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Abstract
In this work, adsorption desulfurization is considered for making cleaner fuel. New efficient adsorbents have been designed by using two active metal oxides mainly potassium permanganate (KMnO4) and potassium phosphate (KPO4.3H2O) on Activated Carbon (AC). Ultrasonic assisted impregnation method (IWI) is used in designing the adsorbents offering high pore volume, pore size, surface chemistry and high surface area. Use of ultrasonic method increases the dispersion of the active material (groups) on AC leading to increased number of collisions between O-atom on AC-support resulting in high sulfur removal from fuel. Potassium permanganate on AC shows higher adsorption capacity towards sulfur than potassium phosphate at the same operating conditions. New results with respect to sulfur removal has obtained compared with those obtained by previous studies. Finally, the adsorption kinetic parameters of such process are developed. Thomas and Yoon–Nelson models and the experimental data are used for this purpose using linear and non-linear regression analysis. Yoon–Nelson kinetic model fits well with the experiments data better than Thomas kinetic model in the entire adsorption column system.
 Keywords: Adsorption technique, ultrasonic assisted, activated carbon, potassium permanganate, potassium phosphate.

1. Introduction
Removal of sulfur compounds such as Thiophene (Th), benzothiophene (BT), dibenzothiophene (DBT) and its derivatives from transportation fuel is becoming more and more important due to strict environmental regulation. Environmental Protection Agency (EPA) in United States (US) have reported that the level of sulfur content in diesel fuel and gasoline should not exceed 30 ppm [1]. Combustion of transportation fuel produces Sox causing acid rain and catalyst poisoning (Micro-Meso-Macro-porosity) [2,3]. Hydrodesulfurization process (HDS) also known as catalytic hydrotreating (HDT) process is the most used method for removing the sulfur compounds like, mercaptan, sulfides, disulfides and thiols from fuel in petroleum refining industries . This process converts the sulfur compounds to H2S and hydrocarbons. However it renders difficulty to produce an environmentally friendly fuel owing to high resistance of thiopene (Th), benzothiopene (BT), dibenzothiopene (DBT) and its derivatives to hydrogenation process requiring more active catalysts and large amount of hydrogen under severe reaction conditions and thus more expensive compared to other processes [4, 5]. 
Adsorption desulfurization process represents the ultra-deep adsorptive desulfurization (ULDDS) and such technique is considered an important process compared with HDS or HDT process. In adsorption desulfurization process, the effect of organic sulfur level can be reduced to zero based on the adsorbent materials used to remove the sulfur compound, directly under moderate operating conditions (temperature and adsorption time) [6,7]. Sulfur removal technique in adsorptive desulfurization (ADS) depends on the porosity of the adsorbent materials that have higher efficiency to reduce the organic sulfur compounds, such as Th, BT, DBT and its derivatives [5]. The main specifications of the adsorption desulfurization (ADS) technique are: 
· Higher efficiency and mild operating conditions in terms of temperature and adsorption time and almost constant pressure (atmospheric pressure) [8].
· Higher safety. 
· Low energy consumption [9].
· The mechanism of sulfur removal in such process is easier than those reported by oxidative desulfurization as shown in Figure 1 [10].
· Different materials can be used as an adsorbent, namely alumina (α, β, γ)-Al2O3 separately, activated carbon, metal oxide [11], silica gel and zeolite [12].
· Easy and fast to remove sulfur from hydrocarbon fuel [13]. 

Figure 1: The mechanism of oxidative desulfurization (ODS) for DBT

Adsorption technique is improved by adding metal oxide on supported-adsorbent. This metal having high reactivity towards sulfur compounds in fuel, especially types of sulfur (Th, BT and DBT) forms metal thiolates when reacts with thiophenes. The reactivity of the adsorbent depends on the metal oxide selected, for example the reactivity of activated MnO is better than ZnO for removal of sulfur compounds [11].
Activated carbon (AC) supported adsorbent is one of the most important sorbent material with high removal efficiency of pollutants mainly sulfur compounds from liquid fuel [14,15]. Activated carbon has prominent characteristic with high specific surface area and pore structure and pore volume. Effect of the oxygen functional group on activated carbon (AC) for the removal of pollutants from hydrocarbon fuel is high [16]. In brief, efficiency of adsorption technique depends on metal, metal oxide and AC. Yang et al. [17] have examined the deep desulfurization of transportation fuels (diesel, jet fuel and gasoline) and observed that 99% of the sulfur content found in the diesel fuel can be removed via adsorption process using Ag and Cu+ at ambient temperature and pressure. Jang et al. [18] modified the supported-AC by H2SO4 using the adsorption desulfurization process and found that the removal of sulfur is twice than those with unmodified-AC. Zhou et al. [16] oxidized the activated carbon (AC) to functional carboxyl group using nitric acid (HNO3) upon the supported surface and used a batch reactor effectively for the adsorption desulfurization. Cao et al. [19] investigated the adsorption of sulfur in gasoline via silver metal over AC and it has been noticed that the effect of metal loading played an important role for increasing the conversion of sulfur compounds.  Xiao et al. [20] studied the effect of Fe, Cu, Zn, Ag and Ni on activated carbon (AC) using the adsorption desulfurization technique for removing BT and DBT found in fuel. Efficiency of sulfur removal was found to be depended on the adsorbent in the following order:  Ag(I)/AC ≥Ni(II)/AC ≥ Cu(II)/AC ≥ Zn(II)/AC ≥ Fe(III)/AC [20]. Zhang et al. [21] studied the effect of metal oxide (ZnO) on the removal of thiophene from gasoline via adsorption desulfurization process in a fixed bed reactor. 
In this work performance of adsorption desulfurization of fuel oil is studied. Activated carbon supported catalyst (potassium permanganate (KMnO4) and potassium phosphate (KPO4.3H2O)) is developed and a novel adsorbent is designed, and improvement of such catalysts are achieved using ultrasonic method. Also, the oxygen-compounds on the catalyst surface are increased, particularly the functional carboxyl groups and hydroxyl groups for the purpose of increasing the mesoporous on the AC-surface/volume by eliminating the undesired elements such as (K+, Na+). The adsorption process is carried out in a fixed bed column (FBC) to remove DBT from model HGO, and the effectiveness of the designed catalysts are evaluated. Finally, Thomas and Yoon–Nelson models are employed to find the kinetic parameters of such process based on experiments. These models can be used in future for the development of full process model to be used for further simulation and optimization of the process.

