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Abstract. Thermal treatment of delayed petroleum coke at high temperatures can effectively reduce its sulphur content. The efficiency of the desulphurization is a factor of both maximum treatment temperature and residence time. Experimental work carried on extra high sulphur Syrian petroleum coke indicates that desulphurization can be achieved by means of thermal treatment at moderately high temperatures by increasing the residence time, avoiding thereby the adverse effects associated with thermal treatment at the higher temperatures deemed necessary for effective desulphurization. A maximum desulphurization of 90% was possible at a temperature of 1700 K and a residence time of 180 minutes.
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Introduction

Delayed petroleum coke is coke produced by the delayed coking process. This is a semi-continuous batch process carried out in two coke drums. The first delayed coker was built by Standard Oil of Indiana at Whiting, Indiana in 1929.  

Coking takes place in one drum in 24 hours while decoking is carried out in the other drum. A complete cycle is 48 hours. The feed enters the bottom of the fractionator where it mixes with recycle liquid condensed from the coke drum effluent. It is pumped through the coking heater then to one of the two coke drums through a switch valve. Cracking and polymerization take place in the coke drum at a temperature of 480° to 500°C in a nominal 24-hour period. Coke is cut from the drum using high-pressure water. The formation of delayed coke in a drum was studied by Ellis and Hardin [1]. 


Sulphur in Petroleum Coke

The sulphur content of petroleum coke varies widely from less than 0.5 % to more than 10 % [2]. It depends strongly on the sulphur content and the nature of the coking feedstock, with the sulphur content increasing with the increase of the concentration of asphaltenes and Conradson carbon content of the feedstock. Jacob [3] found that the sulphur content of sponge coke increased almost proportionally to the feedstock sulphur content, but it increased less strongly with increasing Conradson carbon residue. 

Larger amounts of sulphur exist in sponge coke (produced from high resin-asphaltene stocks) than in honeycomb coke (produced from low resin-asphaltene stocks) or needle coke (produced from highly aromatic stocks). The explanation for this difference could be the way the sulphur atoms are distributed (in the asphaltenes as well as in the interior of the aromatic sheets, on the surface of clustered molecules and in the naphthenic chains) and their retention in the coke structure [3, 4]. 

The sulphur content of coke is also affected by the coking process variables. Cokes produced at severe operating conditions (pressure and recycle ratio) have lower sulphur content than expected [5]. The effect of coke drum temperature is governed by the degree of heavy oils vaporized off the coke. The heavy oils, as measured by the volatile carbon matter test, contain lesser amounts of sulphur than the coke mass. Consequently, an increase in the drum temperature vaporizes off the lower sulphur-bearing oils from the coke leaving a more concentrated sulphur-bearing coke [3].

Most of the sulphur in petroleum coke exists as organic sulphur bound to the carbon matrix of the coke [6]. Some sulphur could also exist as sulphates and pyritic sulphur [7], but these do not in general make up more than 0.02 % of the total sulphur in coke [5]. In at least one case, however, pyritic sulphur was reported to be as high as 0.04 % [8]. Free sulphur may occasionally be present [7].

Inorganic sulphur compounds are mostly found on the coke surface or in coke pores bound by capillary condensation, adsorption or chemisorption [5]. The structure of organic sulphur in petroleum coke remains largely unknown, and no precise analytical methods exist today to determine exactly this structure [4, 5]. The organic sulphur compounds identified by the Bureau of Mines include thiols (alkyl, cyclic and aromatic), sulphides (alkyl, cyclic and alkyl cycloalkyl), disulphides (alkyl, cyclic and aromatic) and thiophenes [9].

The thiophenes are most prevalent in the heavy fractions of crude oils and hence in petroleum coke. This prevalence of the more refractory thiophenic sulphur in petroleum coke is further indicated by the heat treatment of cokes in the range 1600 – 1800 K, which shows that sulphur is more strongly bound in petroleum coke structure than in coal-based cokes. Although the sulphur content of the two types of calcined coke may be the same, coal-based cokes would evolve their sulphur at a lower temperature, losing over 90 % after 10 minutes at 2800 K, whereas 25 % of a coke’s sulphur still remains after 10 minutes at 3300 K [10].


