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Abstract:

 With the growing demand for energy and the depletion of conventional crude oil, heavy oil in huge reserve has attracted extensive attention. However, heavy oil cannot be directly refined by existing processes unless they are upgraded due to its complex composition and high concentration of heteroatoms (N, S, Ni, V, etc.). Of the variety of techniques for heavy oil upgrading, supercritical water (SCW) is gaining popularity because of its excellent ability to convert heavy oil into valued, clean light oil by the suppression of coke formation and the removal of heteroatoms. Based on the current status of this research around the world, heavy oil upgrading in SCW is summarized from three aspects: Transformation of hydrocarbons, suppression of coke, and removal of heteroatoms. In this work, the challenge and future development of the orientation of upgrading heavy oil in SCW are pointed out.
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1. Introduction

Heavy oil is a collective term for unconventional crude oil with a gravity smaller than 20 API and a viscosity greater than 100 cP [1,2]. It includes heavy oil, high viscosity oil, bitumen, oil sand, oil shale, residue, etc. [3,4]. According to the statistical reports of the United States Geological Survey (USGS), in 2003, more than 70% of the remaining 10,000 billion barrels of petroleum in the world is from heavy oil resources [1,5]. Currently, with the rapid development of the economy and the dramatic growth of population, the demand for fuel oil is decreasing while the demand for light oil is increasing [6,7]. Unfortunately, the reserves of conventional crude oil suitable for the production of light oil is scarce and insufficient to meet the ever-growing energy demand [8,9]. To reduce the energy gap, taking the heavy oils as an oil substitute, and converting them into light fractions, may be an alternative choice [2,3,10,11]. However, heavy oil, usually characterized by its high viscosity, high density, small gravity, and low H/C ratio (1.2–1.4) cannot be directly refined by existing processes [2,10]. Additionally, high concentrations of heteroatoms (such as nitrogen, sulfur, nickel, and vanadium) accumulated in heavy oil will cause serious environmental concerns if not disposed [6,12,13]. Therefore, research on the technologies of upgrading heavy oil has, globally, received continuous attention.

The goal for upgrading heavy oil is to produce light oil suitable for further utilization, which can be realized through the cracking and removal of macromolecules, the elimination of the heteroatoms, the lowering of the viscosity, and the increasing of the H/C ratio [2,10]. In the past few years, numerous technologies for upgrading heavy oil had been developed, based on the carbon rejection and hydrogen addition route (see Table 1). Among the technologies for upgrading heavy oil, the technique of deasphalting is often used due to its effective removal of heteroatoms, along with the asphaltene, in the extraction processes [14]. Unfortunately, the extraction process usually consumes amounts of organic solvents and the mass loss of heavy oil reaches 30% [14,15]. Other techniques of carbon rejection, especially coking, are also preferred by refineries due to their lower investment [3,16]. However, with the decreasing demand for fuel oil, these processes will face a dilemma, as small amounts of liquid products but a great deal of coke are formed from these thermal processes [17,18]. Though the hydrogen addition processes can retard the formation of coke and convert heavy components into valuable light fraction, the cost of hydrogen is considerable [19]. Additionally, the deposition of coke and metals can easily deactivate the expensive catalysts for upgrading heavy oil [20]. Given the problems of the technologies, novel processes need to be developed in order to upgrade heavy oil.

Table 1. Classification of technologies for upgrading heavy oil [3,4].


	Carbon Rejection
	Hydrogen Addition





	Deasphalting
	Fixed bed hydrotreating



	Visbreaking
	Fixed bed hydrocracking



	Thermal cracking
	Ebullated bed hydrotreating



	Coking
	Ebullated bed hydrocracking



	Catalytic cracking
	-










Among the novel technologies, the technique of using supercritical water (SCW) may provide a way to upgrade heavy oil. SCW, defined as the thermodynamic state of water above critical temperature and pressure (374.3 °C and 22.1 MPa), has aroused a great deal of interest in researchers due to its ubiquitous solvent properties and potential ability to donate hydrogen [19]. In contrast to deasphalting, upgrading heavy oil in SCW is a green process, without any auxiliary chemicals required. Moreover, the tunable dielectric constant (2 to 30) of SCW with temperature and pressure makes it as an ideal solvent [21]. Extensive applications of SCW techniques show that SCW can be miscible with most organic compounds and gases [21,22,23,24,25], which can greatly increase the recovery rate of heavy oil. In addition, the diminishing of hydrogen bonds and phase boundaries of SCW with an increase of temperature increases organic compound dissolution [21,23]. Compared with the techniques of coking, the timely and effective extraction of asphaltene nuclei can effectively retard the formation of coke [26]. Additionally, the SCW can act as an acid or base catalyst to take part in the reaction by manipulating the pressure [23,27]. Extensive research shows that upgrading heavy oil in SCW would produce cleaner light fractions and less coke than those in pyrolysis processes.

To date, a great deal of progress has been made in upgrading heavy oils (such as oil sand [28,29], oil shale [30,31], Bitumen [26,32,33], residues [34], and heavy oil [35]) in SCW. To understand the current status of upgrading heavy oil in SCW, a timely sorting and summary of the progress made for the processes of heavy oil upgrading in SCW are necessary. Canıaz et al. [4] reviewed the work of upgrading heavy oil in SCW from the aspect of process intensification. Timko et al. [36] mainly summarized the results of upgrading and desulfurization of heavy oil with SCW, achieved in Massachusetts Institute of Technology (MIT). As the upgrading of heavy oil in SCW is a comprehensive process, the systematic summary of previous work is essential for optimizing the reaction process. This paper is a systematic review from the following aspects: (1) transformation of hydrocarbons; (2) suppression of coke; and (3) removal of heteroatoms.



2. Transformations of Hydrocarbons


2.1. Extraction, Fractionation and Reaction of Hydrocarbons

Usually, heavy oil is comprised of saturates, aromatics, resins, and asphaltenes (SARA). Unfortunately, most of their components are of heavy fractions. To convert heavy oil into light oil, most of the previous research in upgrading heavy oil in SCW was concentrated on the transformation of hydrocarbons. Due to the ubiquitous physical and chemical properties of SCW, the transformation of hydrocarbons in SCW is a synergistic process of extraction, fraction, and reaction. With thermolysis, part of the hydrocarbons will be cracked into smaller molecules, while some hydrocarbons will form bigger molecules via the reactions of concentration and polymerization. Because of the superior miscibility of SCW with hydrocarbons, most of the hydrocarbons can be extracted and fractionated from the heavy oil using SCW.



To produce a more light oil, it is necessary to crack macromolecules into smaller molecules. Additionally, the timely separation of the light hydrocarbons from the reaction system, and restrict their secondary reaction to form gas and coke, is needed. However, in the SCW state, the cracking of macromolecules, the formation of coke, and the extraction of hydrocarbons are greatly influenced by certain reaction parameters (such as reaction conditions, reaction mode, catalysts, etc.). To transform a more heavy oil into light oil, it is necessary to optimize the reaction conditions, reaction mode, and choose the appropriate catalysts. In this section, the upgrading of heavy oil from different sources in SCW will be discussed from the aspects of extraction, fraction, and reaction of hydrocarbons. Additionally, the effects of the reaction conditions, reaction mode, catalysts, etc., on the hydrocarbon transformation will be carefully elaborated (shown in Table 2).