2. Materials and Catalyst Preparation 
2.1 Material Agents
· Heavy gas oil(HGO) 
The hydrocarbon fuel is the hydrotreated heavy gas oil (HGO) used as a model fuel in this work (the concentration of dibenzothiophene (DBT) 0.7 ppm and sulfur content is 14ppm) and has been obtained from Laboratories of North Refineries Company-Iraq. The main properties of HGO are reported in Table 1.
Table 1 Specification of heavy gas oil (HGO)
	Test Description
	Unit
	Test Method
	Results

	Octane number, Research
	…….
	
FTIR
	89

	Octane number, Motor
	…….
	
	81

	Total aromatic contents
	Vol%
	
	20.4

	Specific gravity@15.5oC
	…….
	ASTM D4052
	0.8676

	Vapor Pressure at 37.8 oC
	Kpa
	ASTM D5191
	8

	Total aromatic contents
	Vol%
	 
ASTM D6277
	27.4

	Olefins
	Vol%
	
	8.3

	Saturates compound
	Vol%
	
	77.5

	Color 
	……
	ASTM D6045
	≥ +35

	Distillation

	Initial boiling point, IBP
	oC
	

      ASTM D86
	160

	10% Recovered, Vol%
	oC
	
	189

	50% Recovered, Vol%
	oC
	
	230

	90% Recovered, Vol%
	oC
	
	265

	Final boiling point, FBP
	oC
	
	282



· Pollutant (Dibenzothiophene, DBT)
DBT used for model sulfur component is selected to evaluate the reactivity of sulfur in adsorption desulfurization process was supplied and purchased from Aldrich Company with purity more than 99.9%. 
· Active materials 
The active material used in the catalyst preparation is potassium permanganate (KMnO4) with purity ≥99.99% and potassium phosphate (KPO4.3H2O) with purity of 99% were purchased from Alpha Chemika Company.
· Acetic acid, hydrochloric acid and distill water
Acetic acid and hydrochloric acid used to activate and prepare the catalyst (activated carbon) was obtained from the Laboratories of North Refineries Company, Iraq. Deionized water was obtained from the Petroleum Process Engineering Department-Tikrit University, Iraq.
· Activated Carbon (AC)
A commercial tube shape Activated Carbon (AC) has been used as a carrier (adsorbent) in the manufacturing the catalyst and was obtained from Riedel-de Haën – Germany. The main specifications of AC are: surface area of 265 m2/g, pore volume of 0.489 cm3/g and particle diameter at 1.4 mm.
· Sulphuric acid (98%H2SO4)
Sulphuric acid used in this study was obtained from the Laboratory Reagent-Thomas baker-INDIA. Table 2 shows the main properties of H2SO4.

Table 2 Specification of H2SO4 98%.
	Material
	Specification

	H2SO4 98%
	M.W = 8.08g/gmol
	Minimum assay=98.0%

	
	
	Non-volatile= 0.01%
	Fe=0.0005%

	
	
	HCl= 0.01%
	Pb=0.002%

	
	
	HNO3=0.001%
	Reducing Substances=0.03ml N%

	
	
