	162.79	148.625	135.61699999999999	123.788	112.809	102.254	91.8797	81.852199999999996	72.236800000000002	63.319600000000001	55.332599999999999	48.395400000000002	42.605600000000003	37.886299999999999	34.153100000000002	31.514199999999999	29.612300000000001	28.314299999999999	27.352699999999999	26.667400000000001	26.198499999999999	25.924199999999999	25.701699999999999	25.572600000000001	25.4543	25.411000000000001	25.3827	25.3504	25.333100000000002	25.309100000000001	25.281500000000001	25.279	25.277799999999999	25	16.666699999999999	15	15.833299999999999	12.5	17.5	16.666699999999999	20.833300000000001	19.166699999999999	15	18.333300000000001	17.5	15.833299999999999	8.3333300000000001	12.5	15	10	10	10	13.333299999999999	12.5	12.5	13.333299999999999	6.6666699999999999	10.833299999999999	10	C-C	293.25400000000002	293.154	293.05399999999997	292.95400000000001	292.85399999999998	292.75400000000002	292.654	292.55399999999997	292.45400000000001	292.35399999999998	292.25400000000002	292.154	292.05399999999997	291.95400000000001	291.85399999999998	291.75400000000002	291.654	291.55399999999997	291.45400000000001	291.35399999999998	291.25400000000002	291.154	291.05399999999997	290.95400000000001	290.85399999999998	290.75400000000002	290.654	290.55399999999997	290.45400000000001	290.35399999999998	290.25400000000002	290.154	290.05399999999997	289.95400000000001	289.85399999999998	289.75400000000002	289.654	289.55399999999997	289.45400000000001	289.35399999999998	289.25400000000002	289.154	289.05399999999997	288.95400000000001	288.85399999999998	288.75400000000002	288.654	288.55399999999997	288.45400000000001	288.35399999999998	288.25400000000002	288.154	288.05399999999997	287.95400000000001	287.85399999999998	287.75400000000002	287.654	287.55399999999997	287.45400000000001	287.35399999999998	287.25400000000002	287.154	287.05399999999997	286.95400000000001	286.85399999999998	286.75400000000002	286.654	286.55399999999997	286.45400000000001	286.35399999999998	286.25400000000002	286.154	286.05399999999997	285.95400000000001	285.85399999999998	285.75400000000002	285.654	285.55399999999997	285.45400000000001	285.35399999999998	285.25400000000002	285.154	285.05399999999997	284.95400000000001	284.85399999999998	284.75400000000002	284.654	284.55399999999997	284.45400000000001	284.35399999999998	284.25400000000002	284.154	284.05399999999997	283.95400000000001	283.85399999999998	283.75400000000002	283.654	283.55399999999997	283.45400000000001	283.35399999999998	283.25400000000002	283.154	283.05399999999997	282.95400000000001	282.85399999999998	282.75400000000002	282.654	282.55399999999997	282.45400000000001	282.35399999999998	282.25400000000002	282.154	282.05399999999997	281.95400000000001	281.85399999999998	281.75400000000002	281.654	281.55399999999997	281.45400000000001	281.35399999999998	281.25400000000002	281.154	281.05399999999997	280.95400000000001	280.85399999999998	280.75400000000002	280.654	280.55399999999997	280.45400000000001	280.35399999999998	280.25400000000002	280.154	280.05399999999997	279.95400000000001	279.85399999999998	279.75400000000002	279.654	279.55399999999997	279.45400000000001	279.35399999999998	279.25400000000002	93.333299999999994	110.833	110.833	130	125	119.167	117.5	126.667	135	121.667	105.833	114.167	126.667	130.833	133.333	127.5	135.833	149.167	135	145.833	132.5	150.833	145	130.833	140	132.5	143.333	133.333	143.333	135.833	150	144.167	143.333	134.167	132.5	138.333	127.5	140.833	129.167	134.167	130	139.167	122.5	137.5	141.667	143.333	135.833	134.167	134.167	119.167	129.167	132.5	121.667	129.167	140	135.833	138.334	143.029	143.024	142.99100000000001	142.988	142.952	142.971	143.01499999999999	143.12299999999999	143.31700000000001	143.69999999999999	144.35300000000001	145.57599999999999	147.791	151.56299999999999	157.631	166.82900000000001	180.589	199.93799999999999	225.89400000000001	259.27999999999997	299.339	344.125	390.19299999999998	431.89299999999997	463.50200000000001	479.49	476.01400000000001	453	413.82499999999999	363.64100000000002	308.47699999999998	253.7	203.42500000000001	160.035	124.378	96.272900000000007	74.926400000000001	59.258400000000002	47.994999999999997	40.087600000000002	34.901899999999998	31.484999999999999	29.315899999999999	27.872399999999999	26.929600000000001	26.3264	25.984500000000001	25.729399999999998	25.584900000000001	25.459599999999998	25.4132	25.383600000000001	25.3507	25.333200000000001	25.309200000000001	