Table 2. Summary of the effects of reaction parameters on the transformation of hydrocarbons from heavy oil source.



	
Heavy Oil

	
Reaction Parameters

	
Major Results

	
References






	
Oil shale

	
Maoming

	

	Room temperature to 673 K at a rate of 8.5 K·min−1, hold for 1 h: SCW and SCT.





	

	■

	polar components were more easily decomposed in SCW.






	
[37]




	
Beypazari

	

	Room temperature to 673 K at a rate of 5 K·min−1: SCW and SCT.





	

	■

	higher conversion but lower oil yield achieved in SCW;



	■

	oil with higher asphaltic and polar compounds for SCT.






	
[38]




	
GGyniik

	

	Pyrolysis: Room temperature to 550 °C at a rate of 5 K·min−1, hold for 2 h;


	Flash pyrolysis: 550 °C;


	SCW: Room temperature to 375 °C at a rate of 17 K·min−1, hold for 60 min.





	

	■

	highest oil yield achieved for SCW.






	
[28]




	
Timahdit

	

	Room temperature to desired 380 °C at a rate of 4.5 K·min−1, hold for 2.41 h, pressure at 23 MPa;


	Room temperature to desired 400 °C at a rate of 4.5 K·min−1, hold for 1.48 h, pressure at 25 MPa;


	Room temperature to desired 400 °C at a rate of 4.5 K·min−1, hold for 2.48 h, pressure at 25 Mpa.





	

	■

	the oil yield and the fraction of aromatics increased with temperature ranging from 380 to 400 °C;



	■

	asphaltenes and polars decreased when the residence time is increased.






	
[39]




	
Oil sand

	
Albert Athabaca

	

	400 °C;


	Pressure: 14–24.5 MPa;


	Sweep rate: 2.3–10 mL·min−1;


	Mole ratio of H2O/CO: 1.7–12.2.





	

	■

	insensitive effect on the bitumen extraction yield;



	■

	extraction with water + CO greatly generated lower coke.






	
[40]




	
Tumuji

	

	Extraction rates of bitumen, saturates, aromatics and resin;


	from 100 to 500 °C;


	from 20 to 30 Mpa.





	

	■

	the extraction rates had a maximal values with the temperature increasing from 100 to 500 °C;



	■

	the maximal extraction rates achieved at lower temperature with thepressure increasing.






	
[29]




	
Bitumen

	
From SAGD method

	

	at 723 K, 30, 60, 90 min: Pyrolysis, SCW, SCW + HCOOH;


	at 723 K, 30 min, SCW + HCOOH: Water/oil = 0–3.





	

	■

	highest asphaltene conversion and lowest coke yields achieved for SCW;



	■

	higher asphaltene conversion and lower coke yields achieved at higher water/oil.






	
[11]




	
Omsk Oil Refinery

	

	400 °C, 30 MPa;


	Zn;


	Al.





	

	■

	the addition of <Zn> into SCW increased the volatile products, liquid products and resins up to 15.3%, 62.3% and 33.5%, respectively;



	■

	the addition of <Al> into SCW increased the volatile products, and maltenes up to 38.2%, and 36.1% while decreased resins up to 7.5%.






	
[41]




	
From SAGD method

	

	mole ratio of H2O/CO = 1, air pressure = 2.1 MPa, 30 min: 653–723 K;


	673 K, air pressure = 2.1 MPa, 30 min: Ratio of H2O/CO = 0–3;


	673 K, 30 min, ratio of H2O/CO = 1 (wt): Air pressure = 0–5 MPa.





	

	■

	higher temperature favored the asphaltene transformation, coke and gas formation;



	■

	the ratio of CO/(CO + CO2) increased about two times with the ratio of H2O/CO ranging from 0 to 3;



	■

	the increasing of air pressure would enhance the CO2 yield whereas decreased the ratio of CO/(CO + CO2).






	
[42]




	
Canadian Athabasca

	

	flow mode, ration of water/bitumen = 2, 3.5 h, temperature = 400 °C: 10, 25, 30 MPa.





	

	■

	the optimal dispersion condition was obtained at 30 MPa;



	■

	no coke found in the SCW flow.






	
[43]




	
Residues

	
Shanghai Petroleum Co.

	

	Temperature: 420–460 °C;


	ole ratio of H2O/oil: 2–4;


	reaction time: 0–120 min.





	

	■

	effects of reactions conditions on product quality could be ranked as: Temperature > H2O/VR > reaction time > water density;



	■

	Optimal condition: 420 °C, 1h, H2O/oil = 2.






	
[44]




	
VR

	

	Temperature: 380–460 °C;


	mole ratio of H2O/oil: 0.78–4;


	reaction time: 5–120 min.





	

	■

	a reduction of 30.9% in resins and asphaltenes;



	■

	a reduction of 22.8% in aromatics;



	■

	an increase of 98.6% in saturates;



	■

	the viscosity of the product was reduced from 116 mPa s of the feedback to 6.2 mPa·s.






	
[45]




	
Daqing

	

	415 °C: With or without SCW.





	

	■

	less gases but more liquid products were generated from SCW.






	
[46]




	
Gudao

	

	415 °C, 90 min, initial hydrogen pressure = 7 MPa: Molybdenum-dithiocarboxylate (MoDTC), FeNaphthenate, CoNaphthelate (Conaph), Ni(CH3COO)2, (Ni(Ac)2), ((NH4)5MO7O24·4H2O (AHM), (NH4)3PO4·12MO3·12H2O (APM), PMA, (Fe(CO)5), (NH4)2MOS4 (ATTM)).





	

	■

	the addition of catalysts effectively reduced the coke yield;



	■

	the optimal catalyst was PMA.






	
[47]




	
Gudao

	

	420 °C, PMA (500 μg/g), initial pressure = 7 MPa: H2, H2 + SCW, CO + H2O and H2 + CO + SCW.





	

	■

	much lower coke yield achieved in these systems than that in pyrolysis;



	■

	lowest coke yield and highest yield of 300–500 °C fraction were achieved for residue upgrading in H2 + CO + SCW.






	
[48]




	
Residual oil

	

	693 K, 1 h, residual oil/PE = 40 (wt): Water densities = 0.10–0.30 g·cm−3.





	

	■

	the yields of saturates, aromatics, resins increased from 21.0, 18.4, 10.8 wt % to 32.9, 19.4 13.9 wt % respectively.



	■

	the phase structure evolved from a liquid/liquid/solid three-phase structure to a liquid/solid two-phase one






	
[49]




	
Residual oil

	

	693 K, 30 min, water densities = 0.30 g·cm−3: Residual oil/PE = 40 (wt): The amounts of PE loading varied from 0.5 to 2.5 g.





	

	■

	the yield of aromatic and maltene increased from 36.5, 65.2 to 42.9, 74.7 wt %, respectively;



	■

	the yield of asphaltenes increased gradually to 9.4 wt % whenthe PE loadings higher than 2.0 g.