Other organic sulphur compounds are less prevalent in coke, and sulphides do not make more than 0.003 % of the total sulphur in coke [5]. Work done by Sabott [11] indicates that sulphur may not be present in petroleum coke in the form of thiols or aromatic and aliphatic sulphides. He argued that the formation of the Na salt of the mercaptans by their reaction with NaOH is one of the general reactions of these compounds. It was also thought that a strong base might carry out the same type of reactions and that if sulphur were present in the coke in the form of a mercaptan, it would be possible to remove it in this manner. But little sulphur was removed in this way, either in aqueous Na2CO3, fused Na2CO3 or in fused NaOH, and this led to the conclusion that sulphur is not present in the form of mercaptans. Further, it was known that nitric acid reacts ordinarily with sulphides to form free sulphur in regular qualitative chemical procedure. This free sulphur would form a gummy ball upon heating, but none was noted experimentally when aqua regia (HNO3 + HCl) was used as a solvent. Sulphur therefore is not present in coke as sulphides. 
Organic sulphur may exist in the coke in many forms [5]:

· As thiophenes attached to the aromatic carbon skeleton.

· As attached to side chains of aromatic or naphthenic molecules.

· Between the aromatic sheets or on the surface of clustered molecules.

Desulphurization of Petroleum Coke

The desulphurization of petroleum coke involves in general the desorption of the inorganic sulphur present in the coke pores or on the coke surface, and the partition and removal of the organic sulphur attached to the aromatic carbon skeleton. For the removal of the sulphur in the first category a purely thermal treatment at temperatures less than 1100 K is generally sufficient, but a more severe treatment and/or the use of chemicals is, however, necessary for the removal of the sulphur attached to the carbon skeleton, particularly in the case of the thiophenic sulphur which is much more stable than the other organic sulphur compounds and therefore much more difficult to remove. The thiophenes not only do they make up most of the sulphur present in the original coke, but other less stable compounds may be transformed into the more refractory thiophenes during the desulphurization process. This makes it evident why the effective desulphurization of petroleum coke, involving as it does the rupture of the thiophenes, is not as simple a process as may be desired. The thiophenes, on the other hand, are much less stable chemically than their aromatic isologs, and it is always possible to find compounds that react more readily with the thiophenes than with the aromatic or other compounds of the coke structure [12]; a fact which can be made use of in processes of desulphurization.

Much experimental work has been done on the desulphurization of petroleum coke. One common feature of all, or most, published work, however, is its exclusively empirical nature. This is presumably because of the extremely variable nature of petroleum coke and the complexity of the sulphur-carbon bonds with the consequent lack of essential data on the nature of these bonds, their free energy change ΔG and the manner and speed of sulphur replacement. This has precluded a theoretical, thermodynamic and kinetic study of the desulphurization of petroleum coke. In addition, some important factors such as coke structure and porosity undergo significant changes during the course of treatment for desulphurization, a fact which makes the problem even more complicated [13].

The desulphurization techniques proposed so far fall under these headings [14, 15]:

1. Solvent extraction.

2. Chemical treatment.

3. Thermal desulphurization.

4. Desulphurization in an oxidizing atmosphere.

5. Desulphurization in an atmosphere of sulphur-bearing gas.

6. Desulphurization in an atmosphere of hydrocarbon gases.

7. Hydrodesulphurization.

Desulphurization of Syrian Petroleum Coke

Syrian petroleum coke is coke produced by the delayed coking unit at the Homs Oil Refinery. This unit was designed and built during the late sixties of last century for the purpose of maximizing gasoline and distillate yields using a feedstock of residue materials. The petroleum coke produced is considered merely as a byproduct of little commercial value. This is mainly because of its high sulphur content and the high percentage of fines produced. To make this coke a commercially viable commodity, it is imperative that the sulphur be reduced or eliminated altogether.  

