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Abstract:

An increasing portion of the worlds oil reserves consist of heavy oil that produces low yields of useful products when processed with existing coking technologies.  In the UOP UniflexTM process, the coke yield is lower and the product yield is higher.  Here the catalyst, a nonstoichiometric, crystalline ferrous sulfide, is formed in-situ from ferrous sulfate.  Although molybdenum catalysts have a stronger hydrogenation function than iron, molybdenum is expensive and not considered a disposable catalyst in the UniflexTM process.  UOP Research has been exploring catalyst properties and functionality. The activity, selectivity, and the stability of a catalyst depend on the various physical, crystalline and chemical properties of the intermediate ferrous sulfide that is formed.  This paper will discuss the factors that can lead to improved nano-crystalline catalysts for slurry hydrocracking of heavy oil.  
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1. Introduction


As the reserves of conventional crude oils decline, heavy oils must be upgraded to meet world demands. In heavy oil upgrading, heavier materials which contain a large portion  boiling above 525°C, are converted to lighter fractions and most of the sulfur, nitrogen and metals must be removed. Heavy oils include materials such as petroleum crude oil, atmospheric tower bottoms products, vacuum tower bottoms products, heavy cycle oils, shale oils, coal derived liquids, crude oil residuum, topped crude oils and the heavy bituminous oils extracted from oil sands. These heavy hydrocarbon feedstocks may be characterized by low reactivity in visbreaking, high coking tendency, poor susceptibility to hydrocracking and difficulties in distillation. Most residual oil feedstocks that need to be upgraded contain asphaltenes which are typically defined as heptane insoluble compounds as determined by ASTM D3279 or ASTM D6560. Asphaltenes are high molecular weight compounds containing heteroatoms which impart polarity. 


Heavy oils must be upgraded in a primary upgrading unit before they can be further processed into useable products. Primary upgrading units include coking processes, delayed or fluidized coking, and hydrogen addition processes such as ebullated bed or slurry hydrocracking (SHC). As an example, the yield of liquid products, at room temperature, from the coking of some Canadian bitumen’s is typically about 55 to 60 wt-% with substantial amounts of coke as by-product.  US patent 5,755,955 describes a SHC process which has been found to provide liquid yields of 75 to 80 wt-% with much reduced coke formation through the use of additives[1].  Many[2-4] in the slurry hydrocracking field offer a molybdenum catalyst[5].  Although molybdenum catalysts have a stronger hydrogenation function than iron, molybdenum is expensive and it is not practical for use as a disposable catalyst.  The use of molybdenum would require costly recycle and regeneration schemes.  These factors have directed the slurry hydrocracking effort at UOP toward iron containing materials. In the UOP UniflexTM  process the catalyst is formed in-situ from a low cost iron catalyst precursor, typically ferrous sulfate[6].  Ferrous sulfate was shown to be an effective catalyst precursor over years of operations in the slurry hydrocracking plant operated by CANMET in Montreal Canada.   The activated form of this catalyst is ferrous sulfide, which forms in nonstoichiometric crystalline phases.  UOP Research is studying new slurry hydrocracking catalysts. UOP Exploratory Catalyst (UXC) has demonstrated interesting properties and readily forms nanocrystalline ferrous sulfide [7-10].


This report will discuss fundamental studies of the in-situ activation of the iron catalyst precursors.  Focus will be placed on the iron sulfide formation chemistry, the morphology of the active species and the impact of process conditions. An attempt will be made to correlate the performance of UXC and other catalysts with the properties of the active species.  The focus of this project has been to understand the enhanced pitch conversion activity that was observed with the UXC catalyst precursor.
2. Materials and Methods
2.1 Materials


All materials used were as received.  Some minerals used in this study were obtained from Saint-Gobain Norpro, Stow, Ohio 44224.    Ferrous Sulfate Monohydrate was supplied by  QC Corporation.  Other iron based materials were obtained from standard commercial sources.  Peace River Vacuum Bottoms was the typical feed, but other feeds were also evaluated as needed.