	As=0.0002%
	




 
2.2 Adsorbent Preparation using Ultrasonic method
Firstly, the activated carbon AC as a adsorbent were purified using solution of concentrated acetic acid (CH3COOH) and concentrated hydrochloric acid (HCl) at a ratio of 4:1  (CH3COOH/HCl). The solution was stirred on a magnetic stirrer at 450 rpm and at 75 °C for 12 h. The AC was filtered and washed several times with deionized water until a neutral pH was achieved. Activated carbon was dried at ambient temperature in an oven at 65°C for 24 h. 10 g of Potassium permanganate (KMnO4) as active material in 500 ml of 0.5M (molarity) %98-H2SO4  is prepared via ultrasonic assisted impregnated method on Activated Carbon (AC-supported) [20, 22]. Similarly 10 g of potassium phosphate (10 g KPO4.3H2O) as active material in 500 ml of 0.5M (molarity) %98-H2SO4  is also prepared via ultrasonic assisted impregnated method on Activated Carbon (AC-supported). During the preparation steps, the formation of hydroxyl group (-OH) and carboxyl group (COO- and CO-) are obtained [23].  
The prepared mixtures (10 g KMnO4 in 500 ml H2SO4 at 0.5 Molarity) were added to the AC and treated under ultrasonic cleaner (GT-7910A-uk ultrasonic Electronic, China) at 60-70oC for 12 hr. Hydroxyl group and carboxyl group were loaded on the AC-supported at different percentages with respect to salts used. Finally, the slurries produced from ultrasonic cleaner was dried in the oven for 24 hr at 120 oC to remove the moisture from the pores of the AC. The procedure is described in Figure 2. The same procedure was applied with the potassium phosphate. 
The main benefits expected of using ultrasonic in impregnation method [22, 24, 25] are:
1. Increasing the distribution of active compounds.
2. Increasing the collision between active and AC-support.
3. Easy to add metal salt and hydroxyl leading to increased porosity.

Figure 2: Procedure and devices used in preparation catalyst

2.3 Pore Structure Modification of AC 
Modification of AC is improved by loading different groups (carboxyl group and hydroxyl group) over activated carbon (AC) enhancing the pore structure of AC under moderate operating condition. Design of oxygen atoms replacing Na+ and K+ is used to modify the pore structure of the AC. Ultrasonic cleaner (GT-7910A-uk ultrasonic Electronic, China) technique was used for this purpose. The process of dealing with active materials (KPO4.3H2O and KMnO4) is to make additional contributions to the adsorbent, which contributes to the development of the sulfur removal process. Figure 3 shows the pore structure modification process of activated carbon where it is being treated with metal oxide. Where, the BET surface area of the modified AC is 245 m2/g for KMnO4-AC and 189 m2/g for KPO4.3H2O-AC, while the pore volume of such absorbents are 0.385 cm3/g and 0.443 cm3/g, respectively.

Figure 3: Loading groups on AC-supported after that oxidation modification for adsorbent

2.4 Measurement of pH Values
A sample of 0.75g from KMnO4-AC and KPO4.3H2O-AC were added to 37.5 ml of deionized water, separately. The suspension was left on a magnetic stirrer for 12 hr at 450 RPM with a temperature of 25 oC to reach equilibrium. Then, the catalyst oxidized was filtered and the solution was measured by pH type Professional Bencht of pH meter (BP3001). Such values of the pH were found as a good comparison measurement among different materials used before and after treating under the same conditions.
2.5 Adsorption process in Fixed Bed Column (FBC)
The adsorption process has been conducted based on a continuous adsorption technique in a fixed bed column (FBC) available at the Tikrit University/Process Engineering Department -Iraq. The fixed bed reactor was designed to test the efficiency of the prepared adsorbent (activated carbon) as a homemade (KMnO4-AC) and (KPO4.3H2O-AC) catalyst at moderate temperature and pressure. The schematic diagram of the FBC system is shown in Figure 4. The main parts and specifications of the fixed bed column are summarized below:
· Material: Pyrex; Height= 37 cm; Diameter = 2.7 cm.
· Flow meter.
· Packed bed: 15%-45% of the adsorbent (designed catalyst); other remaining parts:  ceramic.
· Mesh (2.55 cm diameter) to maintain the ceramic and the adsorbent stability in the designed column. 
· Dosing pump pressure for the model fuel (heavy gas oil): up to 13 bar.
· Feed Pipelines.
Fixed bed column (FBC) is extensively used in petroleum refineries. The heavy gas oil (HGO) containing sulfur is charged into a feed tank with a vessel volume of 1.8 liter. The tank is connected to the dosing pump (0 to 1.3 liter/hr) at different percent (0-10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% and 100) of flow. Such percent represents the flow of HGO at pressure up to 13 bar set through the flow meter device. HGO is introduced to the FBC at constant temperature (25oC) passes through the packed bed and the dibenzothiophene is adsorbed at the designed adsorbent (KPO4.3H2O-AC) and (KMnO4-AC) and pore size. The products from the FBC are collected in a vessel and sample of product is taken to test the sulfur content after the adsorption process. Testing is carried out using GC-mass chromatograph in the Laboratory Oil Training Institute of Baiji (OTIB)-Iraq. 
Figure 4: Fixed bed column (FBC) system