Some work has been done on Syrian petroleum coke, where several desulphurization techniques were employed. Solvent extraction, using different solvents such as benzene and sodium carbonate, proved to be very ineffective, with a maximum sulphur removal not exceeding 3% [15]. For effective desulphurization, thermal treatment was found to be essential. For a purely thermal treatment, high temperatures (1900 K) were required. The use of hydrogen or LPG, however, could reduce the required temperature to 1600 or 1800 K respectively. Heat treatment to a temperature in the range 1100 - 1600 K was not found to be effective [7, 15].

Thermal Desulphurization

By thermal desulphurization is meant the process whereby a fixed static bed of coke is heated under atmospheric pressure in an inert atmosphere to a specified temperature and then kept at that temperature for a specified period of time. This process was felt to be the most promising process for the desulphurization of petroleum coke, and can be the only one possible when other techniques prove to be difficult or inefficient as was found with Syrian petroleum coke. Further, petroleum cokes are normally calcined up to a temperature of 1700 K and desulphurization could be an added asset if it can be shown to take place to a sufficient degree within this temperature range.

The maximum temperature to which the coke is subjected determines to a large extent the amount of sulphur removal. Most organic sulphur compounds do not undergo thermal decomposition below 750 K, even though some compounds decompose at lower temperatures such as many mercaptans which decompose at about 600 K and some sulphides which decompose at 530 – 670 K [9]. However, such compounds, as was pointed out earlier, do not in general make up much of the organic sulphur in coke.

Analysis of thermal desulphurization data suggests that the desulphurization process is a complex sequence of steps, tentatively represented as:

	- CS - ( ( - C - ) + Sv
	(1)

	Sv + ( - CS - ) ( CS2
	(2)


Reaction (1) is purely a thermal initiation of the process, it is to slow and rate-controlling and with a high energy. In addition, it is very responsive to temperature increases. Hence, the generally-observed rapid accelerations of thermal desulphurization as the temperature increases from 1600 to 1700 K [16].


The efficiency of desulphurization, however, is dependent not only on the maximum temperature to which the coke is subjected, but is affected also by other factors including the rate of heating, gas atmosphere and in particular the residence time at the maximum temperature.

Maximum Temperature Versus Residence Time

The high temperatures required for effective desulphurization could have some detrimental effects on the treated petroleum coke. For cokes of high sulphur content (> 7 %), such as Syrian petroleum coke, a significant change in the coke structure is expected to take place as a result of sulphur removal.

The removal of sulphur is connected with the creation of an organized phase detectable by x-ray methods. The reduction of sulphur content increases the amount of this phase to a maximum of 10 – 20 % of the total mass. The mean interplanar distance along the 001 axis is close to that of graphite (~ 3.36 Å), while the tridimensional organization remains poorly developed [17].

As coke is heated, its porosity increases due to the creation of micro and macroporosity as the sulphur is vaporized and leaves the solid coke matrix [16]. This increase is, therefore, dependent on the total sulphur content of coke. When the sulphur content is low, little porosity change is observed and the sulphur can be removed without any change in the coke structure, merely by making use of pre-existent pores. The more sulphur to be removed, the greater is the reorganization of the coke structure [18]. Increasing the porosity of petroleum coke is disadvantageous for electrode making.

Increasing the coke porosity leads to the decrease of its apparent density. The apparent density (DA) is the density of 10 – 20 Tyler sample (corresponding to 0.83 – 1.65 mm) measured by Hg pycnometer either at 1.1 bars (DA1) or at 600 - 1000 bars (DA2). The true or real density is also observed to decrease at temperatures between 1700 and 2400 K. The real or true density (DR10 – 20) is the density of 10 - 20 Tyler (0.83 – 1.65 mm) sample measured by He pycnometer [4, 5].