2.2. General Description of Catalyst Testing
Screening potential catalyst precursors and demonstrating differences between materials required semi-continuous autoclave reactors. These plants were designed to mimic temperatures and pressures that would occur in a commercial slurry hydrocracking reactor with the understanding that the reaction chemistry in the autoclaves may somewhat differ from a continuous reactor.  

The autoclaves were equipped with commercial stirred reactors purchased from Parr Instruments.  The reactors had a capacity of 1 liter and could handle 3000 psig at 500°C.  Rapid heat-up was assisted by internal heater tubes that projected down into the reactor along with heater tubes that were drilled into the walls of the reactor.  A water jacket outside the reactor allowed rapid quenching at the end of experiments.  
The plants were designed to handle continuous hydrogen flow; hydrogen entered the reactors through spargers to improve hydrogen contact. Vaporized reaction products were swept away by hydrogen flow into product condensers designed to trap and liquefy the vapor. The gas products were collected in a heated gas sample storage tank, mixed, then analyzed by gas chromatography (GC), UOP Method 539-97, and metered out through a wet test meter. 
Reactor product was separated into toluene soluble and insoluble fractions.  The toluene soluble portion was analyzed by  the High Temperature Simulated Distillation GC, ASTM 6352-4 (HTSD) to determine the boiling range of this product. The toluene insolubles were analyzed by CHN, ASTM D5291-02 (carbon, hydrogen and nitrogen) analysis, by X-ray diffraction (XRD) and in some cases by Scanning Transmission Electron Microscopy (STEM).  The CHN analysis was used to calculate the amount of TIOR in the solids samples.  The XRD analysis was used to study the iron phases that formed in the catalyst and also to measure the amount of mesophase that might have formed.  An XRD mesophase analysis method  was developed for the project and is described later in this paper. Selected samples were also analyzed by cross polarized light microscopy, ASTM D 4616–95, the standard method for determining mesophase.  From time to time other analyses were also performed on these products.  The material collected in the condensers was analyzed by ASTM D 2887. 

2.3. Refinery Gas Analysis by Gas Chromatography

UOP Method 539-97

This automated GC method was used to determine the composition of refinery gas samples including non-condensable gases, hydrogen sulfide, C1 through C4 hydrocarbons, C5 paraffins as well as C5 olefins and C6+ hydrocarbons.  The method required the use of a dedicated gas chromatographic system that was configured for automated refinery gas analysis, and was capable, via valve switching, of multi-column, multi-detector operation.  Hydrogen and helium were determined on a 13X molecular sieve column using nitrogen carrier gas and a thermal conductivity detector (TCD).  The remainder of the sample components were determined using hydrogen carrier gas, a series of four columns connected by 6-port and 10-port rotary valves, and a second TCD.  

2.4. Boiling Range Distribution of Petroleum Distillates in Boiling Range from 174 to 700°C by Gas Chromatography (HTSD)

ASTM Method D 6352 – 04 
The boiling range distribution determination by distillation was simulated by the use of gas chromatography. A non-polar open tubular (capillary) gas chromatographic column was used to elute the hydrocarbon components of the sample in order of increasing boiling point.  Retention times of known normal paraffin hydrocarbons, spanning the scope of the test method, were determined and correlated to their boiling point temperatures. The normalized cumulative corrected sample areas for each consecutive recorded time interval was used to calculate the boiling range distribution. The boiling point temperature at each reported percent off increment was calculated from the retention time calibration.
2.5. Instrumental Determination of Carbon, Hydrogen, and Nitrogen in Petroleum Products and Lubricants 

ASTM Method D 5291-02 
Determination of carbon, hydrogen, and nitrogen in product samples was by ASTM methods D25291-02. Values obtained represented the total carbon, the total hydrogen, and the total nitrogen. In these test methods, carbon, hydrogen, and nitrogen were determined concurrently in a single instrumental procedure. 
2.6. XRD analysis 
XRD analyses were performed on the toluene insoluble portion of experimental products,  samples were spread onto a XRD sample holder and placed in the XRD instrument.   A Scintag XDS-2000 XRD instrument was used.   The resulting data was plotted using JADE software from Materials Data, Inc. in Livermore, California.  The JADE software uses International Center for Diffraction Data (ICDD) as a database of standards for phase identification and automated search-match functions. 