2.6 Sulfur Content (DBT) Analysis (GC-capillary Chromatography) 
GC-capillary Chromatography instrument located in Baiji North Refinery (Iraq) is used to analyze the sulfur content in the feedstock and product. Where, the inlet and outlet concentration of dibenzothiophene (DBT) are determined according to GC-capillary chromatography based on the sample size of 2 μm and concentration range of 10 ppm. The main other properties are described as follows:"	
·  Colum: CP-Sil 8 CB fused silica WCOT 30 m x 0.25 mm, Cat. No. CP8751, df = 0.25 μm.
· Temperature: 40 oC (2 min) → 280 oC, 10 oC/min.
· Carrier gas: He, 39 cm/s, 128 KPa (1.28 bar, 18.6 psi) 
· Injector: Splitless,  : T = 250 oC 
· Detector: FID,  : T = 300 oC 
The calculation of the outlet content of unreacted DBT is achieved via reading the value from the computer."
 
Mathematical Modeling for FBC in Adsorption Process
The performance of FBC is described through the concept of the breakthrough curve. The time for breakthrough appearance and the shape of the breakthrough curve are very important characteristics for determining the operation and the dynamic response of an adsorption column. The loading behavior of DBT to be adsorbed from HGO in a fixed-bed is usually expressed in term of  as a function of time or volume of the effluent for a given bed height, giving a breakthrough curve [26]. The value of  for a given feed concentration and flow rate is equal to the area under the plot of the adsorbed DBT concentration  ()  and can be calculated from Eq. (1):
                                                                                                                                 (1)

Where,   represents the weight of DBT adsorbent on modified activated carbon (KPO4.3H2O-AC, KMnO4-AC) in the fixed bed column (mg),   is the DBT concentration adsorbed (mg/l) and  is volumetric flow rate of HGO (ml/min). 
                                                                                                                                                                    (2)
 represents the equilibrium of DBT uptake per g of adsorbent from Thomas model (mg/g).  is the mount of modified activated carbon represent in FBC. The amount of DBT sent to the fixed bed column calculated () by the following equation:
                                                                                                                                        (3)
The total percentage removal of DBT can also be found from the ratio of total adsorbed quantity () to the total amount sent to column () as:
                                                                                                                                           4)
Successful design of a column adsorption process requires prediction of the concentration-time profile or breakthrough curve for the effluent. Kinetic models are used to express the dynamic process of the column mode. Figure 5 shows the required tools of the models and operating condition used in the design of the FBC.

Figure 5: Required tools and operating condition for FBC

3.1 Adsorption Kinetic Models Fixed Bed Column (FBC)
3.1.1 Thomas Model
The maximum adsorption capacity of an adsorbent (AC-KMnO4 or AC-KPO4.3H2O) is needed in column designed and the Thomas model is traditionally used to fulfill the purpose. The data obtained from a column in continuous mode studies are used to calculate the maximum solid phase concentration of DBT on adsorbent (modified activated carbon) from HGO and the adsorption rate constant using the kinetic model developed by Thomas [27]. The Thomas solution is one of the most general methods and widely used in column performance theory. The expression by Thomas for an adsorption column is given below:  
                                                                                                                        (5)

Where,  is the Thomas rate constant (ml/mg min),  is the equilibrium adsorbate uptake (mg/g),  is the amount of adsorbent (KPO4.3H2O-AC and KMnO4-AC) in the FBC (g),  is the initial concentration of DBT (mg/l),  is the change of concentration of DBT in FBC (mg/L) and V is the effluent volume (ml). The linearized form of Eq. (5) is given as:

                                                                                                                (6)

Plotting of equation (6) between, the kinetic coefficient  and the adsorption capacity of the bed  are estimated.

3.1.2 Yoon–Nelson Model
The Yoon and Nelson model is judged the less complicated column model as it requires no detailed data concerning the characteristics of adsorbate, the type of adsorbent and the physical properties of adsorption bed content to (AC-KMnO4 or AC-KPO4.3H2O). The assumption of this model is based on the rate of decreasing in the probability of adsorption for each adsorbate molecule. It is proportional to the probability of adsorbate adsorption and the probability of adsorbate breakthrough on the adsorbent. For a single component system, the Yoon and Nelson equation is expressed as [28]:
                                                                                                                                 (7)

 (min−1) is the rate constant of Yoon and Nelson,  is the initial concentration (mg/L),  is the change DBT concentration (mg/L) in FBC, t is the breakthrough time (min) and τ is the time required for 50% adsorbate breakthrough (min). Linearization of Eq. (7) is given as:
                                                                                                                            (8)

The plot of ln   according to Eq. (8) will result in a straight line with slope of  and intercept τ.