As the coke is heated, its reactivity first decreases up to the temperature at which desulpurization starts to increase dramatically (at about 1100 K). Further heating 
to higher temperatures lead, however, to an increase in the coke reactivity, so that 
the total effect would be an overall increase in reactivity. The reactivity of the 
coke investigated by Barrillon was doubled as the coke was heated from 1400 to 
1800 K [18].

Higher temperatures cause the resistivity of the coke to increase until a maximum (180 Ohm / m2 / m) is reached around 2300 K. Residence time at the maximum heating temperature can affect desulphurization. However, most desulphurization seems to occur within the first 30 minutes of the thermal treatment up to a temperature of 1600 K. According to Akhmetov and Syunyaev [19], the highest rate of desulphurization is within the first five minutes, but this does not seem to apply in all cases as can be shown by the results of Brandt and Kapner [16], for example, where more desulphurization took place during the last ten minutes of the initial 30-minute period of the thermal treatment. Increasing the residence time beyond 30 minutes does not seem to affect significantly the degree of sulphur removal for most cokes at temperatures less than 1600 K. Increasing the residence time, however, in the temperature range 1600 – 1800 K does improve the desulphurization efficiency, as more sulphur can be removed at 1600 K and 180 min. than can be removed at 1700 K and 30 min. At temperatures above 1800 K increasing the residence time does not seem to have any effect on desulphurization [7, 16, 20-23].

Experimental Work

The above considerations lead to the conclusion that it would be preferable to treat the Syrian high sulphur coke at temperatures less than the optimum for maximum desulphurization in order to reduce the undesirable detrimental effects of extra high temperatures on coke quality. The negative effects of reducing the maximum thermal treatment temperature on desulphurization would then be offset by increasing the residence time. In the present work, a residence time of 180 min. was used throughout. 

Coke samples were obtained from the delayed coking unit at the Homs Oil Refinery. In this unit, heavy residue materials are coked at a temperature of 760 K and a pressure in the range 1.4 - 1.6 bars. The crude oil used is a blend of two crude oil varieties, with the blending ratio varying at different times.  

The coke samples were first crushed so that 95% of the coke passed through a 4-mm sieve. The samples were then weighed and spread on a drying floor to a depth of 8 mm and left to dry until the loss in weight of the total samples was not more than 0.1% per hour. After the determination of the moisture content (As-received basis) the coke samples were pulverized to pass a 250-μm sieve. Proximate and ultimate analysis tests were carried out on the samples using standard ASTM test methods. The gross calorific value was measured using the adiabatic bomb calorimeter (ASTM D 2025), in which a weighed sample is burnt completely in oxygen under controlled conditions. The calorific value is computed from temperature observations made before, during and after combustion, making proper allowances for heat contribution by acid formation and other corrections. The calorific value is a significant indicator of the quality of coke when used as a fuel. It is often used for evaluating the effectiveness of treatment and other beneficiation processes and for research purposes.

For the sulphur determination, the bomb washing method (ASTM D-3177) was used in which the sulphur is precipitated as BaSO4 and the precipitate is filtered, ashed and weighed. Table 1 gives the results of the analyses carried out on the coke samples. 

Table 1. Proximate and ultimate analyses of Syrian delayed petroleum coke

	Proximate analysis, air-dried basis
	Ultimate analysis,

dry, ash-free basis

	Ash
	0.5
	C
	85.3

	Moisture
	0.3
	H
	4.6

	Fixed carbon
	87.2
	N
	1.0

	Volatile matter
	12.0
	S
	7.8

	Sulphur
	7.7
	O
	1.3

	Gross calorific value
	34.9 × 103 kJ/kg
	C/H (wt.)
	18.5

	Real density
	1.39 g/cm3
	
	


The coke samples were thermally treated in an atmosphere of nitrogen at atmospheric pressure. The coke sample (about 10 g) was placed in an electrical tube furnace heated by a SiC element fully covering the working tube. The outside diameter of the working tube is 59 mm, and the heated length is 250 mm. A PtRh-Pt thermocouple is placed in the center of the heating zone and is lead to the temperature control unit. 