2.7. STEM Imaging and EDS
STEM imaging was performed using  a JEOL 3000F Schottky Field Emission TEM/STEM operated at 300 kV.  The EDS was an Oxford Instruments X-sight 30 mm^2 SiLi detector, plus Oxford Inca system for STEM beam control

2.8. Boiling Range Distribution of Petroleum Fractions by Gas Chromatography
ASTM Method D 2887-01 

Products collected in condensers were analyzed by GC ASTM Method D 2887-01 This test method was applicable to petroleum products and fractions having a final boiling point of 538°C (1000°F) or lower at atmospheric pressure. Retention times of known normal paraffin hydrocarbons, spanning the scope of the test method, were determined and correlated to their boiling point temperatures. The normalized cumulative corrected sample areas for each consecutive recorded time interval was used to calculate the boiling range distribution. The boiling point temperature at each reported percent off increment was calculated from the retention time calibration.
3. Results and Discussion
UOP Research evaluated numerous alternative slurry hydrocracking catalysts and identified UXC, which forms nano-crystallites of the active form, as an interesting catalyst for further examination.  The activity, selectivity, and the stability of an iron catalyst depends on the various physical and chemical properties of the intermediate ferrous sulfide that is formed. The following section will illustrate the factors such as nano-crystallinity that can enhance the slurry hydrocracking of heavy oil
3.1. Characterization of Mesophase by X-Ray Diffraction [10a]
The role of the catalyst in slurry hydrocracking is to control side reactions.   The bulk of the conversion in slurry hydrocracking is thermal.  In the absence of the catalyst large amounts of coke solids are formed.  The catalyst’s primary function is to control radical induced cracking, condensation and coke formation.  It accomplishes this by activating hydrogen.  The ferrous sulfide catalyst has hydrogenation capacity and will inhibit condensation of radicals and facilitate saturation of ring systems.  
Monitoring coke formation is an important  process control and historically this has been accomplished by analyzing reactor samples for mesophase formation[11, 12].  Mesophase formation works as an indicator of conditions in the reactor at a given time and warns of high severity conditions.  Mesophase is thought to be a liquid crystal structure formed by the coalescence of dealkylated asphaltenes in conjunction with severe reaction conditions and by tracking its presence, potential coking conditions can be monitored. Cross polarized light microscopy (PLM) is the standard method historically used to identify the mesophase structure and to quantify mesophase concentration in the toluene insoluble organic residue (TIOR) from slurry hydrocracking reactions (ASTM D 4616–95). The semi-crystalline nature of mesophase makes it optically active under cross polarized light. TIOR samples were collected, embedded in epoxy and polished.  They were then examined using a microscope under cross polarized light. The relative amounts of mesophase were quantified by examining the PLM micrograph then measuring the volume % mesophase in that image.  