	
[35]




	
Asphaltene

	
From heavy Tatar oil

	

	380 °C, pressure 226 atm and stirring time 3 h.





	

	■

	the formation of gas products, about 4.3%, the yield of productsfrom the consecutive dissolution of hexane, benzene, chlorofomwere 30.0%, 10.6%, 5.7%, respectively.;






	
[50]




	
Coal-tar

	

	693 K, 713 K:SCW or N2;





	

	■

	asphaltene upgrading in SCW gave higher asphaltene conversion and higher maltene;



	■

	the yield of maltene obtained at 713 K in SCW is 39.4 wt % and that is 1.5 times higher than that obtained in N2.






	
[51]




	
From Canadian oilsand bitumen

	

	400–450 °C and 20–35 MPa.





	

	■

	the optimal condition was 440 °C and 29.8 MPa;



	■

	the optimal miscibility parameters of SCW: Dielectric constant (DC) = 2.2, Hansen solubility parameter (HSP) δp = 6.4, and δh = 9.7.






	
[52]




	
Tahe

	

	400 °C, 30 MPa, 0–120 min: SCW or SCW + NaOH.





	

	■

	higher asphaltene conversion achieved in SCW + NaOH;



	■

	asphaltene transformation in SCW + NaOH generated more maltene.






	
[53]










2.1.1. Oil Shale

Oil shale, defined as the petroleum source rock, containing a high proportion of organic matter (kerogen), is a representative non-conventional oil resource. The potential reserve of shale oil is predicted to be more than four times that of the global petroleum resources [54]. Currently, the upgrading of oil shale in SCW may be an alternative way to recover oil (usually referred to as bitumen) and meet the increasing demand for transport fuels. The main objective of upgrading oil shale in SCW is to recover as much oil as possible through extraction, fraction, and reaction.

Funazukuri et al. [30,37] studied supercritical fluid extraction of Chinese oil shale and found that polar components were more easily decomposed in SCW than in supercritical toluene (SCT). Olukcu et al. [38] reported that upgrading Beypazari oil shale in SCW gave a higher conversion but a lower oil yield than those in SCT. Oil obtained from SCT had more asphaltic and polar compounds than those from SCW.

Yanik et al. [28] performed experiments to investigate the effect of pyrolysis, flash pyrolysis, and SCW extraction on oil yield and the composition of the extract. The results showed that SCW extraction gave the highest oil yield, but this oil contained a high proportion of asphaltenes and polar compounds because of the extraction of SCW, and the reaction of SCW with the oil shale kerogens [39].

The effects of reaction conditions on the extract yield and the extract constituent of SCW have been reported by many researchers [30,37,39,55]. As expected, increasing temperature would transform more asphaltenes and polarities into paraffins and aromatics, and increase the oil yield. However, the yields of oil, paraffins, and aromatics had maximal values due to the polymerization, concentration, and decomposition of extracts with increasing temperature. Additionally, the increasing temperature would lower the ration of H/C of spent shale and reduce the amount of spent shale because of the interaction between SCW and minerals. With respect to reaction time, its extension would increase the yields of light hydrocarbons and aromatics, but would also reduce the fraction of asphaltenes and polarities because the solubility of SCW to hydrocarbons increased with pressure, which in turn slightly increased the yield of extract.



2.1.2. Oil Sand

Oil sand resources are one of the world’s most abundant non-conventional energies. According to the exploration reports, the reserve of oil sands is estimated to be equal to the world’s total reserve of conventional crude oil [56]. In recent years, with the decrease of conventional crude oil reserves and the increase of crude oil prices, oil sand has gradually been considered as an inexpensive substitute for crude oil [29]. As oil sand is primary a mixture of quartz sand, clay, water, and bitumen, the main object of upgrading oil sand in SCW is to recover the bitumen through the extraction, fraction, and reaction of hydrocarbons [56].

For oil sand upgrading in SCW, the effects of reaction conditions on the yield of bitumen (expressed as percentage of bitumen removed from the oil sand sample) and its components cannot be neglected. Berkowitz et al. [40] reported that the pressure, sweep rate of SCW, and the mole ratio of H2O/CO had an insensitive effect on the bitumen extraction yield for two Alberta Research Council’s Sample Bank oil sand samples upgraded in SCW at 400 °C. Meng et al. [29] examined the effect of temperature and pressure on the extraction rates of bitumen, saturates, aromatics, and resin for Tumuji oil sand upgraded in subcritical water (Sub) and SCW with a semi-continuous apparatus. The results showed that the extraction rates of bitumen, saturates, aromatics, and resin all had a maximal values with the variation in temperature. In addition, the maximal extraction rate for bitumen, saturates, aromatics, and resin could be achieved at a lower temperature with an increase in pressure, from 20 to 30 MPa. As for gas, the increase in temperature would increase the volume percentages of H2, CH4, C2H6, and C2H4 but would decrease the volume percentages of CO and CO2; while the effect of pressure on gas yields could be neglected.



2.1.3. Bitumen

Bitumen is an important part of heavy oil. It mainly comes from the extraction of oil sand and oil shale, and the petroleum refining process. In the past, bitumen was an underutilized resource because of its inherent poor quality. It is usually characterized by its high viscosity, high asphaltene, and heteroatom species. The goal of upgrading bitumen in SCW is to transform more bitumen into valuable light oil.

Hydrogenation through a water gas shift (WGS) reaction can be an effective method to upgrade bitumen as active hydrogen, formed from the WGS reaction, can rapidly react with the macromolecules and suppress coke formation. Formic acid (HCOOH) is reported to be an intermediate of the WGS reaction in SCW. To evaluate the effect of HCOOH on asphaltene decomposition and coke formation, experiments regarding the upgrading of bitumen were performed by Sato et al. [11]. The results showed that upgrading bitumen in SCW + HCOOH gave a higher conversions of asphaltene and lower coke yields than those of pyrolysis or with only SCW. This study also found that higher asphaltene conversion and lower coke yields were achieved at a higher water/oil.

Fedyaeva et al. [41,57] reported the effect of zinc and aluminum on the upgrading of bitumen in SCW. In SCW, the reaction of zinc and aluminum with water (mn<Zn> + mn(H2O) → m(ZnO)n + mnH2 and mn<Al> + 1.5mn(H2O) → 0.5m(Al2O3)n + 1.5mnH2), both, would form amounts of active hydrogen and released a great deal of on-site heat simultaneously. As the active hydrogen could prevent the recombination of hydrocarbon radicals while on-site heat could accelerate the cracking of long-chain hydrocarbons, the addition of zinc and aluminum, not only increased the bitumen conversion, but also greatly improved the product qualities. When adding <Zn> into bitumen, the yield of the volatile products, resins, and liquid product would increase. When adding <Al> into bitumen, the yield of the volatile products and maltenes would increase while the yield of resin would decrease.

