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Abstract

A lab-scale batch reactor is used to study deep desulphurization of a model sulfur compound dibenzothiophene (DBT) and heavy gas oil (HGO) with hydrogen peroxide (H2O2) as oxidant and formic acid (HCOOH) as catalyst. The results are quite promising and therefore a large scale oxidation process using a continuous stirrer tank reactor (CSTR) is considered further. In this process, a large amount of energy is required to carry out reaction at temperature close to that of the batch reactor, the recovery of which is very important for maximizing the profitability of operation and reducing environmental impact. Therefore a heat integrated CSTR system is proposed here. In the absence of a real plant a model for the system is developed. The kinetic model for the CSTR is based on the batch reactor experiments. An optimization problem to minimize the overall annual plant cost is formulated and solved using gPROMS. A cost saving of 22% for the integrated process is obtained compared to a non-integrated process. 
Keywords: Desulfurization, Heavy Gas Oil, Integrated Process, Energy Recovery.

1. Introduction
Both economics and environment dictates the removal of sulfur from petroleum or its products. Sulfur in petroleum products poisons catalytic converters, corrodes parts of internal combustion engines and refineries because of the formation of oxy-acids of sulfur. Traditionally catalytic hydrodesulfurization (HDS) method is used for reducing sulfur which requires high partial pressure of hydrogen and high temperature. This makes HDS a costly option for deep desulfurization. Furthermore HDS is not effective for removing hetrocycilc sulfur compounds such as dibenzothiophene (DBT) and its derivatives. Faced with continuing fuel quality challenges, refiners have begun to look at oxidative desulfurization (ODS), under much milder conditions, as an alternative complementary process to HDS for deep desulfurization (Aida et. al., 2000). 

The ODS is basically a two-stage process, oxidation, followed by liquid extraction. In the oxidation step, the sulfur containing compounds are oxidized using appropriate oxidants to convert these compounds to their corresponding sulphones. These are preferentially extracted from oil based on their increased relative polarity (Babich and Moulijn, 2003, Gore; 2001). In the extraction step, the oxidized compounds are extracted from the oil by using a non-miscible solvent.

With this back drop, the aim of this work is two fold. Firstly, the oxidation of model sulfur compound (DBT) and sulfur present in heavy gas oil (HGO) with H2O2 in the presence of a catalyst (HCOOH) is studied. A series of batch experiments are carried out using a small reactor (500 ml) operating at various temperatures ranging from 40 0C to 100 0C. Kinetic model for the oxidation is also developed based on the experimental data. Secondly, a CSTR model is developed for the oxidation process for evaluating the viability of a large-scale operation. Note that while the energy consumption and recovery issues could be ignored for batch experiments those are certainly not the case for large scale operation. To carry out the reaction even at 30-40 0C, the large scale operation will demand large amount of heating. The recovery of heat therefore, is very important for maximizing the profitability of operation. For industrial operation, the calculation of the minimum heating and cooling requirements reveal significant energy savings (Douglas, 1988). Therefore an integrated process where most of the energy is recovered is proposed here. However, this leads to embedding a number of heat exchangers in the system requiring capital investment. Therefore an optimization problem is formulated to minimise the total cost while optimising several design and operating parameters such as reaction temperature, residence time, minimum approach temperatures and splitter ratio. Here, the modelling and optimization are carried out by using gPROMS software (2005).

2. Batch Reactor Experimentation with Small Scale Oxidation Process  
The oxidation reaction was carried out in a 500 ml four necked flask containing 30 ml of model oil (sulfur was 940 ppm) and 1.25 ml of 30 % H2O2 (oxidant). Dibenzothiophene (DBT) was dissolved in dodecane to make the model oil. The flask is placed into the heating mantel equipped with a temperature controller and stirred at 750 rpm. When the required reaction temperature has been reached 30 ml of HCOOH (catalyst) was added to the flask to initiate the reaction. This procedure was carried at different temperatures (40, 60, 80 and 100 0C) for different time intervals. The resulting mixture was cooled to room temperature, and the sulfur content of the organic layer was detected by X-ray fluorescence. The same procedure was used for the heavy gas oil (HGO, sulfur was 1066 ppm) using equal volumes of the catalyst and HGO (30 ml) and half the volume of oxidant (15 ml).