A moderate rate of heating (3.5 ºC/min.) was used throughout. There is evidence to indicate that a higher rate of heating would reduce the coke yield by increasing the weight loss [23]. No other data is available on the effects of the rate of heating on sulphur removal.

It is not clear whether the elimination of sulphur is affected in any way by the inert gas used during the thermal treatment [24]. Most workers used either nitrogen or argon. Carbon-nitrogen complexes are not likely to be formed when the coke is heated in a nitrogen atmosphere [6]. Nitrogen, however, has been reported to exhibit considerable reaction towards carbon and graphite above 1700 K [25]. As the use of argon may inhibit desulphurization at lower temperatures, nitrogen was deemed preferable in the present study. 

It has been shown [17] that thermal treatment under atmospheric pressure gives better desulphurization results. Thermal desulphurization under vacuum does not seem to be beneficial to the desulphurization efficiency. The phenomena observed during the course of treatment include a significant amount of weight loss along with the removal of sulphur.


Decreasing the mean diameter of coke particles may improve the desulphurization efficiency [6, 10, 19], but there is no consensus on this point. Kalinowski who investigated the effect of grain size reported an optimum size for maximum desulphurization, but other workers obtained results that did not follow a recognizable pattern [7]. Briquetting does not improve the desulphurization efficiency according to Hussein et al. [6]. 

It is reported by many workers that grinding a coke sample to smaller particle size causes structural defects or crystalline distortion of the coke sample [26]. Kmetko observed by scanning electron microscopy that the grinding of coke destroyed the lamellar structure of the coke as well as the microcrystalline orientation [26]. Other workers reported that grinding a coke sample decreases its anisotropy. Even natural graphite can loose some of its anisotropy by overgrinding. While some of the loss of anisotropy may be regained upon heat treatment, it is never fully recovered. Some workers claim that the isotropy rapidly increases when the coke is ground to less than 0.85 mm. Others report that the minimum particle size needed to retain the macrostructures of major interest is in the range 0.8 – 1.6 mm [25]. The coke size range used in the present work was in the range 0.85 – 1.60 mm. 

A summary of the conditions used in the thermal treatment is given in Table 2. After the treatment, the samples were allowed to cool at a controlled rate to a temperature of 550 K before removal from the furnace. After removal from the furnace, the samples were further cooled to room temperature in a desiccator and weighed. The sulphur content and calorific value were then determined using the bomb method. 

Table 2. Conditions of thermal treatment

	Average weight of treated sample 
	10 g

	Coke size range 
	0.85 – 1.60 mm

	Rate of heating 
	3.5 ºC/min.

	Gas atmosphere
	N2

	Pressure
	Atmospheric

	Rate of nitrogen flow  
	0.5 l/min/g

	Residence time at the maximum temperature 
	180 min


Results and Discussion

Different Syrian petroleum coke samples were thermally treated. Typical results for a representative sample are given in Table 3 and Figs. 1 and 2. Table 4 gives in summary form the average and maximum rates of desulphurization at different temperature ranges as obtained using different coke samples. 

Table 3. Typical results for a representative coke sample

	Temperature K
	Wt loss %
	Calorific value  

× 103 kJ/kg
	S wt %
	S reduction %

	300
	-
	34.9
	7.7
	-

	500
	0.6
	35.0
	7.3
	5

	775
	5.2
	34.4
	7.3
	5

	875
	7.9
	32.8
	7.2
	6

	975
	7.4
	32.5
	7.1
	8

	1075
	9.5
	32.1
	7.1
	8

	1175
	10.8
	31.5
	6.0
	22

	1450
	12.9
	31.2
	3.8
	51

	1550
	16.1
	31.1
	3.1
	60

	1650
	19.1
	31.0
	1.3
	83

	1700
	19.4
	30.9
	0.8
	90


Table 4. Average and maximum rates of desulphurization
	Temperature range (K)
	Average degree of desulphurization (%)
	Maximum degree of desulphurization (%)
	Average rate of desulphurization per 