Hydrogenation through the WGS reaction can also be accomplished via the formation of CO from partial oxidation of hydrocarbons as the reaction conditions have great influence on the degree of partial oxidation of hydrocarbons in SCW. Sato et al. [42] examined the effect of temperature (from 653 to 723 K), water/oil ratio (from 0 to 3), and air pressure (up to 5.1 MPa) on the partial oxidation of bitumen in SCW. The results showed that higher temperatures favored the asphaltene transformation, and coke and gas formation, while lower temperatures contributed to the selective partial oxidation of hydrocarbons, and the ratio of CO/(CO + CO2) achieved a maximal value at 653 K. As for the water/oil ratio, its increase had a great influence on the ratio of CO/(CO + CO2) but had little effect on asphaltene transformation and coke formation; with the water/oil ratio increasing from 0 to 3, the ratio of CO/(CO + CO2) increased about two times, but the asphaltene and coke yields were almost constant. The increase of initial air pressure promoted gas formation, especially the formation of CO2 whereas the ratio of CO/(CO + CO2) decreased.

For bitumen upgrading in SCW, the reverse WGS reaction may be another way to offer active hydrogen. To evaluate the effect of the reverse WGS reaction on asphaltene decomposition and coke formation, experiments of upgrading bitumen in SCW, and its mixtures with hydrogen and carbon dioxide (SCW + H2 + CO2), were performed in semi-batch reactors by Sato et al. [58,59]. The results showed that the active hydrogen formed from the reverse WGS reaction might have some inhibiting effect on the polymerization of active fused-ring units. Thus, the upgrading of bitumen in SCW + H2 + CO2 gave a lower coke yield and a higher asphaltene yield than those in SCW.

Extensive studies show that the product yield for bitumen upgrading in SCW depends, not only on the nature of raw bitumen and reaction conditions, but also on the operation mode [60]. Currently, the commonly used operation modes for reactions in SCW include batch, semi-batch, or continuous reactors. Compared with the batch and semi-batch reactors, the advantage of continuous reactor is mainly reflected in the extraction and fraction of hydrocarbons. For bitumen upgrading in SCW, the recombination of the hydrocarbon radicals generated during hydrolysis can be prevented by SCW flow, due to its timely and effective extraction and separation, which greatly reduce the formation of coke and increase the liquid hydrocarbon yield [43,61].



2.1.4. Residues

Residues, referring to the heavy fraction remaining in crude oil after atmospheric (>343 °C) or vacuum distillation (>565 °C), is usually characterized by its extremely high density and rather high concentration of asphaltene and heteroatoms [3]. As the portion of residue in crude can reach 85 vol%, its effective transformation into light components is extremely important in view of the limited global oil storage and the increasing demand for light oil. This section mainly reviews the transformation of hydrocarbons in SCW.

Cheng et al. [44] studied the effect of reaction conditions on upgrading vacuum residue (VR) in SCW. In this study, the quality of the product was evaluated by simulated distillation expressed in terms of weight loss lower than 350 °C. The results of orthogonal experiments suggested that effects of reaction conditions on product quality could be ranked as: Temperature > H2O/VR > reaction time > water density. The influence of temperature on upgrading vacuum residue in SCW could be reflected by the yields of saturates and coke. At conditions of 60 min, 0.15 g·cm−3 and H2O/VR = 2, the saturate and coke yields increased from 75 wt % and 2.66 wt % to 85 wt % and 7.77 wt %, respectively, with the temperature ranging from 420 to 450 °C. As the increase of H2O/VR ratio favored the dissolving of light oil (boiling point lower than 350 °C) and the reduction of transfer mass resistance between phase interfaces, the yield of light oil was increased from 77 wt % to 83 wt % with the ratio of H2O/VR changing from 2 to 4. At the optimal conditions (420 °C, 0.15 g·cm−3, 4 g·g−1, 1 h), the light yield for VR upgrading in SCW could reach 83.33 wt %. Zhao et al. [45] also reported the reaction condition on VR upgrading in SCW. Their work indicated that the increasing of pressure, VR/water, and temperature could effectively lower the molecular weight and viscosity of the liquid product (extracted by toluene) for VR upgrading in SCW.

Fan et al. [46] used a catalytic hydrocracking system to validate the effect of SCW on upgrading DaQing VR at 415 °C. The presentation of SCW considerably increased the liquid yield (boiling point less 320 °C) and reduced the gaseous yield. Cheng et al. [47] reported the effect of catalysts on upgrading Gudao residue with SCW-syngas. In these experiments, several oil soluble and water soluble metal catalysts were used to catalyze the hydrocracking of the residue. The results showed that the addition of catalysts could effectively enhance the reactivity of residue and lower the coke yield. Among the used catalysts, the activity of the water soluble catalyst H3(P(MO3O10)4)·xH2O (PMA) was strongest from the aspect of the evaluation of parameter R (R = conversion (%)/yield of coke (%)), which achieved the maximal value of 26.23. Compared with residue hydrocracking in SCW, the addition of catalyst could suppress the over-cracking reaction of products. With respect to PMA, its addition could increase the yield of 300–500 °C fractions and lower the yield of <200 °C fractions. The optimum amount of PMA for residue hydrocracking was 500 μg·g−1. Cheng et al. [48] also studied the effect of hydrogen sources on upgrading Gudao residue with SCW with optimum amounts of PMA. The alternative hydrogen sources were effective for the hydrocracking of residue in SCW. Because of the inhibition of the condensation reaction, upgrading residue in H2, H2 + SCW, CO + H2O and H2 + CO + SCW gave a much lower coke yield than that of pyrolysis. Due to the WGS reaction, the lowest coke yield and the highest yield of 300–500 °C fractions were achieved for residue upgrading in H2 + CO + SCW.

Bai et al. [49] systematically studied the co-pyrolysis of residual oil and polyethylene (PE) in Sub or SCW at a temperature of 693 K and water densities from 0.10 to 0.30 g·cm−3. The co-pyrolysis of residual oil and PE can produce more aromatics, resins, and asphaltenes, but less saturates than the pyrolysis of residual oil alone. With the increase in water density, the phase structure of the co-pyrolysis system might evolve from a liquid/liquid/solid three-phase structure to a liquid/solid two-phase structure (Figure 1), which favored the contact of aromatic radicals from the pyrolysis of residual oil and paraffins to that of PE. Thus, more saturates, aromatics, and resins, but less asphaltene, were formed at a higher density. Tan et al. [35] reported that the extension of reaction time (from 30 to 60 min) had little effect on the yields of saturates, aromatics, resins, and asphaltenes at the ratio of heavy oil to PE of 10 (wt); whereas the changes of the PE loading amount had a significant effect on the products yields. With the loading amounts of PE increasing from 0.5 to 2.5 g (corresponding to the ratio of heavy oil to PE being 40 to 8), the yield of aromatic and maltene increased from 36.5 wt %, 65.2 wt % to 42.9 wt %, 74.7 wt %, respectively. The yield of asphaltenes varied slightly around 6.6 wt % at PE loadings between 0.5 and 1.5 g but increased gradually to 9.4 wt % at PE loadings of 2.0 g or higher.