4. Results and Discussion
4.1 Characterization of AC Treated with (KMnO4) and (KPO4.3H2O)
4.1.1 Functional groups analysis of the synthesized AC
The Fourier Transform Infra-Red Spectroscopy (FTIR) spectrum of the functional groups is shown in Figure 6 for KMnO4-AC and Figure 7 for KPO4.3H2O-AC. As can be seen from Figure 6, the band between (3200-3600) cm-1at around 3369, 3411.84 and 3467.77 cm-1 is assigned to the O-H stretching vibration of hydroxyl groups while the bands between 2850 cm-1 and 2800 cm-1 were ascribed to the aliphatic C-H stretching vibration of CH, CH2, and CH3. The band at 1797.53 cm-1 and 1649.02 cm-1 were attributed to the carboxyl group and carbonyl group [29]. The absorption band at 1112 cm-1 remarked that the O-H bending vibration while the bands in the proximity of 678 cm-1 and 513 cm-1 could be attributed to the metal-O and metal-O-metal stretching vibrations which suggested the likely presence of metal oxide on the surface of activated carbon. While Figure 7 has shown that the carboxyl group is represented at 3426.19 cm-1 in the surface of activated carbon. Therefore, such behavior indicates that the KPO4.3H2O cannot produce high amount of the carboxyl group compared to KMnO4.


Figure 6: The FTIR spectrum of the synthesized KMnO4-AC adsorbent
Figure 7: The FTIR spectrum of the synthesized KPO4.3H2O-AC adsorbent

4.1.2 Surface area of the modified adsorbents
Brunauer-Emmett-Teller (BET) analysis was utilized to calculate the total surface area, pore volume and pore size of the adsorbent (AC) before treating process in addition to the adsorbent modified (KMnO4-AC and KPO4.3H2O-AC). The value of the surface area, pore volume and pore size obtained through process of N2 adsorption-desorption isotherms for activated and modified carbon AC are listed in Table 3. The physical and chemical properties of the prepared new adsorbents (KMnO4-AC and KPO4.3H2O-AC) and the specific surface area are important factors affecting the desulfurization process. Where, loading carboxyl group and hydroxyl group on the structure of the surface activated carbon related to the adsorbent activity is necessary. It is noticed that the surface area of the new adsorbent of AC decreases after treating process with potassium permanganate (KMnO4) and potassium phosphate (KPO4.3H2O) compared to that of activated carbon, but the surface area of the adsorbent prepared (AC-KMnO4) is still high. The specific surface area of the designed adsorbent, the number of the effective active site has increased leading to increase the adsorption process of the reaction rate. Physical properties was carried out in Nanotechnology and Advanced Materials Research Center/Iraq.

Table 3 Physical parameters of thadsorbent (AC) and modification adsorbent
	Parameters
	Adsorbent (AC)
	Adsorbent (KMnO4-AC)
	Adsorbent (KPO4.3H2O-AC)

	Total surface area (m2/g)
	265 m2/g
	245
	189

	Pore volume(cm3/g)
	0.489
	0.385
	0.443




4.2 Effect of operating condition on adsorptive desulfurization technique 
The operating conditions were chosen depending on the main operating conditions affecting the process. Where, the operating conditions were chosen based on the reliance on previous studies related to the removal operations with the presence of an adsorption column. Based on the literature, the most studies with the similar column design applied in this work, the operating conditions have selected to be under the same conditions used in such studied. Also, it has taken into consideration the adsorption capacity of the prepared agent, where the same amount of the adsorbed used in a batch reactor was tested and the highest adsorption time was depend on.  

4.2.1 Effect of bed high in adsorption process 
The structure of the designed adsorbent such as specific porosity (microspores and mesoporous) has shown an increase in the AC-support enhanced with hydroxyl group. It is found that the catalyst bed height have a significant impact on the adsorbent process (the process conversion) as shown in Figure 8. Increasing bed height of activated carbon treated with the active materials has given higher attachment of DBT (45% activated carbon in bed) for KMnO4, therefore manganese permanganate improves the surface of the AC and fuel quality as shown in Figure9. Increasing the adsorbent bed from 15% to 45% of the total bed height (37 cm) has shown an increase in the process conversion from 51.6% to 86.8%. It has also been noticed that increasing bed height of the active carbon treated with KPO4.3H2O shows moderate reaction to DBT content in HGO. However, non-active carboxyl group and hydroxyl group produced from the materials (KPO4.3H2O) have not observed dependency on the FTIR measurement, therefore there is no significant increase in adsorption for sulfur removal as shown in Figure 10. The best removal of DBT from HGO was 49 to 51.6% at the adsorbent bed height of 15 to 45% of the total available height, respectively. The effect of the contact time which depends on the adsorbent bed height is very important factors and plays a significant role in adsorptive removal of DBT owing to increasing surface area of the adsorption as shown in these Figures (9 and 10).
  
Figure 8: Effect of changing the adsorbent bed on adsorption process 
Figure 9: Effect bed height treatment with KMnO4 on removal of DBT in the adsorptive desulfurization technique via FBC
Figure 10: Effect bed height treatment with KPO4.3H2O on removal of DBT in the adsorptive desulfurization technique via FBC



4.2.2 Effect pH value on adsorption desulfurization technique 
The values of the pH for AC and the designed AC adsorbent (KMnO4-AC and KPO4.3H2O-AC), are shown in Table 4. It is noticed that there are different functional groups on the surface of AC giving different PH values. Chemical treatment with KMnO4 and KPO4.3H2O has led to increase the acidity for both adsorbents as well as the element of K+ and Na+ forming the carboxyl group and hydroxyl easily on the surface and in the pores. Increasing acidity of the adsorbent is regarded a significant property for sulfur removal from HGO fuel via adsorption.  

