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CHAPTER 10



RESIDUAL FUEL OIL



10.1. INTRODUCTION



The term fuel oil is applied not only to distillate products (distillate fuel oil, Chapter 9) but also to residual material, which is distinguished from distillate type fuel oil by boiling range and, hence, is referred to as residual fuel oil (ASTM D-396). Thus residual fuel oil is fuel oil that is manufactured from the distillation residuum, and the term includes all residual fuel oils, including fuel oil obtained by visbreaking as well as by blending residual products from other operations (Gruse and Stevens, 1960; Guthrie, 1967; Kite and Pegg, 1973; Weissermel and Arpe, 1978; Francis and Peters, 1980; Hoffman, 1983;Austin, 1984; Chenier, 1992; Hoffman and McKetta, 1993; Hemighaus, 1998; Warne, 1998; Speight, 1999; Charlot and Claus, 2000; Heinrich and Duée, 2000). The various grades of heavy fuel oils are produced to meet rigid specifications to ensure suitability for their intended purpose. Detailed analysis of residual products, such as residual fuel oil, is more complex than the analysis of lower-molecular-weight liquid products. As with other products, there are a variety of physical property measurements that are required to determine whether the residual fuel oil meets specification, but the range of molecular types present in petroleum products increases significantly with an increase in the molecular weight (i.e., an increase in the number of carbon atoms per molecule). Therefore, characterization measurements or studies cannot, and do not, focus on the identification of specific molecular structures. The focus tends to be on molecular classes (paraffins, naphthenes, aromatics, polycyclic compounds, and polar compounds). Several tests that are usually applied to the lower-molecular-weight colorless (or light-colored) products are not applied to residual fuel oil. For example, test methods such as those designed for the determination of the aniline point (or mixed aniline point) (ASTM D-611, IP 2) and the cloud point (ASTM D-2500, ASTM D-5771, ASTM D-5772, ASTM D-5773) can suffer from visibility effects because of the color of the fuel oil. 217
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residual fuel oil 10.2. PRODUCTION AND PROPERTIES



Visbreaking (viscosity reduction, viscosity breaking) is the most widely used process for the production of residual fuel oil. It is a relatively mild thermal cracking operation used to reduce the viscosity of residua (Bland and Davidson, 1967; Ballard et al., 1992; Speight and Ozum, 2002). Residua are sometimes blended with lighter heating oils to produce residual fuel oil of acceptable viscosity. By reducing the viscosity of the nonvolatile fraction, visbreaking reduces the amount of the more valuable light heating oil that is required for blending to meet the fuel oil specifications. The process is also used to reduce the pour point of a waxy residue. In the visbreaking process, a residuum is passed through a furnace where it is heated to a temperature of approximately 480°C (895°F) under an outlet pressure of about 100 psi (Speight, 1999; Speight and Ozum, 2002). The heating coils in the furnace are arranged to provide a soaking section of low heat density, where the charge remains until the visbreaking reactions are completed. The cracked products are then passed into a flash distillation chamber. The overhead material from this chamber is then fractionated to produce a low-quality gasoline as an overhead product and light gas oil as bottoms. The liquid products from the flash chamber are cooled with a gas oil flux and then sent to a vacuum fractionator. This yields a heavy gas oil distillate and a residuum of reduced viscosity. A quench oil may also be used to terminate the reactions. A 5–10% by weight or by volume conversion of atmospheric residua to naphtha is usually sufficient to afford at least an approximate fivefold reduction in viscosity. Reduction in viscosity is also accompanied by a reduction in the pour point. The reduction in viscosity of residua tends to reach a limiting value with conversion, although the total product viscosity can continue to decrease but other properties will be affected. Sediment (which is predominantly organic but may contain some mineral matter) may also form—a crucial property for residual fuel oil—and conditions should be chosen so that sediment formation is minimal, if it occurs at all. When shipment of the visbreaker product by pipeline is the process objective, addition of a diluent such as gas condensate can be used to achieve a further reduction in viscosity. Recovery of the diluent after pipelining is an option. The significance of the measured properties of residual fuel oil is dependent to a large extent on the ultimate uses of the fuel oil. Such uses include steam generation for various processes as well as electrical power generation and propulsion. Corrosion, ash deposition, atmospheric pollution, and product contamination are side effects of the use of residual fuel oil, and in particular cases properties such as vanadium, sodium, and sulfur contents may be significant.
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Problems of handling and storage may also arise, particularly with higher-boiling fuel oil, because at ambient temperatures this type of fuel oil may be viscous and even approach a semisolid state. Although such fuel oil is usually stored in heated tanks, test methods to determine the low-temperature behavior of the fuel oil are necessary. In addition, because viscous or semisolid fuel oil should be preheated to obtain the correct injection (atomizing) conditions for efficient combustion, test methods that describe viscosity are also necessary.