Figure 1. Initial phase structure of residual oil/PE/Sub or SCW; (left) liquid/liquid/solid three-phase structure; (right) liquid/solid two-phase structure. Reproduced with permission from [49], published by Elsevier Limited, 2013.
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2.1.5. Asphaltene

Asphaltene, insoluble in light n-alkanes and soluble in aromatic solvents, is known as the most complex and heaviest fractions of heavy oil [62,63]. It usually consists of highly condensed polyaromatic macromolecules bearing long aliphatic chains and alicyclic substituents. Furthermore, asphaltene incorporates large amounts of heteroatoms (N, S, Ni, and V) [64]. In refining processes, asphaltene is prone to form coke and deactivate catalysts [65,66]. The goal of the upgrading of asphaltene in SCW is to convert asphaltene into light fraction, as much as possible, via the effective and timely extraction and fraction of asphaltene nucleus.

Kozhevnikov et al. [50] studied the transformation of asphaltene in SCW at a temperature of 380 °C, pressure 226 atm, and stirring time 3 h. They speculated that the formation of maltene, and gaseous and solid products (hexane-insoluble fraction) from the hydrothermal destruction of asphaltene is a process of dealkylation of substituents in the aromatic fragments of molecules and aromatization. Additionally, the yields of the products were 30%, 4.3%, and 64.9%, respectively.

Han et al. [51] reported on the effects of reaction systems (N2 or SCW), origin of asphaltene, and reaction environment on coal-tar asphaltene upgrading in SCW. In contrast with pyrolysis in N2 at 693 and 713 K, more maltene while less gas and coke could be produced from asphaltene upgrading in SCW at 26 ± 1 MPa. The results of three original asphaltene upgradings in SCW showed that product compositions were closely related to the ration of H/C of asphaltene. Usually, asphaltene with a higher H/C ration would give a higher maltene yield and less coke yield in SCW.

Morimoto et al. [52] used an extraction method to determine the optimal reaction condition for asphaltene upgrading in SCW at 400–450 °C and 20–35 MPa. Consequently, the maximum extraction yield of degradative asphaltene was achieved at 440 °C and 29.8 MPa. Analysis of the dielectric constant and Hansen solubility parameter showed that the dispersion of SCW at 440 °C and 29.8 MPa was optimal. Li et al. [53] evaluated the effect of NaOH on asphaltene upgrading in SCW. Probably because the emulsion reaction between NaOH and asphaltene increased the solubility of asphaltene in SCW, asphaltene upgrading in SCW produced more maltene but less coke.




2.2. Mechanisms of Hydrocarbons Transformation

To convert more heavy oil into valued light fractions, it is essential to determine the transformation mechanism of hydrocarbons in SCW. However, the transformation mechanism of hydrocarbons in SCW has been a topic of controversy for a long time. The focus of the controversy is whether the SCW takes part in the transformation of hydrocarbons. A part of previous literature considered SCW as a reactant [59,61,67,68,69,70], which participated the transformation of hydrocarbons through the direct H-abstraction (H• and HO• donation, known as free a radical mechanism) or hydrolysis (H+ and HO− donation, known as an ionic mechanism), while some just regarded SCW as a solvent [35], which only had some physical effects on the transformation of hydrocarbons [71].

To clarify the proposed roles of SCW in the process of hydrocarbon transformation, a few experiments were performed to support their views. Vostrikov et al. [72] reported the pyrolysis of eicosane in SCW and showed that water accelerated pyrolysis and reacted with a large amount of reaction intermediates. Dutta et al. [73] tested the hydrogen exchange from steam to thermally cracked bitumen molecules by doping water with D2O in a temperature range of 623–803 K. They measured the exchanging degrees of three types hydrogen (α-, β-, γ-) in bitumen and found that the α-H were prone to be exchanged with the H of water. Gao et al. [74] used D2O as a tracer to study the hydroconversion of Tahe residue in SCW. The results showed that water participated the hydrocarbon transformation through radicals and the proportion of water molecules involved in the hydrogen exchange was about 40% when the water content in the reaction mixture was 10 wt %. Olukcu et al. [38] suggested that the absence of n-alkenes-1 and the appearance of alcohols in the product might occur due to OH transferring from water to organic free radicals generated from an oil shale during SCW extraction. Fedyaeva et al. [61] implied that water took part in the upgrading of bitumen in an upflow reactor with the evidence of the appearance of oxygen and increasing the amount of hydrogen in the products and conversion residue. Kida et al. [75] demonstrated that water was a reactant in the desulfurization process of hexyl sulfide and generated the pentane and CO + CO2 from its reaction with intermediates of hexyl sulfide decomposition.

Sato et al. [59] pointed out that the increase in maltene yield was a result of the reaction of HO• from water with the free radicals generated during the upgrading of asphalt in SCW. Liu et al. [34] reported that the residual oil upgrading in Sub and SCW with a batch reactor at temperatures of 653 to 713 K and water densities of 0.05 to 0.20 g·cm−3. They confirmed that the upgrading of residual oil in Sub and SCW was still dominated by the free radical mechanism based thermal cracking, whereas the ion mechanism based hydrolysis only had an extremely limited influence on the upgrading performance. Apart from the thermally induced H• and HO•, the attack of H+ and HO− from the hydrolysis of water also leads to the decomposition of macromolecule hydrocarbons. Based on the study of the VR upgrading in SCW, Zhao et al. [45] proposed a parallel mechanism of ions and radicals for VR upgrading in SCW.

Tucker et al. [76] proposed the solvating properties (such as cage effect) of supercritical fluids, which was supported later by other researchers. Cheng et al. [44] questioned the hydrogen donation ability of SCW, based on the absence of C=O compounds in the products generated from the upgrading of VR in SCW. They attributed the coke porous structure, higher light oil yield, and lower coke yield to the super dissolving capacity and unique dispersion ability of SCW. Morimoto et al. [77] also obtained similar conclusions. They ascribed the higher conversion, a greater amount of lighter products, and a lower yield of coke for oil sand bitumen upgrading in SCW than in nitrogen to the dispersion effect of SCW, which led to intramolecular dehydrogenation of heavy compounds and hindered intermolecular condensation. Vilcáez et al. [26] reported that the simultaneous enhancing of the bitumen conversion and the suppression of coke formation with a column flow reactor was closely related to the SCW property. Effective extraction of coke precursors and upgraded products from the oil phase at fast rates using column flow reactors, not only suppressed the coke formation, but also promoted the upgrading of bitumen. Xu et al. [78] confirmed that SCW could not donate H• and HO• radicals as no products formed from the reaction of HO• with three compounds, naphthalene, p-benzoquinone, and azobenzene, under SCW conditions. The different product distribution under the SCW conditions from the inert atmosphere was closely related to the increased solvent dispersion of radicals.




3. Suppression of Coke

The most difficult challenge encountered in the process of upgrading heavy oil is the suppression of coke formation. The formation of large amounts of coke, through the propagation reactions of radicals, the aggregation of asphaltene, and the addition between activated asphaltene precursors and low molecular radicals or olefins [50,79], not only affects the efficient exploitation of heavy oil, but also brings a series of problems, such as the deactivation of catalysts. Fortunately, the introduction of SCW into heavy oil can effectively reduce the yield of coke [11,73,74,75,80,81]. To further suppress the formation of coke, many novel SCW processes have been successfully developed. This section is to review the progress of suppressing coke in SCW.