Table 4 pH values of the adsorbents 
	Sample
	Acidity pH

	AC
	9.54

	KPO4.3H2O-AC
	7.9

	KMnO4-AC
	5.7



Effect the different materials (KMnO4-AC and KPO4.3H2O-AC) on the adsorption desulfurization capacity in the modified oxidation of AC proved that such contribution to the increase in the adsorption capacity (high removal of sulfur content from HGO) is observed. Increasing the oxygen-containing functional groups leads to increase the density of the adsorption sites by replacing K+ and  Na+ and as a result increasing the pore structure giving high adsorptive process. 

4.2.3 Adsorption time efficiency for DBT removal via FBC 
Noting that bed height dictates the contact time, the influence of contact time on the adsorption capacity (i.e. desulfurization of HGO) using the AC-KMnO4, AC-KPO4.3H2O is shown in Figure 11. The adsorption desulfurization process for sulfur removal at the time from (25 to 45) min was probably low due to decrease the contact time of DBT molecules accessing in vacant sites of adsorbent Equilibrium time of removal from (65-75) min indicated that the porosity of the catalyst was saturated of DBT. Figure 12 shows that an increase in the bed height of the adsorbent, higher pore size by carboxyl group and hydroxyl group on the surface of the adsorbent has observed owing to increase the contact time of DBT among the adsorbent sites giving high sulfur removal [30]. Also, the diffusivity of the adsorbate materials and the oil has played an important factor to increase the rapid adsorption process.

Figure 11: Adsorption time efficiency for DBT removal at bed height of 30%
Figure 12: Adsorption time efficiency for DBT removal at bed height of 45%
4.2.4 Effect of HGO flow rate on adsorption process  
The oil flow rate variability has an impact on the output sulfur compound in adsorption technique [31]. So, by increasing the quantity of heavy gas oil over the activated carbon loaded on the prepared adsorbent from (2.5-3.5) ml/min using dosing pump in adsorption process, the removal of DBT compounds from HGO has increased from 23.1%, 22.1% to 34.4%, 53.8% for AC-KPO4.3H2O and AC-KMnO4, respectively as shown in the Figure 13. Increasing the oil flow rate lead to increase the contact between HGO (containing DBT compound) and the adsorbent (within the pores) giving high residence time for interaction between DBT and pore size as a result high sulfur removal [32]. As well as, at high flow rate the adsorption capacities has increased using the AC-KMnO4 adsorbent and high distribution of oil feedstock interaction with DBT molecule within the whole regions through the catalyst (such as micro-porous and meso-porous) have been observed. 
Figure 13: Flow rate efficiency on adsorption desulfurization technique

4.3. Interaction mechanism between DBT molecule and active groups  
The interactions take place between DBT molecules and modified AC (hydroxyl group and carboxyl group) by vacant sites (Lewis acid sites, Vander waals interactions and electronic defect centers), S-CO, S-OH. The other interactions take place via π-complexation. In fact that the sulfur compounds such as DBT contains π-structural sites more than any other types of sulfur compounds. Therefore, the interaction mechanism between the atoms of carboxyl and DBT molecules occur via π-complexation [33]. As shown in the Figure 14, such interaction can be explained via π-complexation and vacant sites, therefore high interaction increases the vacant sites by functional carboxyl group or hydroxyl group. The interaction between DBT molecules and pore sites depends on the interaction groups, where vacant sites represent (Lewis acid) and sulfur compounds represent (Lewis bases) and high adsorption capacities of the modified AC in adsorption desulfurization has been noticed. The modification method of the adsorbent is found to increase the specific areas and pore volumes and to produce the surface oxygen complexes of AC through the reactions between the AC and potassium permanganate (KMnO4) and potassium phosphate (KPO4.3H2O).The interaction intensity between the adsorbents and the adsorbates increased by increasing the molecular size of the adsorbates and the number of the carboxylic groups on the AC surface especially with (KMnO4).

Figure 14: Schematic diagram of adsorption of DBT on modified adsorbent for (a) KPO4.3H2O-AC, (b) KMnO4-AC

4.4 Comparison results between this study and last studies
Table 5 represents the comparison results obtained from this study and those obtained by previous studies. It has clearly been observed that the new adsorbents designed by this study having higher activity towards sulfur removal than those reported in the literature (previous works). Where, the best sulfur removal related to DBT is 86.8% and 53.8% using AC-KMnO4 and AC-KPO4.3H2O, respectively. Such new results are attributed to the new efficient adsorbents supported on activated carbon designed in this work.  
	