It was also found that the semi-crystalline nature of mesophase makes it apparent in an X-ray diffraction (XRD) powder pattern[13]. The presence of mesophase is indicated by a peak at 26 two theta degrees, within ± 0.3° in an XRD pattern. The area of the mesophase peak found in XRD images is believed to increase with the amount of mesophase present in the sample. The area of the mesophase peak is converted to a weight% yield as compared to an internal silicon standard.  Mesophase is the broad feature that appears  in the range between about 20 and 29.5 two theta degrees in a toluene insoluble sample (Figure 1).  This technique was used in this study to compare mesophase formation at different conditions and with different catalysts. 
3.2. Performance comparison: UXC and other catalysts [7a]
Numerous iron precursor materials were evaluated, and all of those iron complexes decomposed to form the active catalyst phase, ferrous sulfide.  However, not all iron complexes readily formed ferrous sulfide.   Experiments suggested that different precursors lead to different activity depending on characteristics that were changed as the active phase was formed.  The differences in the active phase can arise from the crystallite size, the morphology, or the phase structure of the catalytically active particles.   Perhaps the most important criteria for catalyst activation were found to be the ease of sulfiding the iron center which can vary widely among precursors. Highly dispersed particles, and particles impregnated onto carbon supports have been found to be more active[14].  The phase behavior of iron sulfides formed is complex and not well understood.  The morphology of the structures present may change as a function of temperature, pressure and hydrogen sulfide concentration[15]. While ferrous sulfide can form in different morphologies, with iron to sulfur ratios greater than 0.5, ferric sulfide or pyrite has not been formed in the catalyst system under study.
Experiments using UXC as a catalyst precursor demonstrated higher pitch conversion and lower TIOR yields compared to ferrous sulfate and other iron precursor experiments at the same %iron loading (Figure 2).  UXC also demonstrated a capacity for controlling mesophase formation in the batch reactor system (Figure 3).  Experiments suggest that a 0.66% iron loading from UXC was roughly comparable to a 2% iron loading from ferrous sulfate.  It is more beneficial to use the minimum amount of catalyst in this process. 
Most of the experiments in this study were performed using a sample of UXC that had been dried and ground to a mean particle diameter of about 2 microns.  When UXC was activated in a slurry hydrocracking reaction the iron portion of the UXC was sulfided to form ferrous sulfide, the bulk of the material did not change.  Ferrous sulfate on the other hand decomposed and the crystal water evaporated, additional water was formed as the iron was sulfided and the sulfate was reduced by hydrogen.  The bulk of the ferrous sulfate was thus reduced by about 1/3.  

After the initial discovery that UXC had the potential to provide a different catalyst system for the slurry hydrocracking process,  an experimental design was instituted to map out UXC performance at different conditions and to compare UXC to ferrous sulfate.  Over time additional conditions were explored and comparable experiments with ferrous sulfate were also performed.  In this study UXC was tested at iron loadings ranging from 0.4% to 2%.  Temperatures varied from 410°C to 460°C with reaction times ranging from 0 minutes at temperature to 80 minutes.  The pressure typically set at 2000 psig was also evaluated at 1500 psig and flow rates were lowered from the normal condition of 6.5sl/m to 4.8 sl/m.  Additional conditions were evaluated but they did not significantly alter the findings presented in this section and have not been included.  Similar experiments were performed with ferrous sulfate.  
Pitch conversion was a primary parameter when comparing UXC and ferrous sulfate. Experiments at 0.66% iron loading with temperatures ranging from 445°C to 460°C were evaluated. Both materials generated higher pitch conversion at higher temperature, but conversion with UXC was about 5% higher than conversion with the ferrous sulfate catalyst at a given temperature.

UXC showed equivalent pitch conversion with 0.4% iron, 0.5% iron and 0.66% iron at the same reaction temperature and conditions.  There was some mesophase formed at 0.4% iron loading.  Ferrous sulfate formed mesophase when 0.66% iron was loaded and pitch conversion was about 5% lower than UXC.  Operations with less than 0.66% iron from ferrous sulfate were unsuccessful due to excessive coke formation.

TIOR yields from experiments using UXC were lower than TIOR yields from ferrous sulfate experiments (Figure 3.). This held true across a range of conditions and iron concentrations.  The one notable trigger for TIOR formation uncovered by this experimental plan was lower pressure which represents lower hydrogen availability.   There was also a suggestion that shorter run time increased TIOR formation.  It appeared that some of the TIOR formed in the initial stages of the reaction was re-hydrogenated over time in the reactor.  This finding is consistent with historical experience.