3.1. Provision of Hydrogen

It is well known that the formation of coke is an H-deficient process [35]. The provision of hydrogen for heavy oil will strongly prevent the aggregation, concentration, and polymerization reaction of radicals or coke precursors to form coke. Although molecular hydrogen can effectively suppress the formation of coke, the cost of molecular hydrogen is considerable [5]. To suppress the formation of coke, numerous technologies, providing alternatives to hydrogen for the upgrading of heavy oil in SCW, were developed in the past few years.


3.1.1. Addition of Entrainers

Entrainers are usually referred to as chemical additives that can be added into SCW to improve the suppression performance of SCW to coke [4]. Currently, the synergistic effects of SCW and entrainers on coke have been extensively studied by adding gases (H2, CO, CO2, etc.) or liquids (HCOOH) into SCW as entrainers.

Berkowitz et al. [40] conducted the extraction of oil sand bitumen in SCW at 673 K with a semi-batch type reactor and found that the introduction of CO into SCW significantly suppressed coke formation due to the formation of in situ hydrogen from the WGS reaction. Cheng et al. [48] examined the effect of H2, CO, and their mixture on coke yields and found that the addition of reducing gases into residual oil could significantly lower the coke yield. Probably because of the reaction of coke precursors with in situ hydrogen, the yield of coke was in the following order: H2 > (CO + H2)/SCW > H2/SCW > CO/SCW.

Sato et al. [11] compared the performance of SCW, SCW + H2, SCW + CO and SCW + HCOOH on the suppression of coke for bitumen upgrading in SCW. Lower coke yields were achieved in these systems compared to those in pyrolysis due to the synergistic effects of SCW and entrainers. As the easy reaction of asphaltene and hydrogen atom formed though the decomposition of HCOOH capped the reactive fragments and restricted coke formation, the coke yield in SCW + HCOOH was lowest. Apart from this, they also found that the coke yield increased slightly with an increasing water/oil ratio from 1 to 3 in SCW, whereas it decreased and was almost constant in SCW + HCOOH. The suppression of coke in high water/oil ration regions might be related to reactive species, such as H+ and COO− formed from the hydrolysis of HCOOH. Additionally, they proposed a possible kinetic model of coke formation for bitumen upgrading SCW + HCOOH by assuming the existence of a water-rich phase and oil-rich phase. In that model, coke formation mainly occurs in the oil-rich phase by polymerization of asphaltene cores. The provision of active hydrogen to the oil-rich phase could promote the cracking of the asphaltene core into maltene, which in turn would increase the solubility of the asphaltene core and prevent its transformation into coke for bitumen upgrading in SCW.

To evaluate the effect of the reverse WGS reaction on the formation of coke, experiments upgrading bitumen with a semi-batch reactor were performed in SCW and SCW + H2 + CO2 at temperatures from 633 to 693 K and a pressure of 30 MPa [58]. The results showed that more coke was generated from bitumen upgrading in SCW than in SCW + H2 + CO2. This was mainly attributed to the reaction of the asphaltene core with in situ hydrogen, formed from reverse WGS reaction, which converted asphaltene into maltene and prevented the formation of coke.



3.1.2. Partial SCWO

SCW oxidation (SCWO) can be narrowly defined as the reaction of molecular oxygen and hydrocarbons occurring in SCW. The technique of SCWO is well known, not only because of the destruction of hazardous organic materials into CO2 and H2O [82,83], but also because hydrogenation can proceed without the supply of additional molecular hydrogen [84,85]. In SCW, CO, forming the partial oxidation of hydrocarbon, will undergo a WGS reaction to form in situ hydrogen [85].

The partial SCWO of some model hydrocarbon compounds [84,85,86,87,88,89,90,91] and asphalt [59] showed that the in situ hydrogen is more active than molecular hydrogen in the case of the hydrogenation of hydrocarbon. Sato et al. [42] reported the effects of reaction temperature, water/oil ratio, and air pressure as an oxygen source, on the formation of coke. These experiments were performed at temperatures from 653 to 723 K, water/oil ratios from 0 to 3, and up to 5.1 MPa of air pressure. The results suggested that coke formation could be suppressed at lower temperatures and lower air pressures.



3.1.3. Addition of Hydrogen-Rich Materials

The formation of coke is also a re-distributed process of H sources. The H-abstraction from hydrogen-rich materials or their pyrolysis product may be an effective way to suppress coke formation. Currently, using castoff, such as light density PE, as hydrogen-rich materials can not only provide the hydrogen source for heavy oil upgrading and suppress coke formation but also can solve the environmental concerns caused by them.

Bai et al. [49] reported that the co-pyrolysis of residual oil and PE in Sub and SCW. As the H-rich paraffins formed from the pyrolysis of PE could provide the hydrogen source for aromatic radicals, the introduction of PE into residual oil significantly suppressed the formation of coke. At a water density of 0.30 g·cm−3, the yield of coke in co-pyrolysis is much lower than that in pyrolysis alone by 16.5 wt %. With the increasing of water density, the phase structure of the co-pyrolysis system would evolve from a liquid/liquid/solid three-phase structure to a liquid/solid two-phase, which enhanced the contacting possibility of aromatic radicals with paraffins. Thus, less coke was formed in co-pyrolysis in SCW at a higher water density. Tan et al. [35] found that the extension of time and the increasing of the PE loading amounts both favored the suppression of coke formation for the co-pyrolysis of PE and heavy oil in SCW at 693 K and a water density of 0.30 g·cm−3. Additionally, the suppression mechanism of coke for the co-pyrolysis of PE and heavy oil in SCW was discussed in detail. In their view, coke formation was closely related to two type hydrocarbon radicals, whose active sites are located on naphthenic (or aromatic) rings and the aliphatic side chains of aromatics, respectively. The former was mainly formed from the condensation of light oil fractions and its deep condensation would sequentially form heavy fractions, asphaltenes, and coke through dehydrogenation. The addition of the latter produced in the decomposition of asphaltenes and resins to light oil fractions with olefins would also form coke. Fortunately, these radicals were promptly saturated through the H-abstraction from the pyrolysis product of PE, which effectively prevented the condensation of asphaltene to form coke. The detailed mechanism of the suppression of coking is shown in Figure 2.

Figure 2. Proposed suppression mechanism of coke in co-pyrolysis of heavy oil and PE. Reproduced with permission from [34], published by Elsevier Limited, 2013.
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3.1.4. Addition of Catalysts

The special qualities of catalysts, used for the upgrading of heavy oil in SCW, may be expressed in the induction of the splitting of H2O to produce active oxygen or active hydrogen. Dejhosseini et al. [33] carried out experiments to classify the effect of CeO2 nanoparticles on the cracking of Canadian oil sand bitumen in SCW at 723 K. The results showed that the addition of CeO2 nanoparticles could significantly increase the conversion of asphaltene and lower the coke yield. These effects were further strengthened with the increase of the CeO2 loading amounts. Compared with the octahedral CeO2, a lower coke yield was achieved with cubic CeO2 due to its higher oxygen storage capacity and small particle size. They implied that the suppression of coke with the addition of CeO2 nanoparticles was closely related to the active oxygen or active hydrogen formed from the redox reaction among the CeO2, H2O, and bitumen. The presence of the active oxygen enabled the enhanced absorption and release of oxygen via the Ce4+/Ce3+ redox cycle. In addition, the oxygen on the surface of the CeO2 catalyst was unstable and would crack the heavy oil via oxidation.