10.3. TEST METHODS



Test methods of interest for hydrocarbon analysis of residual fuel oil include tests that measure physical properties such as elemental analysis, density, refractive index, molecular weight, and boiling range. There may also be some emphasis on methods that are used to measure chemical composition and structural analysis, but these methods may not be as definitive as they are for other petroleum products. Testing residual fuel oil does not suffer from the issues that are associated with sample volatility, but the test methods are often sensitive to the presence of gas bubbles in the fuel oil. An air release test is available for application to lubricating oil (ASTM D-3427, IP 313) and may be applied, with modification, to residual fuel oil. However, with dark-colored samples, it may be difficult to determine whether all air bubbles have been eliminated. And, as with the analysis and testing of other petroleum products, the importance of correct sampling of fuel oil cannot be overemphasized, because no proper assessment of quality can be made unless the data are obtained on truly representative samples (ASTM D-270, IP 51). 10.3.1. Ash The ash formed by the combustion of fuel oil (ASTM D-482, ASTM D-2415, IP 4) is, as defined for other products, the inorganic residue, free from carbonaceous matter, remaining after ignition in air of the residual fuel oil at fairly high temperatures. The ash content is not directly equated to mineral content but can be converted to mineral matter content by the use of appropriate formulae. Residual fuel oil often contains varying amounts of ash-forming constituents (but seldom more than 0.2% w/w) such as organometallic complexes that are soluble, or inherent, in petroleum, from mineral matter from oil-bearing strata, or from contact of the crude oil with pipelines and storage tanks during transportation and subsequent handling. Additives used to improve particular fuel properties and carryover from refining processes
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may also contribute to the ultimate amount of mineral matter in the fuel oil and may present an inflated measurement of the ash formed by combustion of the sample. Thus, although the total amounts of ash-forming constituents in different fuel oils may be similar, the compositions of the mineral constituents will depend on the crude oil origin as well as on the handling of the respective fuel oils. These constituents ultimately concentrate in the distillation residue, and so their presence will be reflected in the fuel oil ash. The presence of sodium and vanadium complexes in the fuel oil ash can, under certain plant operating conditions, result in considerable harm to the equipment. Spalling and fluxing of refractory linings is associated with the presence of sodium in the fuel. Above a certain threshold temperature, which will vary from fuel to fuel, the oil ash will adhere to boiler superheater tubes and gas turbine blades, thus reducing the thermal efficiency of the plant. At higher temperatures, molten complexes of vanadium, sodium, and sulfur are produced that will corrode all currently available metals used in the construction of these parts of the plant. The presence of trace amounts (ASTM D-1318) of vanadium (ASTM D-1548, IP 285, IP 286) in fuel oil used in glass manufacture can affect the indicator of the finished product. 10.3.2. Asphaltene Content The asphaltene fraction (ASTM D-893, ASTM D-2006, ASTM D-2007, ASTM D-3279,ASTM D-4124,ASTM D-6560, IP 143) is the highest-molecular-weight, most complex fraction in petroleum. The asphaltene content gives an indication of the amount of coke that can be expected during exposure to thermal conditions (Speight, 1999; Speight, 2001, Speight and Ozum 2002). In any of the methods for the determination of the asphaltene content (Speight et al., 1984), the residual fuel oil is mixed with a large excess (usually >30 volumes hydrocarbon per volume of sample) of low-boiling hydrocarbon such as n-pentane or n-heptane. For an extremely viscous sample a solvent such as toluene may be used before the addition of the low-boiling hydrocarbon, but an additional amount of the hydrocarbon (usually >30 volumes hydrocarbon per volume of solvent) must be added to compensate for the presence of the solvent. After a specified time, the insoluble material (the asphaltene fraction) is separated (by filtration) and dried. The yield is reported as percentage (% w/w) of the original sample. In any of these tests, different hydrocarbons (such as n-pentane or nheptane) will give different yields of the asphaltene fraction, and if the presence of the solvent is not compensated by use of additional hydrocarbon the yield will be erroneous. In addition, if the hydrocarbon is not present