25.281600000000001	25.279	25.277799999999999	25	16.666699999999999	15	15.833299999999999	12.5	17.5	16.666699999999999	20.833300000000001	19.166699999999999	15	18.333300000000001	17.5	15.833299999999999	8.3333300000000001	12.5	15	10	10	10	13.333299999999999	12.5	12.5	13.333299999999999	6.6666699999999999	10.833299999999999	10	C=C	293.25400000000002	293.154	293.05399999999997	292.95400000000001	292.85399999999998	292.75400000000002	292.654	292.55399999999997	292.45400000000001	292.35399999999998	292.25400000000002	292.154	292.05399999999997	291.95400000000001	291.85399999999998	291.75400000000002	291.654	291.55399999999997	291.45400000000001	291.35399999999998	291.25400000000002	291.154	291.05399999999997	290.95400000000001	290.85399999999998	290.75400000000002	290.654	290.55399999999997	290.45400000000001	290.35399999999998	290.25400000000002	290.154	290.05399999999997	289.95400000000001	289.85399999999998	289.75400000000002	289.654	289.55399999999997	289.45400000000001	289.35399999999998	289.25400000000002	289.154	289.05399999999997	288.95400000000001	288.85399999999998	288.75400000000002	288.654	288.55399999999997	288.45400000000001	288.35399999999998	288.25400000000002	288.154	288.05399999999997	287.95400000000001	287.85399999999998	287.75400000000002	287.654	287.55399999999997	287.45400000000001	287.35399999999998	287.25400000000002	287.154	287.05399999999997	286.95400000000001	286.85399999999998	286.75400000000002	286.654	286.55399999999997	286.45400000000001	286.35399999999998	286.25400000000002	286.154	286.05399999999997	285.95400000000001	285.85399999999998	285.75400000000002	285.654	285.55399999999997	285.45400000000001	285.35399999999998	285.25400000000002	285.154	285.05399999999997	284.95400000000001	284.85399999999998	284.75400000000002	284.654	284.55399999999997	284.45400000000001	284.35399999999998	284.25400000000002	284.154	284.05399999999997	283.95400000000001	283.85399999999998	283.75400000000002	283.654	283.55399999999997	283.45400000000001	283.35399999999998	283.25400000000002	283.154	283.05399999999997	282.95400000000001	282.85399999999998	282.75400000000002	282.654	282.55399999999997	282.45400000000001	282.35399999999998	282.25400000000002	282.154	282.05399999999997	281.95400000000001	281.85399999999998	281.75400000000002	281.654	281.55399999999997	281.45400000000001	281.35399999999998	281.25400000000002	281.154	281.05399999999997	280.95400000000001	280.85399999999998	280.75400000000002	280.654	280.55399999999997	280.45400000000001	280.35399999999998	280.25400000000002	280.154	280.05399999999997	279.95400000000001	279.85399999999998	279.75400000000002	279.654	279.55399999999997	279.45400000000001	279.35399999999998	279.25400000000002	93.333299999999994	110.833	110.833	130	125	119.167	117.5	126.667	135	121.667	105.833	114.167	126.667	130.833	133.333	127.5	135.833	149.167	135	145.833	132.5	150.833	145	130.833	140	132.5	143.333	133.333	143.333	135.833	150	144.167	143.333	134.167	132.5	138.333	127.5	140.833	129.167	134.167	130	139.167	122.5	137.5	141.667	143.333	135.833	134.167	134.167	119.167	129.167	132.5	121.667	129.167	140	135.833	138.333	143.02799999999999	143.02199999999999	142.98599999999999	142.977	142.92599999999999	142.91300000000001	142.892	142.87200000000001	142.81899999999999	142.738	142.55799999999999	142.33600000000001	142.10900000000001	141.93100000000001	141.86500000000001	141.898	142.53299999999999	144.13	147.505	154.19499999999999	166.20099999999999	186.62100000000001	219.99100000000001	271.66199999999998	348.59800000000001	457.62900000000002	604.60599999999999	791.38499999999999	1013.67	1257.9000000000001	1500.28	1708.93	1850.37	1897.12	1839.71	1688.05	1468.18	1213.97	957.71600000000001	723.90700000000004	527.21299999999997	371.79300000000001	255.63900000000001	172.90700000000001	116.58499999999999	79.828900000000004	56.860500000000002	42.978999999999999	34.902099999999997	30.325099999999999	27.869399999999999	26.581900000000001	25.915800000000001	25.591699999999999	25.4237	25.330500000000001	25.299299999999999	25.285900000000002	25.0031	16.6678	15.000400000000001	15.833500000000001	12.5	17.5	16.666699999999999	20.833300000000001	19.166699999999999	15	18.333300000000001	17.5	15.833299999999999	8.3333300000000001	12.5	15	10	10	10	13.333299999999999	12.5	12.5	13.333299999999999	6.6666699999999999	10.833299999999999	10	Binding energy (eV)
Intensity (CPS)
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