2.1. Experimental results
The results of oxidation of dibenzothiophene with H2O2 as a function of reaction time and reaction temperatures are shown in Figure 1 (Khalfalla et al, 2007). The initial reaction rate was found to be high, therefore, ninety eight (98) percent (wt %) conversion of DBT has been achieved after 5 minutes for all reaction temperatures. The oxidation of HGO with H2O2 as a function of reaction time over various temperatures is shown in Figure 2. The results indicated that the oxidation activities increased with the increasing temperature up to 600C but the conversion is only 40 %. A linear relationship of ln(CA /CA0) versus time was obtained for DBT and total sulfur in HGO for all temperatures (Figures 3 and 4 shows the plot for 40 0C). These results suggest that the oxidative reaction can be treated as a first-order reaction. Therefore, the reaction rate constants at various temperatures can be obtained from the slops of ln(CA /CA0) vs time. The apparent activation energies (E) and Arrhenius factor (A) with model oil and HGO were obtained from the Arrhenius plots (ln K vs 1/T). For HGO, E =7622 J/mol, A= 0.2279 min-1 are obtained. (Khalfalla et. al., 2007) 
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  Figure 3. First-order plots DBT at 40 0C        
      Figure 4. First-order plots of HGO at 40 0C

3. Heat Integrated Large Scale Oxidation Process
For large scale oxidation a CSTR is chosen. Batch reactor experiment (section 2) shows that oxidation reaction of model sulfur compound and total sulfur in heavy gas oil is favourable at higher temperature (>40 0C). The energy consumption for batch reactor (lab-scale) was negligible (as the volume is small) and natural cooling after the reaction was sufficient and therefore, no additional utility was required. However, in the large scale operation even to raise the HGO at 40 0C, energy consumption is a big issue. Therefore while scaling up a heat integrated of CSTR process (Fig. 5) is considered to reduce the overall energy consumption. The objective is to determine a retrofit design that can reduce the energy consumption, maximize energy recovery and minimize the capital investment. The exchangers, heaters and cooler are represented in Figure 5 by E, H and C respectively. The feed and product temperatures will be considered fixed and equal (TF0). For simplicity a simple CSTR model with the assumption of perfect mixing is used. 
3.1. Process model
In Figure 5, three feed streams were fed into the reactor. The first stream S1 (cold stream) containing HGO is preheated from TF0 to TF1 in the heat exchanger E1. Then, the HGO is fed into the heater H1 to preheat from TF1 to the reaction temperature (Tr). The second stream S2 (cold stream) containing HCOOH is preheated from TF0 to TF2 in the heat exchanger E2, and then from TF2 to Tr through the heater H2. The third stream S3 containing oxidant (H2O2) is fed into heat exchanger E3 to preheat from TF0 to TF3 and then to heat up to the reaction temperature (Tr) in the heater H3. The stream leaving the reactor (hot stream) is divided into two streams (S5 and S6) according to the splitter ratio (Sr). Stream S5 is cooled from Tr to T0 by exchanging heat with the feed stream S1 through the heat exchanger E1. Stream S6 is cooled from Tr to T01 by stream S2 in the heat exchanger E2. The product streams (S5 and S6) are mixed and cooled from TP to TA by exchanging heat with feed stream S3 through the heat exchanger E3, and then from TA to product temperature TF0 (same as feed temperature) in the cooler (C) by using utility water at Tw1.The model equations for the whole process are shown in Figure 6. There are forty six equations and fifty seven variables (fifty three unknown and four specified) and nineteen fixed parameters (shown in Table 1) in these equations. TF0, Tw1, Ts and V0 are specified and ΔT2, ΔT4, ΔT6, Tr, Tw2, τ and Sr are relaxed and optimized.
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 Figure 5. Process flowsheet of heat - integrated reaction system
4. Optimization Problem Formulation
The optimization problem can be described as follows:

Given
feed and product temperature (TF0), steam temperature (Ts), water temperature (Tw1) and volumetric flow rate of feed (V0);
Optimize
residence time (τ), reaction temperature (Tr), outlet temperature of cooled water (Tw2), splitter ratio (Sr), minimum approach temperatures (ΔT2, ΔT4, ΔT6)
So as to

Minimize
the total cost of the process (Ct) including capital investment
Subject to
constraints on the conversion (0.40<XA<0.42) and linear bounds on all optimization variables 
The objective function in the optimization problem formulation is the overall annual plant cost (Ct) that considers equipment cost (reactor Cd, heat exchangers CE, pumping CPU), and operating cost (C0) (Fernando and Pedro, 1998) (Equation 1). The correlations of Cd, CE, CPU and C0 are shown in Figure 7. The optimization problem is solved using gPROMS (2005).
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5. Optimization Results
The results of optimization problem (summarized in Table 2) show that, the minimum total cost (Ct), amounts of steam and cooling water with heat integration of the oxidation process are less than those without the heat integration at specified variables (TF0 = 300 K, Tw1 = 298.15 K, Ts = 373.15 K and V0 = 0.1 m3/min). Furthermore the energy input without heat integration is 126% higher than that with heat integration of the oxidation process. Note the minimum approach temperatures for the heat exchangers E1, E2 and E3 (ΔT2, ΔT4 and ΔT6) are within 19-30 0K which is quite practical.
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Figure 6.Model equations of heat - integrated reaction system
Table 1. Nominal and values of constant parameters used in the model
	Initial concentration, CA0, mol/ m3= 33.3
	Activation energy, E, J/mol = 7622

	Arrhenius Factor, A, min-1= 0.2279
	Heat capacity of H2O2, CPH2, J/kg K = 3517

	Density of H2O2, ρH2 ,kg/m3 = 1400
	Heat capacity of HGO, CPH, J/kg = 1988.73

	Heat capacity of HCOOH, CPF ,J/kg = 1730
	Heat capacity of water, CPw, J/kg = 4181.3

	Density of HGO, ρH, kg/m3 = 817
	Density of HCOOH, ρF, kg/m3 = 1220

	Gas constant, R, J/mol K = 8.314
	Latent heat, λ, J/kg = 2256918

	Over all heat transfer coefficient for exchanger UE1, UE2 , UE3, W/m2K = 321

	Over all heat transfer coefficient for heater, UH1, UH2, , UH3,W/m2K = 851

	Over all heat transfer coefficient for cooler, UC, W/m2K = 638


Table 2. Results of optimisation problem

	
	With heat integration
	Without heat integration
	Decision variable type
	Optimized value

	A, m2
	86.11
	66.15
	ΔT2, K
	27.1613

	Ct,$
	65887.8
	84454.7
	ΔT4, K
	30.842

	CS*, %
	22
	0.0
	ΔT6, K
	19.000

	MS, kg/min
	4.30
	12.47
	Sr, %
	0.5932

	MW, kg/min
	334
	356.46
	, min
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	MCR, kJ
	9770
	2.21E04
	Tr, K
	343.5

	MER , kJ
	9770
	2.21E04
	Tw2, K
	305.15

	MHR , kJ
	1.26E04
	0.0
	XA
	0.410

	ES, %
	57
	0.0
	------
	-----


*CS = Cost saving, MCR= Minimum cooling requirement, ES= Energy saving, MER= Minimum energy requirement, MHR= Maximum heat recovery

[image: image9]Figure 7. Correlation for different cost functions. 

6. Conclusions
This study investigates the removal of DBT from model oil and total sulfur from heavy gas oil by oxidative desulfurization in a small batch reactor with hydrogen peroxide as the oxidant in the presence of formic acid as the catalyst. The effectiveness of sulfur removal is found to be proportional to the reaction temperature in the range of 40 to 60 ºC. The sulfur removal of DBT-containing model oil can reach 40-98% under different reaction temperatures. A heat integrated CSTR system is considered to combat high energy demand for a large scale oxidation process. Using optimization techniques within gPROMS, minimum energy input, maximum heat recovery and minimum investment and operating cost are determined. The results show that the cost and energy savings are in the range of 22% and 57% respectively which are significant.
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Where: K1 = 4.8306, K2 = -0.8596, K3 = 0.3187, A is the total heat exchanger surface area, m2, V is the reactor volume, m3 and q= (QH+QC) /QN and QN=2.54*107 J/min. 
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ورقة1