Table 5 Comparison results between this study and previous studies 
	Sulfur compound
	Adsorbent
	System
	Model oil
	Sulfur removal%
	Reference

	DBT
	Nickel Metal(Ni-GAC)
	Batch
	Iso-Octane
	64
	[34]

	DBT
	Activated Alumina
	Batch
	n-hexane
	58.6
	[35]


	DBT
	zirconia
	Batch
	iso-octane
	60
	[36]

	DBT
	Zinc Loaded Activated Carbon(Zn-AC)
	Batch
	Model oil
	75.2
	[37]


	DBT
	Commercial active carbons
	Batch
	iso-octane
	48
	[38]


	BT
	Commercial active carbons
	Batch
	n-Octane
	39.5
	[39]

	DBT
	Activated carbon nanotubes (ACNTs)
CNTs/KOH
CNTs/NaOH CNTs/CaCl2
	Batch
	heavy naphtha
	42.3
69.6
55.6
36.8
	[40]

	DBT
	KMnO4-AC KPO4.3H2O-AC
	FBC
	Heavy gas oil
	86.8
53.8
	This work





4.5 Kinetic Modeling 
4.5.1 Application of Yoon–Nelson model
The study of breakthrough behavior of DBT by modified activated carbon (KPO4.3H2O-AC and KMnO4-AC) was via the simple theoretical model developed by Yoon– Nelson. The values of a rate constant () and time required for 50% DBT breakthrough  parameters obtained from ln[] versus time (t) plots at different operating conditions (several flow rates (1.5, 2.5 and 3.5) ml/min, different bed heights varied between 5.55 and 16.65 cm) according to Eq. (8). This plot will result in a straight line with slope of () and intercept of () which are given in Figures 15-18. Table  6 and  7 represent the values of the rate constants and breakthrough of the modified activated carbon loaded with KPO4.3H2O and KMnO4 respectively. From these results it can be observed, the values of () increase with increasing flow rate of HGO, whereas the 50% breakthrough time τ decreases. Opposite phenomena has noted with the bed length, where an increase in bed length the values of τ increase while the values of () decrease. This behavior is due to the fact that increasing in initial ion concentration increases the competition between adsorbate molecules for the adsorption site, which ultimately results in increasing uptake rate [41]. It was also found that the time required to achieve 50% of adsorbate breakthrough τ from the Yoon–Nelson model seemed to agree well with the experimental data  in the entire column. Thus, Yoon and Nelson models fits well to the experimental data. This can be further supported by the high values obtained for linear regression coefficient R2 (Table 6 and 7).

Figure15: Yoon–Nelson kinetic model for the adsorption of DBT on KPO4.3H2O-AC (bed length = 5.55cm and adsorption temperature = 25 ± 1°C)
Figure16: Yoon–Nelson kinetic model for the adsorption of DBT on KMnO4-AC (bed length = 5.55cm and adsorption temperature = 25 ± 1°C) 
Figure 17: Yoon–Nelson kinetic model for the adsorption of DBT on KPO4.3H2O-AC (Q = 1.5 ml/min and adsorption temperature = 25 ± 1°C)
Figure 18: Yoon–Nelson kinetic model for the adsorption of DBT on KMnO4-AC (Q = 1.5 ml/min and adsorption temperature = 25 ± 1°C)

Table  6 Yoon–Nelson kinetic model parameters at different experimental condition by non-linear regression analysis.
	Yoon–Nelson parameters
(AC-KPO4.3H2O)
	Flow rate (ml/min)
	Bed length (cm)

	
	1.5
	2.5
	3.5
	5.55
	11.1
	16.65

	KYN (min−1)
	0.0092
	0.0097
	0.0101
	0.0092
	0.0034
	0.0028

	τ (min)
	156.228
	86.39
	77.356
	156.41
	173.38
	292.75

	R2
	0.9989
	0.9156
	0.9879
	0.998
	0.9997
	0.9891



Table 7Yoon–Nelson kinetic model parameters at different experimental condition by non-linear regression analysis for (KMnO4-AC).
	Yoon–Nelson parameters for
(KMnO4-AC)
	Flow rate (ml/min)
	Bed length (cm)