100 K (%)

	300 – 1075
	7
	9
	1

	1075 – 1175
	18
	22
	18

	1175 – 1450
	23
	29
	8

	1450 – 1550
	13
	17
	13

	1550 – 1650
	22
	29
	22

	1650 - 1700
	7
	7
	14


The effect of increasing the residence time is apparent from a consideration of the results shown in Table 5. Increasing the residence time from 30 to 180 minutes did significantly improve the desulphurization efficiency, particularly in the temperature range 1600 – 1800 K. More sulphur was removed at 1600 K and 180 min. (66%) than was removed at 1700 K and 30 min. (53%). 


Table 5. Effects of residence time on rate of desulphurization
	Temperature K
	S wt %

	
	30 Min. 
	180 Min.

	300
	7.7
	7.7

	1100
	7.2
	7.1

	1300
	5.5
	5.0

	1400
	4.5
	4.2

	1500
	4.1
	3.5

	1600
	3.6
	2.6

	1700
	2.8
	0.8


The results obtained indicate clearly that the process of desulphurization may be conveniently divided into at least four stages: 

1. An initial stage (300 – 1075 K) in which little desulphurization (less than 9%) takes place. The average rate of desulphurization for a temperature increase of 100 K was about 1% only. A weight loss of about 9.5% was observed at the end of this stage, with a corresponding decrease in the calorific value, as a result of the evaporation of the moisture and volatile matter in the coke. During this stage the following phenomena are expected to occur:

* At about 400 – 500 K, water that enters the coke during the hydraulic coke cut is removed [21]. This is accompanied by a slight increase in the calorific value (Table 3).

* At about 800 K, the evaporation of the volatile matter adsorbed on the coke surface or in the pores is indicated, with the desorption of sulphur bound also on the surface or in the pores. Simultaneously cracking of the side chains of aromatic hydrocarbons including some sulphur hydrocarbons takes place and sulphur in the form of H2S and RSH is separated. The greater part of the separated sulphur gases results, however, from the desorption of chemisorbed sulphur in coke pores or on the coke surface. This is indicated, according to Vrbanovic [20], by the fact that increasing the residence time from 30 to 180 minutes was not found to influence desulphurization at temperatures less than 1100 K. 

* As a consequence of volatile matter release, there is a sharp increase in dimensional shrinkage as well as in the ordering and growth of the polycrystalline structures of petroleum coke in the 800 – 1100 K temperature range [27].

* Experimental work indicates that no reaction occurs during this stage between metal contaminants and sulphur gases since no variation in the degree of desulphurization of different cokes, with different amounts of metals, was observed [21].

* The maximum amount of sulphur removed at this stage is about 9%, which can be taken as a rough indication of the amount of non-thiophenic sulphur in coke.

2. A second stage (1075 – 1175) in which desulphurization increased sharply, with an average rate of 18%. Most of the sulphur removed during this stage is derived from the decomposition of the thermally-stable sulphur compounds bound in side chains. 

3. The rate of desulphurization slows down in the third stage (1175 – 1450), dropping to about 8% only. There is evidence to indicate that the process of sulphur separation stops at about 1300 K [21], as the desorbed sulphur may enter into reactions with quinone (or chinone C6H4O2) and phenol groups. These reactions usually result in the formation of sulphur hydrocarbon complexes that are thermally refractory and very difficult to separate from the coke structure [21]. Desulphurization is also significantly decreased by the metal-hydrocarbon compounds, which are present in significant amounts in the Syrian coke and which react with the dissociated sulphur to form refractory sulphur [21]. 