		

								Oxidation of Z.H.G.O. amount of oxidant 1.25 cm3 ,Cat. 30cm3

								40C				60C				80C				100C

						time		%s		x		%S		X		%S		X		%S		X

						0		0.1066		0.00		0.1066		0.00		0.1066		0.00		0.1066		0.00

						0.5		0.0981		7.97		0.0821		22.98		0.0801		24.86		0.0798		25.14

						1		0.0823		22.80		0.0702		34.15		0.0701		34.24		0.0700		34.33

						1.5		0.0736		30.96		0.0628		41.09		0.0616		42.21		0.0615		42.31

						2		0.0678		36.40		0.0593		44.37		0.0581		45.50		0.0576		45.97

						2.5		0.0618		42.03		0.0544		48.97		0.0532		50.09		0.0531		50.19

						3		0.0569		46.62		0.0505		52.63		0.0503		52.81		0.0501		53.00

						3.5		0.0544		48.97		0.0490		54.03		0.0487		54.32		0.0486		54.41

						4		0.0501		53.00		0.0462		56.66		0.0461		56.75		0.0460		56.85

						4.5		0.0490		54.03		0.0458		57.04		0.0439		58.82		0.0438		58.91

						5		0.0482		54.78		0.0427		59.94		0.0424		60.23		0.0421		60.51

						Time		Ln(Ca)		Ln(Ca)		Ln(Ca)		Ln(Ca)

						0		-2.2386717673		-2.2386717673		-2.2386717673		-2.2386717673

						0.5		-2.3217679124		-2.4998172625		-2.5244794249		-2.5282317745

						1		-2.4973841713		-2.656406968		-2.6578324849		-2.6592600369

						1.5		-2.6091102532		-2.7678002055		-2.7870934084		-2.7887181042

						2		-2.691193084		-2.825145973		-2.8455896151		-2.8542327113

						2.5		-2.7838519145		-2.9113911251		-2.9336968826		-2.9355783507

						3		-2.8664599378		-2.9857819427		-2.9897502019		-2.9937342709

						3.5		-2.9113911251		-3.0159349809		-3.0220762489		-3.0241317481

						4		-2.9937342709		-3.0747754809		-3.076942329		-3.0791138825

						4.5		-3.0159349809		-3.0834711879		-3.1258409589		-3.1281214616

						5		-3.0323962579		-3.1535563587		-3.1606069167		-3.1677075383
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100C
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-2.5282317745
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				Oxidation of DBT by H2O2/Formic acid system(1.25ml/30ml)

		40C

				Time		S%

						Top		Bottom		X

				0		0.0943		0		0.00

				1		0.0631		0.0301		33.09

				2		0.029		0.0431		69.25

				3		0.0087		0.0574		90.77

				4		0.0058		0.0648		93.85

				5		0.0019		0.0664		97.99

				10		0.0013		0.0687		98.62

		60C

				Time		S%

						Top		Bottom		X

				0		0.0943		0		0.00

				1		0.0295		0.0282		68.72

				2		0.0101		0.052		89.29

				3		0.0043		0.0647		95.44

				4		0.0035		0.0646		96.29

				5		0.0022		0.0658		97.67

				10		0.002		0.0659		97.88

		80C

				Time		S%

						Top		Bottom		X

				0		0.0943		0		0.00

				1		0.0173		0.0505		81.65

				2		0.0056		0.0577		94.06

				3		0.0052		0.0657		94.49

				4		0.002		0.0659		97.88

				5		0.002		0.0658		97.88

				10		0.0019		0.0662		97.99

		100C

				Time		S%

						Top		Bottom		X

				0		0.0943		0		0.00

				1		0.0094		0.0551		90.03

				2		0.005		0.0719		94.70

				3		0.0045		0.0763		95.23

				4		0.002		0.0792		97.88

				5		0.0018		0.0859		98.09

				10		0.0018		0.1045		98.09
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														Ca at 40C		= -0.0002x3 + 0.0044x2 - 0.0281x + 0.1078