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in a large excess, the yields of the asphaltene fraction will vary and will be erroneous (Speight, 1999). Another method, not specifically described as an asphaltene separation method, is designed to remove pentane-insoluble constituents by membrane filtration (ASTM D-4055). In the method, a sample of oil is mixed with pentane in a volumetric flask, and the oil solution is filtered through a 0.8-mm membrane filter. The flask, funnel, and filter are washed with pentane to completely transfer any particulates onto the filter, after which the filter (with particulates) is dried and weighed to give the pentaneinsoluble constituents as a percentage by weight of the sample. Particulates can also be determined by membrane filtration (ASTM D-2276, ASTM D-5452, ASTM D-6217, IP 415). The precipitation number is often equated to the asphaltene content, but there are several issues that remain obvious in its rejection for this purpose. For example, the method to determine the precipitation number (ASTM D-91) advocates the use of naphtha for use with black oil or lubricating oil, and the amount of insoluble material (as a % v/v of the sample) is the precipitating number. In the test, 10 ml of sample is mixed with 90 ml of ASTM precipitation naphtha (which may or may nor have a constant chemical composition) in a graduated centrifuge cone and centrifuged for 10 min at 600–700 rpm. The volume of material on the bottom of the centrifuge cone is noted until repeat centrifugation gives a value within 0.1 ml (the precipitation number). Obviously, this can be substantially different from the asphaltene content. If the residual fuel oil is produced by a thermal process such as visbreaking, it may also be necessary to determine whether toluene-insoluble material is present by the methods, or modifications thereof, used to determine the toluene-insoluble material of tar and pitch (ASTM D-4072,ASTM D-4312). In these methods, a sample is digested at 95°C (203°F) for 25 min and then extracted with hot toluene in an alundum thimble. The extraction time is 18 h (ASTM D-4072) or 2 h (ASTM D-4312). The insoluble matter is dried and weighed. 10.3.3. Calorific (Heat of Combustion) Value The calorific value (heat of combustion) of residual fuel oil (ASTM D-240, IP 12) is lower than that of lower-boiling fuel oil (and other liquid fuels) because of the lower atomic hydrogen-to-carbon ratio and the incidence of greater amounts of less combustible material, such as water and sediment, and generally higher levels of sulfur. For most residual fuel oils, the range of calorific value is relatively narrow and limits are not usually included in the specifications. When precise determinations are not essential, values of sufficient accuracy may be derived
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from calculations based on measurable physical properties (ASTM D6446). In this test method, the net heat of combustion is calculated from the density and sulfur and hydrogen content, but this calculation is justifiable only when the fuel belongs to a well-defined class for which a relationship between these quantities has been derived from accurate experimental measurements on representative samples. Thus the hydrogen content (ASTM D-1018, ASTM D-1217, ASTM D-1298, ASTM D-3701, ASTM D4052, ASTM D-4808, ASTM D-5291, IP 160, IP 365), density (ASTM D129, ASTM D-1250, ASTM D-1266, ASTM D-2622, ASTM D-3120, IP 61, IP 107), and sulfur content (ASTM D-2622, ASTM D-3120, ASTM D-3246, ASTM D-4294,ASTM D-5453,ASTM D-5623, IP 336, IP 373) of the sample are determined by experimental test methods and the net heat of combustion is calculated with the values obtained by these test methods based on reported correlations. 