The amount of mesophase that forms in a slurry hydrocracking reaction is a key indicator of coking conditions.  Ferrous sulfate catalyzed reactions do not form a significant amount mesophase in reactions with 2% iron, 6.52sl/m hydrogen at 2000 psig.  However lowering the flow rate promoted mesophase formation and lowering the iron to 0.66% always led to mesophase formation in this reaction system.  UXC catalyzed reactions rarely formed any mesophase, only lowering the iron content to 0.4% or lowering the hydrogen pressure to 1500psig seemed to allow mesophase to form.  The C5 to 525°C product yield increased linearly compared to pitch conversion, UXC reactions trended toward higher conversion verses yield.  C1 toC4 gas yield increased with higher conversion.  Higher conversion reactions tended to be more severe, with more cracking to light gas.  
3.3 Formation of Ferrous Sulfide: Effect of Time on Stream [7a] and Crystallite Size
Experiments with varied reaction times were instrumental in studying the in-situ decomposition of the ferrous sulfate precursor to form ferrous sulfide the active catalyst species in the slurry hydrocracking process.  X-Ray diffraction (XRD) characterization of ferrous sulfate separated from the reaction product during different stages of the decomposition process demonstrated the rate of transformation of ferrous sulfate to ferrous sulfide.  Similar studies with UXC showed more rapid formation of ferrous sulfide.
One measure of slurry hydrocracking catalyst behavior was to track pitch conversion over time.  Four experiments with 2% iron from ferrous sulfate at 450°C with 2000psig  at 6.52sl/m hydrogen were repeated with reaction times of 15, 30, 60 and 80 minutes.   Two additional experiments ran at the same conditions with only 0.66% iron from ferrous sulfate for 60 and 80 minutes.  Data showed that 60% of the pitch was converted in the first 15 minutes of operation while conversion continued to increase more slowly over the 80 minutes of total run time.  The C5 to 525°C yield also increased.  Interestingly, the TIOR yield spiked and then decreased over time suggesting that the TIOR underwent some conversion after it was initially created by thermal conditions.  The results suggest that the early portion of the experiment may have been catalyst limited allowing more TIOR to form, and then the TIOR was hydrogenated as the ferrous sulfide formed. An alternative view might be that the thermal coking reaction was faster than the catalytic hydrogenation reaction.  
In-situ formation of ferrous sulfide from the ferrous sulfate precursor was hindered. XRD data showed that when the ferrous sulfate reached the reaction temperature of 450°C only about 30% of the iron in the reactor was ferrous sulfide (Figure 4). When UXC reached the reaction temperature of 460°C and the products were worked-up and analyzed, the XRD scans showed that all of the observable iron was converted to ferrous sulfide (Figure 5).  The experiment with UXC was repeated, but the heat-up stopped at 410°C and the products were worked-up and analyzed.  Again the XRD showed that all of the iron was converted to ferrous sulfide (Figure 4). 
One possible reason for the rapid formation of ferrous sulfide from UXC might be that iron oxide, the type of nano-dispersed iron in UXC, easily reacted to form ferrous sulfide in the slurry hydrocracking environment, where as the decomposition of ferrous sulfate was chemically hindered initially. Scanning Transmission Electron Microscopy (STEM) compositional X-ray mapping of fresh UXC showed about 25 nm crystals of iron oxide and after testing the resulting ferrous sulfide particles were still about  25 nm (Figures 6 and 7).  The small iron oxide crystals might readily react to form ferrous sulfide.  
Small crystallite size is thought to enhance catalyst activity because more active sights are available in a higher surface area, nano-crystalline catalyst.  X-Ray Diffraction (XRD) can be used to determine iron sulfide crystallite mean diameter based on the width of the iron sulfide peak at 43 two theta degrees. Crystallite size is calculated using the Debye-Scherrer formula for size broadening of diffraction peaks. This method has limitations in these experiments because ferrous sulfide forms in many different morphologies, individual ferrous sulfide crystal types have peak locations slightly shifted from one another resulting in an overall broadening of the ferrous sulfide peaks in a given XRD pattern.  This could give the appearance of smaller crystallite size.  Another limitation is that the XRD crystallite size calculation provides an average of the bulk sample with no indication of minimum or maximum size.  That said the XRD crystallite size data can show trends in crystal growth and has been used as a screening tool.