Hosseinpour et al. [92] investigated the catalytic effect of silica-supported hematite iron oxide nanoparticles on the cracking of heavy petroleum residue in SCW. The results showed that the addition of silica-supported hematite iron oxide nanoparticles could effectively suppress coke formation. The active oxygen species generated from H2O over magnetite particles spilled over the surface where the oxidized decomposition of heavy oil occurred. The remaining active hydrogen species were added to the lighter molecules. Consequently, SCW over iron oxide catalyst could suppress coke formation because of its physical (solvation and dispersion effects) and chemical effects as a solvent with hydrogen-donating capability. Figure 3 provides a schematic of the overall process, showing catalytic and pyrolytic cracking of heavy constituents.

Figure 3. Schematic illustration of proposed pathway for the catalytic cracking of bitumen in SCW. Reproduced with permission from [92], published by Elsevier Limited, 2015.
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3.2. Operation Mode

For heavy oil upgrading in SCW, the formation of coke is influenced, not only by the H/C ratio of raw and reaction conditions (temperature and density of SCW) [11,26,93], but also by the operation mode. In this paper, most of the results for the upgrading of heavy oil in SCW were obtained in batch autoclaves. Compared with the flow mode, the deficiency of the batch autoclave conversion may be its limited mass transfer. As the solubility of the SCW is finite, the high molecular radicals generated from pyrolysis will recombine in the bulk and subsequently form coke if not extracted and fractioned by the SCW in a timely and effective manner.

Vilcáez et al. [26] reported the continuous extraction of bitumen with near SCW in a column flow reactor at 340 °C, 3–6 MPa, and water flow of 3–10 g/mL and found that less coke was formed in a flow reactor than that in a batch autoclave. The results strongly demonstrated that the column flow reactor could simultaneously enhance the conversion of heavy oils and suppress the formation of coke. Additionally, they, in detail, analyzed the suppression mechanism of coke (sketched in Figure 4). In their view, the formation of coke was closely related to the extraction levels of asphaltene core in the oil phase. Low-level extraction of asphaltene core resulted in the formation of coke in the oil phase, whereas high-level extraction of asphaltene core would suppress coke formation.

Figure 4. Schematic representation of the proposed mechanism of coke suppression. (Left) Low levels of extraction of asphaltene core; (Right) high levels of extraction of asphaltene core. Reproduced with permission from [26], published by Elsevier Limited, 2012.
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Compared with the general SCW flow mode, the counter-current SCW flow mode may be more effective in the aspect of attenuating coke formation. Usually, the pre-heated heavy oil and SCW are simultaneously supplied into the vertically located tubular reactor, from the top and bottom of the reactor, respectively. After loading, the heavy oil will immediately be decomposed. The light hydrocarbons from the decomposition will be removed by the SCW flow. The heavy components from the decomposition will accumulate at the bottom of the reactor and be converted into lighter hydrocarbons as the temperature increases. A related study showed almost no coke generated from heavy oil upgrading in a counter-current SCW flow reactor [61].




4. Removals of Heteroatoms

Usually, heavy oil enriches large amounts of heteroatoms, such as N, S, Ni, and V, whose contents are summarized in Table 3. It is well known that the combustion of hydrocarbon compounds containing N or S will release a great deal of air pollutants (NOx, SOx) [12,94], whereas the existence of Ni and V in heavy oil will enhance the viscosity of crude oil and deactivate the cracking catalyst. In addition, the Ni and V in refined oil will accelerate the wearing and corrosion of the turbo wall and the continuous emission of their oxidation have potential carcinogenic risk [95,96,97]. As environmental protection laws are becoming increasingly stringent, the removal of the heteroatoms is also an inevitable requirement of upgrading heavy oil. Fortunately, the upgrading of heavy oil in SCW is also the process of producing clean light oil. In this process, part of the heteroatoms (nitrogen, sulfur, nickel, and vanadium) is removed from light oil. To further improve the removal efficiency of heteroatoms with SCW techniques, some novel SCW technologies have been developed. This section mainly concentrates on the progress achieved for the removal of heteroatoms by SCW techniques.

Table 3. Concentration of heteroatoms in heavy oil [3,38,59,95].


	Heavy Oil
	S (wt %)
	Ni + V (ppmw)





	Alaska, north slope
	1.8
	71



	Arabian, safaniya
	4.3
	125



	Canada, Athabasca
	5.4
	374



	Canada, Cold Lake
	5.0
	333



	California, Hondo
	5.8
	489



	Iranian
	2.6
	197



	Kuwait, Export
	4.1
	75



	Mexico, Maya
	4.7
	620



	Venezuela Bachaqueo
	3.0
	509



	Korea VR
	5.3
	142.6



	Tahe Residual
	2.1
	236.9











4.1. Removal of Nitrogen and Sulfur


4.1.1. Removal of Nitrogen

Ogunsola et al. [70] reported that the removal of heterocyclic nitrogen from model compounds of quinoline and isoquinoline in SCW was more effective than by pyrolysis at 400 °C and 22 MPa for up to 48 h. Additionally, they presented the reaction pathway for the transformation of quinoline and isoquinoline in SCW and speculated that the rupture of –C–N= was proceeded by hydrogenation and hydrocracking of the heterocycle. Yuan et al. [98] reported the catalytic denitrogenation of quinoline through partial SCWO in a bomb reactor at 623–723 K and 30–40 MPa over sulfided NiMo. Analysis showed that the denitrogenation of quinoline under catalytic SCWO environment is mainly composed the in situ H2 generation and hydrodenitrogenation (shown in Figure 5). Additionally, they also examined the effects of temperature, pressure, the amounts of O2, and the amounts of catalysts on the denitrogenation of quinoline. The increase of temperature, the O2 amounts and the catalysts amounts, except pressure, all favored the removal of nitrogen.

Figure 5. Mechanism of catalytic denitrogenation of quinolone in SCW. Reproduced with permission from [70], published by Elsevier Limited, 1995.
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4.1.2. Removal of Sulfur

Sulfur exists as a bridge between core segments such as mercaptanes, sulfides or disulfides and in heterocycles, such as thiophene (shown in Table 4) [99]. In the SCW process, part of the sulfur was removed as H2S or transferred to coke.

Table 4. Typical organosulfur compounds in heavy oil [98].


	Type of Organic Sulfur Compounds
	Chemical Structure





	Mercaptanes
	R–S–H



	Sulfides
	R1–S–R2



	Disulfides
	R1–S–S–R2



	Thiophene
	 [image: Energies 08 08962 i001]



	Benzothiophene
	 [image: Energies 08 08962 i002]



	Dibenzothiophene
	 [image: Energies 08 08962 i001]










Extensive studies showed that the introduction of SCW could effectively lower the sulfur content of heavy oil [12,59,75,100]. However, it is noteworthy that the removal of sulfur was closely related to the location of sulfur in compounds [12,94]. Usually, the aliphatic sulfur (in mercaptanes, sulfides and disulfides) cleaves easily in SCW, while the aromatic sulfur (in thiophene) is difficult to be reduced because of their steric hindrance [12,94,101].