	
	1.5
	2.5
	3.5
	5.55
	11.1
	16.65

	KYN (min−1)
	0.0047
	0.0057
	0.0031
	0.0069
	0.003
	0.0014

	τ (min)
	182.702
	65.964
	23.225
	145.362
	156.5
	213.571

	R2
	0.9943
	0.9808
	0.9955
	0.984
	0.9999
	0.9509




4.6.2 Application of Thomas model
The FBC column experimental data are fitted to the Thomas model to determine the Thomas rate constant () and maximum solid-phase concentration (). The determined coefficients and relative constants are obtained using linear regression analysis according to Eq. (6). The predicted curves of a linear plot of [ln (CDBT,0/CDBT)] against time , at various experimental conditions (different flow rate and different bed length) related to the Thomas model are shown in Figures 19-22 to determine the values of  and  from the intercepts and slopes of the plot. The results of , and  are given in Table 8 and 9 for modified activated carbon loaded with KPO4.3H2O and KMnO4, respectively. From these results, it can be seen that the linear regression coefficient () value is high and hence the Thomas model fitted well with the experimental data. As flow rate increases, the value of Thomas rate constant () increases but the value of maximum solid-phase concentration () decreases. Increasing bed length increases  increases whereas the value of Thomas rate constant () decreases [34, 42]. 
The empirical models by (Yoon–Nelson, and Thomas) were utilized for mathematical simulation of experimental data in a continuous adsorption process. Yoon–Nelson and Thomas models were firstly used for removal application and have recently been employed to apply for liquid involved processes. The values of coeﬃcient of determination (R2) were very high providing an excellent ﬁt to the experimental results. The results of the models parameters and related coefficients of correlation, R2 are shown in Tables 6- 9. The initial part of the process is dominantly controlled by intra-particle diffusion mechanism. This is because of extremely high concentration driving force in liquid–solid mass transfer, which provides relatively high external mass transfer. Therefore  intra-particle diffusion mechanism would control the process at initial part due to its lower rate. It has also been pointed that such good fitting of Yoon–Nelson and Thomas models is attributed to the adsorbate transport in the fixed bed column indicating that the surface diffusion was the rate-limiting step in the adsorption process giving high matching among all the results. 


Figure 19: Thomas kinetic model for the adsorption of DBT on AC-KPO4.3H2O (bed length = 5.55cm and adsorption temperature = 25 ± 1°C)
Figure 20: Thomas kinetic model for the adsorption of DBT on AC-KMnO4 (bed length = 5.55cm and adsorption temperature = 25 ± 1°C) 
Figure 21: Thomas kinetic model for the adsorption of DBT on AC-KPO4 (flow rate = 1.5 ml/min and temperature = 25 ± 1°C) 
Figure 22: Thomas kinetic model for the adsorption of DBT on AC-KMnO4 (flow rate = 1.5 ml/min and temperature = 25 ± 1°C)
Table 8 Thomas kinetic model parameters for KPO4.3H2O-AC at different experimental condition by non-linear regression analysis
	Thomas parameters 
(AC-KPO4.3H2O)
	Flow rate (ml/min)
	Bed length (cm)

	
	1.5
	2.5
	3.5
	5.55
	11.1
	16.65

	KTh(mL/mg.min)
	0.0026
	0.0037
	0.0046
	0.0026
	0.002
	0.0019

	qo (min)
	10
	7.042
	4.19
	14.28
	11.80
	8.26

	R2
	0.9935
	0.985
	0.9806
	0.9935
	0.9735
	0.9589




Table 9 Thomas kinetic model parameters for KMnO4-AC at different experimental condition by non-linear regression analysis
	Thomas parameters 
(KMnO4-AC)
	Flow rate (ml/min)
	Bed length (cm)

	
	1.5
	2.5
	3.5
	5.55
	11.1
	16.65

	KTh (mL/mg.min)
	0.0023
	0.0027
	0.0032
	0.0023
	0.0019
	0.0016

	qo (min)
	29.30
	15.259
	11.26
	20.93
	20.45
	9.82

	R2
	0.9902
	0.9868
	0.9539
	0.9902
	0.9997
	0.9766





5. Conclusions

Based on the observations made in this study, activated carbon and modified AC-KMnO4 and AC-KPO4.3H2O are promising candidates for adsorption DBT from model HGO. The following conclusions could be derived from this study:
1. AC with acid treatment enhances the adsorbent surface for more DBT to react, thus contributing to improved adsorption capacity of the adsorbent. Activated carbon tends to aggregate together as bundles because of Van der Waals interactions.
2. Addition of carboxyl and hydroxyl groups on the surface of the adsorbent (AC) improves the performance of the adsorbent, even though it decreases the surface area after functionalization. The results have showed that modification of AC via KPO4.3H2O results in adsorption capacity of 53.8% while for KMnO4 adsorption capacity is 86.8%. 
3. The effect of various operation parameters such as time of adsorption, flow rate, and height of packed-bed on the adsorption column has been reported. It has been observed that highest adsorption of DBT is obtained at the following optimal operating conditions (adsorbent= AC-KMnO4, bed height = 16.65cm, flow rate=3.5 ml/min, time of adsorption=75 min). 
4. New results according to sulfur removal (based on ADS process) using the new adsorbents generated by this study have been obtained compared with those reported in the public domain. 
5. Application of Thomas model for adsorption kinetics showed that the value of maximum solid-phase concentration () decreases when the flow rate and the length of the bed increase. The value of Thomas rate constant () increases with increasing flow rate, and decreases with increasing bed length for AC-KPO4.3H2O and AC-KMnO4. Whereas, the results from Yoon–Nelson adsorption kinetic model shows that the rate constant  increases with increasing flow rate, and decreases with increasing bed length for AC-KPO4.3H2O and AC-KMnO4.
6. Thomas and Yoon models can be used for adsorption kinetics in future for the development of full process model to be used for further simulation and optimization of the process. 
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