4.  The final stage is reached when the coke is heated to temperatures above 1450 K. The average rate of desulphurization was found to vary during this stage between 13 and 22%. At a temperature ≥ 1500 K desulphurization may be inhibited by the formation of thermally-stable metal sulphides [28]. A marked increase in the degree of desulphurization is to be expected at temperatures above 1600 K, as the energy available is sufficiently high for the decomposition of sulphur-hydrocarbon compounds of stabilities up to those of thiophene structure [21]. The highest rate of desulphurization was observed in the temperature range 1550 – 1650 K where it reached an average value of 22%. Complete elimination of sulphur is not likely, however, even at the high temperature of 1700 K [20, 22].

The observed weight loss at the conclusion of the thermal treatment was about 19.4%. This amount corresponds to the moisture and volatile matter content of the coke as well as to the amount of sulphur removed. The overall decrease in the gross calorific value was 4 × 103 kJ/kg or about 11%. In at least one case a slight anomalous increase in the calorific value in the temperature range 1450 – 1650 K was observed. 

Conclusion

In conclusion, it is evident that effective desulphurization of petroleum coke can be achieved by means of thermal treatment to a temperature of 1700 K by increasing the residence time to 180 minutes, while avoiding at the same time the adverse effects associated with thermal treatment at the higher temperatures deemed necessary for effective desulphurization.  

References

[1]
Ellis, Paul J. and Hardin, E. E. "How Petroleum Delayed Coke Forms in a Drum." Light Metals (1993), 509-515.

[2]
Petroleum Coke: Process Economics Program. Report No. 72-a, Menlo Park, CA: Stanford Research Institute, Oct. 1976.

[3]
Jakob, R. J. "Coke Quality and How to Make It." Hydrocarbon Processing, 50, No. 9 (1971), 132 – 136.

[4]
Reis, T. "About Coke and Where the Sulfur Went", Chemtech, June 1977, 366 – 373.
[5]
Reis, T. "To Coke, Desulfurize and Calcine, Part 2: Coke Quality and Its Control", Hydrocarbon Processing, 54, No. 6 (1975), 97 – 104.
[6]
Hussein, M. K., El-Tawil, S. Z. and Rabah, M. A. "Desulphurization of High-sulfur Egyptian Petroleum Coke." J. Inst. Fuel, Sept. 1976, 139 – 143.

[7]
El-Kaddah, N. and Ezz, S. Y. "Thermal Desulphurization of Ultra High Sulphur Petroleum Coke." Fuel, 52 (1973), 128 – 129.
[8]
Phillips, C. R. and Chao, K. S. "Desulphurization of Athabasca Petroleum Coke by (a) Chem. Oxidation and (b) Solvent Extraction." Fuel, 56 (1977), 70 – 72.
[9]
Meyers, R. A. Coal Desulphurization. New York: Marcel Dekker, 1977.

[10]
Deviney and O’Grady (Eds). Petroleum Derived Carbons, Washington: Am. Chem. Soc., 1976.
[11]
Sabott, F. K. "A Study of Methods of Removing Sulfur from Petroleum Coke." Quarterly of the Colorado School of Mines, 47, No. 3 (1952), 1 – 22.

[12]
Hartough, H. D. Thiophene and Its Derivatives. New York: Intescience Publishers, 1952.

[13]
Al-Haj Ibrahim, H. and Morsi, B. Desulfurization of Petroleum Coke: A Critical Review. University of Pittsburgh, 1990.

[14]
Al-Haj Ibrahim, H. and Morsi, B. "Desulfurization of Petroleum Coke." Ind. Chem. Eng. Res., 31 (1991), 1835-40.

[15]
Al-Haj Ibrahim, H. "Desulphurization of Petroleum Coke." Proceedings of the First Egyptian Syrian Conference on  Chemical Engineering, Suez, Egypt, 2-5 Sept 1995, 207-212.

[16]
Brandt, H. H. and Kapner, R. S. "Desulphurization of Petroleum Coke." Light Metals, (1984), 883 – 887.