Patwardhan et al. [94] reported that the reactivity of several model organosulfur compounds in SCW obeyed the following order: Dibenzyl sulfide ≈ benzyl phenyl sulfide > isopropyl phenyl sulfide ≈ hexyl sulfide ≈ tetrahydrothiophene >> thiophene. Ates et al. [12] inferred that aliphatic sulfur could be effectively removed by SCW alone, while the efficient removal of sulfur from thiophene compounds was not possible without a suitable desulfurization catalyst. Olobunmi et al. [70] found that the breakout of heterocyclic sulfur from model compounds benzothiophene (BT), thianthrene, thiochroman-4-ol and 2 (methylthio) benzothiazole with SCW at 400 °C and 22 MPa could almost not proceed without the addition of the catalyst Fe2O3. Vogelaar et al. [100] also reported that the desulfurization of gas oil using SCW at 673 K and 25 MPa was not possible without the presence of hydrogen and a suitable desulfurization catalyst, based on the analysis of products and the calculation of Gibb energy. The above analysis clearly indicated that a proper catalysts or hydrogen-source is needed in order to further improve the desulfurization efficiency of heavy oil in SCW.

Adschiri et al. [101] reported the study of catalytic hydrodesulfurization of dibenzothiophene (DBT) with NiMo/Al2O3 at 673 K and 30 MPa, in various atmospheres (H2–SCW, CO–SCW, CO2–H2–SCW, HCOOH–SCW, and O2–SCW). They found that the addition of NiMo/Al2O3 was the precondition for the formation of in-site hydrogen in various atmospheres. As the in-site hydrogen formed from WGS reaction, reverse WGS, or partial SCWO reaction was more active than H2, higher DBT conversion was achieved in CO–SCW, CO2–H2–SCW, HCOOH-SCW, and O2–SCW than that in H2–SCW.

Sato et al. [59] reported that the introduction of air into SCW could effectively lower the sulfur in maltene and asphaltene. Yuan et al. [102] reported the catalytic desulfurization of BT and VR through partial SCWO in a bomb reactor at 623–723 K and 30–40 MPa over sulfided CoMo/α-Al2O3. They found that the desulfurization rate of BT and VR both had a threshold temperature (TR = 723 K), which determined the desulfurization mechanism of VR (shown in Figure 6). When the temperature was above TR, a significant desulfurization rate of BT and VR could be achieved. The increase of the O2 amount had little influence on the desulfurization of BT while the desulfurization of VR would decrease slightly. Accordingly, a proper O2 amount is needed to guarantee the catalytic desulfurization of VR at a minimum expense cost. Apart what is listed above, the effect of metals (Zn, Al) [41,103] and catalysts (ZnO, MoO3 and MoS2) [12] on the desulfurization of heavy oil and model compounds in SCW have also been reported. Kida et al. [75] proposed the reaction mechanism of hexyl sulfide (shown in Figure 7) in SCW, based on the analysis of experimental results and theory calculation.

Figure 6. Sulfur reduction mechanism of VR through catalytic SCWO [101].
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Figure 7. Reaction pathway of hexyl sulfide in SCW. Reproduced with permission from [75], published by The Royal Society of Chemistry, 2014.
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In the SCW process, the reaction parameters have a great influence on the desulfurization of heavy oil and model compounds. Sato et al. [59] reported the effect of temperature and water density on the desulfurization of asphalt with SCW at 613–673 K, 0–0.5 g·cm−3 and 60 min. With the temperature increasing to 673 K, the sulfur in maltene decreased by 16 wt % at 60 min, while the sulfur in asphaltene showed little change. The desulfurization of asphalt increased slightly by increasing water density at 673 K for 60 min. Zhao et al. [45] studied the effect of temperature, pressure, and water/VR on the desulfurization of VR with SCW at 420–460 °C, 23–27 MPa and water/VR ratio of 2–4. The results showed that higher temperature, higher pressure, and larger water/VR ratio all favored the removal of sulfur from VR.








4.2. Removal of Nickel and Vanadium

Heavy oil usually concentrates amounts of metal elements. Among these metals, the most abundant and undesirable ones are nickel and vanadium. Depending on the origin of crude oil, the concentration of vanadium varies, from as low as 0.1 ppm to as high as 1200 ppm, while that of nickel commonly varies from trace to 150 ppm [14]. Usually, vanadium and nickel exist in the form of porphyrin and nonporphyrin. Up to now, the study of vanadium and nickel has always focused on porphyrins because of their considerable role as geochemical markers and their deleterious effects. To reduce the deleterious effects of Ni and V, some attempts have been made in SCW to remove Ni and V from heavy oil. Zhao et al. [44,45] reported that the upgrading of heavy oil in SCW could significantly lower the Ni and V content in the upgraded products. Mandal et al. [97,104,105,106] systematically studied the non-catalytic demetalization of three model porphyrinic compounds (nickel-5,10,15,20-tetraphenylporphine, nickel etioporphyrin, and vanadyl etioporphyrin) in SCW. In these experiments, they analyzed the effect of temperature and pressure on the demetalization of porphyrinic compounds. Additionally, they determined the reaction kinetic order of each porphyrin compound and proposed the possible demetalization mechanism of for each model compound.




5. Conclusions and Future Perspectives

With the growing heavier of the crude oil, upgrading heavy oil in SCW may be a promising alternative technique to meet the constantly increasing demand for clean light oil, due to its relatively superior performance in the transformation of hydrocarbons, the suppression of coke, and the removal of heteroatoms. Despite the fact that great progress has been made in the upgrading of heavy oil in SCW in recent years, this technique has never been attempted in an industrial scale application because the limited improvements to upgrading can hardly compensate for the expenditures on the high-pressure equipment and the rapidly growing operation costs. To realize the industrial scale application of SCW techniques, the emphasis of future research should be put on the following aspects: (1) Development of novel type catalysts with the ability to induce the splitting of H2O to produce active hydrogen; In the process of upgrading heavy oil in SCW, the provision of sufficient hydrogen can, simultaneously, enhance the performance of the transformation of macromolecules to light fractions, the suppression of coke, and the removal of heteroatoms. As the expenditure of molecular hydrogen is costly and its activity is lower than that of in situ hydrogen, it is necessary to develop novel types of catalysts with the ability to induce the splitting of H2O to produce active hydrogen in order to further improve the performance of SCW; (2) research on removal mechanism of Ni and V. Currently, there is little research on the removal of Ni and V from heavy oil with SCW. With the wide utilization of heavy oil resources, their hazardous effects will become increasingly prominent. Studies of their removal mechanisms are necessary to production of clean light oil; (3) design modernized SCW devices. Most of the existing SCW devices just have a few simple functions, this is not to speak of the automated control of experimental conditions and the automated collection and separation of the upgrading products. To provide more reliable data for industrialization, the design and development of advanced SCW devices must be accelerated.
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