																R2 = 0.9955

																-0.0011x3 + 0.0117x2 - 0.0427x + 0.1041

																R2 = 0.9901

						40C				60C				80C				100C

				time		%s		x		%S		X		%S		X		%S		X

				0		0.1066		0.00		0.1066		0.00		0.1066		0.00		0.1066		0.00

				0.5		0.0981		7.97		0.0821		22.98		0.0801		24.86		0.0798		25.14

				1		0.0823		22.80		0.0702		34.15		0.0701		34.24		0.0700		34.33

				1.5		0.0736		30.96		0.0628		41.09		0.0616		42.21		0.0615		42.31

				2		0.0678		36.40		0.0593		44.37		0.0581		45.50		0.0576		45.97

				2.5		0.0618		42.03		0.0544		48.97		0.0532		50.09		0.0531		50.19

				3		0.0569		46.62		0.0505		52.63		0.0503		52.81		0.0501		53.00

				3.5		0.0544		48.97		0.0490		54.03		0.0487		54.32		0.0486		54.41

				4		0.0501		53.00		0.0462		56.66		0.0461		56.75		0.0460		56.85

				4.5		0.0490		54.03		0.0458		57.04		0.0439		58.82		0.0438		58.91

				5		0.0482		54.78		0.0427		59.94		0.0424		60.23		0.0421		60.51

						40C

				time		dCa/dt		ln(dCa/dt)				ln(ca/ca0)

				0		-0.0281		-3.5719857026				0

				0.5		-0.023775		-3.7391206706				-0.0830961452

				1		-0.0199		-3.9170355473				-0.258712404

				1.5		-0.016925		-4.0789634602				-0.370438486

				2		-0.0153		-4.1799024506				-0.4525213168

				2.5		-0.015475		-4.1685294604				-0.5451801473

						-0.0281		-3.5719857026

						-0.0281		-3.5719857026

						-0.0281		-3.5719857026

						-0.0281		-3.5719857026

						-0.0281		-3.5719857026

						pseudo-first order rate constant for El-Zawia H.G. oil at 40,60,80 and 100C

				t		Ca/40		lnca/ca0		Ca/60		lnca/ca0		Ca/80		lnca/ca0		Ca/80		lnca/ca0

				0		0.1066		0		0.1066		0		0.1066		0		0.1066		0

				0.5		0.0821		-0.2611454953		0.0821		-0.2611454953		0.0801		-0.2858076577		0.0798		-0.2895600073

				1		0.0702		-0.4177352007		0.0702		-0.4177352007		0.0701		-0.4191607177		0.0700		-0.4205882697

				1.5		0.0628		-0.5291284383		0.0628		-0.5291284383		0.0616		-0.5484216412		0.0615		-0.5500463369

				2		0.0593		-0.5864742057		0.0593		-0.5864742057		0.0581		-0.6069178479		0.0576		-0.615560944

				2.5		0.0544		-0.6727193579		0.0544		-0.6727193579		0.0532		-0.6950251154		0.0531		-0.6969065835

				Figure(4.1).The first-order plotsof ln(Ca/C0) and reaction time for oxidation of El-Zawia.HGO at 40C

				Arrhenius activation energy for El-Zawia H.G. oil oxidation(formic acid/H2O2 system)

				Reaction T.		1/T		Rate constant(1/min)		ln(k)

				313.15		0.0031933578		0.2272		1.4819245921

				333.15		0.0030016509		0.3052		1.1867879796

				353.15		0.0028316579		0.315		1.1551826402

				373.15		0.0026798874		0.3174		1.1475924709

														7622.2752

						pseudo-first order rate constant for DBT at 40,60,80 and 100C

						t		Ca/40		lnca/ca0		Ca/60		lnca/ca0		Ca/80		lnca/ca0		Ca/80		lnca/ca0

						0		0.0943		0		0.0943		0		0.0943		0		0.0943		0

						1		0.0631		-0.4017604201		0.0295		-1.1620909263		0.0173		-1.6957746881		0.0094		-2.3057715004

						2		0.029		-1.1791853597		0.0101		-2.2339457658		0.0056		-2.8237145919		0.005		-2.9370432772