10.3.4. Carbon Residue The propensity of residual fuel oil for carbon formation and deposition under thermal conditions may be indicated by the one or more of three carbon residue tests. Thus the specifications for the allowable amounts of carbon residue by the Conradson carbon residue test (ASTM D-189, IP 13), the Ramsbottom carbon residue test (ASTM D-524, IP 14), or the microcarbon carbon residue test (ASTM D-4530, IP 398) may be included in inspection data for fuel oil. In the Conradson carbon residue test (ASTM D-189, IP 13), a weighed quantity of sample is placed in a crucible and subjected to destructive distillation for a fixed period of severe heating. At the end of the specified heating period, the test crucible containing the carbonaceous residue is cooled in a desiccator and weighed and the residue is reported as a percentage (% w/w) of the original sample (Conradson carbon residue). In the Ramsbottom carbon residue test (ASTM D-524, IP 14), the sample is weighed into a glass bulb that has a capillary opening and is placed into a furnace (at 550°C/1022°F). The volatile matter is distilled from the bulb, and the nonvolatile matter that remains in the bulb cracks to form thermal coke. After a specified heating period, the bulb is removed from the bath, cooled in a desiccator, and weighed to report the residue (Ramsbottom carbon residue) as a percentage (% w/w) of the original sample. In the microcarbon residue test (ASTM D-4530, IP 398), a weighed quantity of the sample placed in a glass vial is heated to 500°C (932°F) under an inert (nitrogen) atmosphere in a controlled manner for a specific time and the carbonaceous residue [carbon residue (micro)] is reported as a percentage (% w/w) of the original sample.
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The data produced by the microcarbon test (ASTM D-4530, IP 398) are equivalent to those produced by the Conradson carbon method (ASTM D189 IP 13). However, this microcarbon test method offers better control of test conditions and requires a smaller sample. Up to 12 samples can be run simultaneously. This test method is applicable to petroleum and to petroleum products that partially decompose on distillation at atmospheric pressure and is applicable to a variety of samples that generate a range of yields (0.01% w/w to 30% w/w) of thermal coke. In any of the carbon residue tests, ash-forming constituents (ASTM D-482) or nonvolatile additives present in the sample will be included in the total carbon residue reported, leading to higher carbon residue values and erroneous conclusions about the coke-forming propensity of the sample. The data give an indication of the amount of coke that will be formed during exposure of the residual fuel oil to thermal effects. However, the significance of a carbon residue test relative to the combustion characteristics of the fuel is questionable because the significance of the test depends, to a large extent, on the particular process and handling conditions, specifically the introduction of residual fuel oil to heat in pipes as it passes to a furnace. Other test methods that are used for determining the coking value of tar and pitch (ASTM D-2416, ASTM D-4715), which indicates the relative coke-forming properties of tars and pitches, might also be applied to residual fuel oil. Both test methods are applicable to tar and pitch with an ash content of ≤0.5% (ASTM D-2415). The former test method (ASTM D2416) gives results close to those obtained by the Conradson carbon residue test (ASTM D-189 IP 13). However, in the latter test method (ASTM D4715), a sample of tar (or pitch) is heated for a specified time at 550 ± 10°C (1022 ± 18°F) in an electric furnace. The percentage of residue is reported as the coking value. For residual fuel oil, the temperature of both test methods can be adjusted to the temperature that the fuel oil might experience in the pipe to the furnace, with a corresponding adjustment for the residence time in the pipe. Finally, a method that is used to determine pitch volatility (ASTM D4893) might also be used, on occasion, to determine the nonvolatility of residual fuel oil. In the method, an aluminum dish containing about 15 g of accurately weighed sample is introduced into the cavity of a metal block heated and maintained at 350°C (662°F). After 30 min, during which the volatiles are swept away from the surface of the sample by preheated nitrogen, the residual sample is taken out and allowed to cool down in the desiccator. Nonvolatility is determined by the sample weight remaining and reported as percentage w/w residue.