[17]
Gillot, J., Lux, B., Cornuault, P. and Du Chaffaut, F. "Changement de structure lors de la desulfuration de coke de petrole." Carbon, 6 (1968), 389 – 395.

[18]
Barrillon, E. "Modifications de la texture de cokes de petrole lors d’une desulfuration thermique." J. chim. Phys. Physiochim biol., (1968), 428- 432.

[19]
Akhmetov, M.M. and Syunyaev, Z.I. "Thermal Desulphurization of Petroleum Cokes." Neftekpererab Neftekhim, 4 (1969), 9 – 12.

[20]
Vrbanovic, Z. "Thermal Desulfurization of Petroleum Coke." High Temps High Pressures, 15 (1983), 107 – 112.

[21]
Vrbanovic, Z. "Thermal Desulfurization of Petroleum Coke." High Temps High Pressures, 13 (1981), 167 – 176.

[22]
Vrbanovic, Z. "Thermal Desulphurization of Petroleum Coke." Bienn. Conf. Carbon, 16th (1981), 190 –191.

[23]
Voloshin, N. D. and Syunyaev, Z. I. "Study of Gases from Petroleum Coke Calcination on Improved Chromatograph." Neftekpererab Neftekhim, 11 (1966), 16 – 20.

[24]
Shafer, W. C. "Removal of Sulfur from Petroleum Coke by Pyrolysis." Quarterly of the Colorado School of Mines, 47, No. 3 (1952), 27 – 37.

[25]
Heintz, R. A. "The Characterization of Petroleum Coke." Carbon, 34, No. 6 (1996), 699 – 709.

[26] 
Cheng, H. M., Liu, M., Shen, Z. H., Xi, J. Z., Sano, H., Uchiyama, Y. and Kobayashi, K. "The Effect of Grinding on the Sintering of Raw Petroleum Coke." Carbon, 35, No. 7 (1997), 869 – 874.

[27]
Menéndez, J. A., Díez, M. A., Puente, G. de la, Fuente, E., Alvarez, R. and Pis, J. J. "Thermal Behaviour and Reactivity of Green Petroleum Cokes Used as Additives in Metallurgical Mokemaking." J. of Analytical and Applied Pyrolysis, 45 (1998), 75 – 87. 

[28]
Vrbanovic, Z. "Possibility of Using High Temperature Treatment of Petroleum Coke to Desulphurize It."  Nafta (Zagreb), 29, No. 2 (1978), 80–93. 

نزع الكبريت من الكوك النفطي السوري بالمعالجة الحرارية

حسان الحاج إبراهيم ومحمد منلا علي

قسم الهندسة الكيميائية ، جامعة البعث ،
 صندوق البريد 2468 ، حمص،  سورية

(قدم للنشر في 21/12/2003م ؛ قبل للنشر في 16/06/2004م)

ملخص البحث. تعد المعالجة الحرارية للكوك النفطي في درجات مرتفعة من الحرارة طريقة فعالة في تقليل نسبة الكبريت في الكوك ، وتتعلق جودة هذه المعالجة بدرجة الحرارة العظمى كما تتعلق بزمن البقاء . وقد تبين من التجارب المجراة على الكوك النفطي السوري أنه يمكن معالجة الكوك معالجة فعالة وتقليل نسبة الكبريت فيه تقليلاً كبيراً دون إضرار بخصائصه الأخرى إذا تمت هذه المعالجة في درجات معتدلة من الحرارة مع زيادة زمن البقاء ، وقد أمكن بذلك نزع الكبريت من الكوك النفطي السوري العالي الكبريت بنسبة 90 ٪ عند معالجته إلى الدرجة  1700 ك مع زمن بقاء مقداره 180 دقيقة .
�


Fig.1. Variation of sulphur content with heat treatment temperature.
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Fig.2. Variation of calorific value (CV) with heat treatment temperature.
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