						3		0.0087		-2.383158164		0.0043		-3.0878661669		0.0052		-2.8978225641		0.0045		-3.0424037929

						4		0.0058		-2.7886232721		0.0035		-3.2937182211		0.002		-3.8533340091		0.002		-3.8533340091

						5		0.0019		-3.9046273035		0.0022		-3.7580238293		0.002		-3.8533340091		0.0018		-3.9586945247

																0.0011		-4.4511710098		0.0018		-3.9586945247

						Figure(4.1).The first-order plotsof ln(Ca/C0) and reaction time for oxidation of DBT at 40C

				Arrhenius activation energy for DBTl oxidation(formic acid/H2O2 system)

				Reaction T.		1/T		Rate constant(1/min)		ln(k)

				313.15		0.0031933578		0.7379		0.3039469649

				333.15		0.0030016509		0.852		0.1601687522

				353.15		0.0028316579		0.9221		0.0811016014

				373.15		0.0026798874		0.9548		0.0462533845

														4192.7502

				t		Ca/20		lnca/ca0		Ca/60		lnca/ca0		Ca/80		lnca/ca0		Ca/80		lnca/ca0

				0		0.1535		0		0.1535		0		0.1535		0		0.1535		0

				2.5		0.0873		-0.5643501042		0.0731		-0.7418722003		0.03085		-1.6045638167		0.0291		-1.6629623928

				5		0.0262		-1.7679411563		0.0356		-1.4613549292		0.0233		-1.8852472065		0.0203		-2.023079681

				Figure(4.1).The first-order plotsof ln(Ca/C0) and reaction time for oxidation of di- n- butyl sulfide at 40C

				Reaction T.		1/T		Rate constant(1/min)		ln(k)

				293.15		0.0034112229		0.238		1.4354846053

				313.15		0.0031933578		0.2932		1.226900309

				333.15		0.0030016509		0.43		0.8439700703

				353.15		0.0028316579		0.45		0.7985076962

										9931.073

								T		Eq.

								40		y = 0.0026x2 - 0.0247x + 0.1068

										R2 = 0.9942

								60		= -0.0011x3 + 0.0117x2 - 0.0427x + 0.1041

										R2 = 0.9901

				40C

		time		%s		lnCa		(-Dca)		lnDca

		0		0.1066		-2.2386717673		0.0247		-3.7009520353

		0.5		0.0981		-2.3217679124		0.0221		-3.8121776705

		1		0.0823		-2.4973841713		0.0195		-3.9373408134

		1.5		0.0736		-2.6091102532		0.0169		-4.0804416571

		2		0.0678		-2.691193084		0.0143		-4.2474957417

		2.5		0.0618		-2.7838519145		0.0117		-4.4481664372

		3		0.0569		-2.8664599378		0.0091		-4.6994808655

		3.5		0.0544

		4		0.0501

		4.5		0.0490

		5		0.0482

				60

		time		%S		X

		0		0.1066		0.00

		0.5		0.0821		22.98

		1		0.0702		34.15

		1.5		0.0628		41.09

		2		0.0593		44.37

		2.5		0.0544		48.97

		3		0.0505		52.63

		3.5		0.0490		54.03

		4		0.0462		56.66

		4.5		0.0458		57.04

		5		0.0427		59.94
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ln(Ca/Ca0)=-0.2272t at 40C
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ln(Ca/Ca0)=-0.3052t at60C
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ln(Ca/Ca0)=-0.3154t at80C
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ln(Ca/Ca0)=-0.3174t at100C
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ln(Ca/Ca0)=- -0.7379t at 40C
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ln(Ca/Ca0)=- -0.852t at 60C
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ln(Ca/Ca0)=- - -0.9221t at 80C
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ln(Ca/Ca0)= -0.9548 at 100C
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ln(Ca/Ca0)=- -0.7379t at 40C
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ln(Ca/Ca0)=- -0.7379t at 40C
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ln(Ca/Ca0)=- -0.7379t at 40C
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ln(Ca/Ca0)=- -0.7379t at 40C
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ln(Ca/Ca0)=- -0.7379t at 40C
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