It was also demonstrated by TEM analysis that UXC samples tested in the pilot plants showed uniformly nano-crystalline ferrous sulfide crystals and the XRD data calculated to an average crystallite size of between 9 and 12nm.  TEM images of ferrous sulfide generated from ferrous sulfate tested in the pilot plants showed a range of crystallite and particle sizes within a single sample from 10 nm to 1 micron, XRD analysis showed an average crystallite size over a range of experiments of between 20 and 65 nm.   

In an attempt to understand the unique performance of UXC in the stirred reactors, XRD mean crystallite size data was calculated for all of the experiments in this study. UXC data was compared to ferrous sulfate along with data from other iron sources, all were tested at the same conditions.  When crystallite size was compared to pitch conversion it did show a trend favoring smaller crystallite ferrous sulfide (Figure 8).  The UXC generated ferrous sulfide crystals were smaller and resulted in higher pitch conversion.
While other influences impact pitch conversion, it appeared that in this data set crystallite sizes of ferrous sulfate based materials, were on average larger than crystallite sizes of UXC samples.  Another impact on crystallite size that was noticed in this study relates to hydrogen availability and or mixing.  It was observed that in experiments with ferrous sulfate tested with a 0.66% iron loading, smaller average crystallite size ferrous sulfide was formed compared to experiments with a 2% iron loading.  Additionally experiments using Ural feed which is less viscous than Peace River Vacuum Bottoms (PRVB) led to smaller crystallite size ferrous sulfide than experiments with PRVB.   The lower catalyst concentration could form smaller crystallites due to easier dispersion of the ferrous sulfate and perhaps faster formation of the active species.  The lower viscosity of the Ural feed could enable rapid dispersion and conversion to ferrous sulfide.  These observations provide clues to better utilization of iron active sites in all of the iron based catalysts that we studied.
4. Conclusion

In this study we have attempted to understand the fundamentals of how the iron based catalyst functions for slurry hydrocracking of heavy oil.  We have learned how to enhance the performance of the ferrous sulfate catalyst precursor and have applied this knowledge to the study of other iron based catalyst systems.  We have observed that UXC has properties that differ from iron sulfate monohydrate and other iron-containing catalyst precursors for slurry hydrocracking of heavy oil.  This new precursor was more active, selective, and more coke resistant than other iron based materials tested in the batch autoclave reactors.   Systematic experiments showed that the iron oxide crystals in UXC were smaller and converted to the active form of ferrous sulfide more rapidly than other iron based precursors under hydrocracking conditions. Over all, at any given condition, UXC showed 3 to 5% higher pitch conversion along with an increase in C5 to 525°C yield.  Mesophase formation was also reduced or completely suppressed. The UXC-generated, nano-sized, ferrous sulfide crystals were substantially smaller that ferrous sulfide produced from other iron based precursors.
Figure 1.  An XRD powder pattern characterizing toluene insolubles from an SHC experiment with ISM as the catalyst precursor.
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Figure 2.  UXC compared to other non-Mo catalysts:  Pitch Conversion vs. %TIOR yield at same conditions
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Figure 3. Ferrous sulfate controls mesophase formation under ideal operating conditions in the batch reactor.  UXC controls mesophase formation at all test conditions in the same system
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Figure 4.  XRD showing partially converted ferrous sulfate to ferrous sulfide 
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Figure 5. Time series experiment show iron in UXC rapidly converted to ferrous sulfide at 410°C  
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Figure 6.  STEM compositional images of fresh UXC showing  about  25nm iron oxide
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Figure 7. STEM compositional images of used UXC showing about  25nm ferrous sulfide
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Figure 8. Ferrous sulfide crystallites size compared to pitch conversion
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Pitch conversion vs C5 to 525°C Yield














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