224



residual fuel oil 10.3.5. Composition



The composition of residual fuel oils is varied and is often reported in the form of four or five major fractions as deduced by adsorption chromatography (Fig. 10.1 and Fig. 10.2). In the case of cracked feedstocks, thermal decomposition products (carbenes and carboids) may also be present. Column chromatography is used for several hydrocarbon type analyses that involve fractionation of viscous oils (ASTM D-2007, ASTM D-2549), including residual fuel oil. The former method (ASTM D-2007) advocates the use of adsorption on clay and clay-silica gel. followed by elution of the clay with pentane to separate saturates; elution of clay with acetone-toluene to separate polar compounds; and elution of the silica gel fraction with toluene to separate aromatic compounds. The latter method (ASTM D2549) uses adsorption on a bauxite-silica gel column. Saturates are eluted with pentane; aromatics are eluted with ether, chloroform, and ethanol. Several promising chromatographic techniques have been reported for the analysis of lubricant base oils. Rod thin-layer chromatography (TLC), high-performance liquid chromatography (HPLC), and supercritical fluid chromatography (SFC) have all been used for fuel oil analysis and base oil content. In addition to carbon and hydrogen, high-molecular-weight fractions of crude oil often contain oxygen compounds, sulfur compounds, and nitrogen



Figure 10.1. Separation of a feedstock into four major fractions
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Figure 10.2. Representation of feedstock fractionation



compounds as well as trace amounts of metal-containing compounds. Determining the chemical form present for these elements provides additional important information. Finished products made with viscous oils may contain additives or contaminants that also require analysis. Thus elemental analysis also plays an important role in determining the composition of residual fuel oils. Carbon and hydrogen are commonly determined by combustion analysis in which the sample is burned in an oxygen stream where carbon is converted to carbon dioxide and hydrogen to water. These compounds are absorbed, and the composition is determined automatically from mass increase (ASTM D-5291). Nitrogen may be determined simultaneously. Sulfur is naturally present in many crude oils and petroleum fractions, most commonly as organic sulfides and heterocyclic compounds. Residual fuel oils are variable products whose sulfur contents depend not only on their crude oil sources but also on the extent of the refinery processing received by the fuel oil blending components. Sulfur, present in these fuel oils in varying amounts up to 4 or 5% w/w, is an undesirable constituent, and many refining steps aim to reduce the sulfur content to improve stability and reduce environmentally harmful emissions. Hydrogen sulfide (H2S) and mercaptans (R-SH) may be produced during thermal processes such as the visbreaking process and can occur in
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fuel oil with other sulfur compounds that concentrate in the distillation residue. Without any further processing, such as hydrofining and caustic washing (Speight, 1999; Speight, 2000), these sulfur compounds remain in the fuel oil. The sulfur content of fuel oil obtained from petroleum residua and the atmospheric pollution arising from the use of these fuel oils is an important factor, and the increasing insistence on a low-sulfur-content fuel oil has increased the value of low-sulfur petroleum. A considerable number of tests are available to estimate the sulfur in petroleum or to study its effect on various products, particularly hydrogen sulfide (ASTM D-5705, ASTM D-6021), that can result as a product of thermal processes, such as visbreaking. Hydrogen sulfide dissolved in petroleum is normally determined by absorption of the hydrogen sulfide in a suitable solution that is subsequently analyzed chemically (Doctor method) (ASTM D-4952, IP 30) or by the formation of cadmium sulfate (IP 103). The Doctor test measures the amount of sulfur available to react with metallic surfaces at the temperature of the test. The rates of reaction are metal type-, temperature-, and time dependent. In the test, a sample is treated with copper powder at 149°C or 300°F. The copper powder is filtered from the mixture. Active sulfur is calculated from the difference between the sulfur contents of the sample (ASTM D-129) before and after treatment with copper. Of all the elements present in a normal residual fuel oil, vanadium, sodium, and sulfur contribute most to difficulties and problems that may arise in the industrial application of fuel oils. Sulfur contributes to the increasing problem of atmospheric pollution when sulfur oxides, produced on combustion of high-sulfur fuel oils, are emitted into the surrounding atmosphere of densely populated industrial areas or large towns. In specific applications fuel oil desulfurization may have to be used to comply with air pollution legislation. The methods used to measure sulfur content vary depending on the sulfur concentration, viscosity or boiling range, and presence of interfering elements. For the determination of sulfur contents of residual fuels a variety of procedures are available. The bomb (ASTM D-129, IP 61) and quartz tube (ASTM D-l55, IP 63) combustion methods have long been established. Other, more rapid techniques are becoming increasingly available, including high-temperature combustion (ASTM D-1552), X-ray absorption and fluorescence methods, and the Schoniger oxygen flask procedure. The bomb method for sulfur determination (ASTM D-129) uses sample combustion in oxygen and conversion of the sulfur to barium sulfate, which is determined by mass. This method is suitable for samples containing 0.1–5.0% w/w sulfur and can be used for most low-volatility petroleum products. Elements that produce residues insoluble in hydrochloric acid
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interfere with this method—this includes aluminum, calcium, iron, lead, and silicon plus minerals such as asbestos, mica, and silica—and an alternate method (ASTM D-1552) is preferred. This method describes three procedures: the sample is first pyrolyzed in either an induction furnace or a resistance furnace; the sulfur is then converted to sulfur dioxide; and the sulfur dioxide is either titrated with potassium iodate-starch reagent or analyzed by infrared spectroscopy. This method is generally suitable for samples containing from 0.06 to 8.0% w/w sulfur that distill at temperatures above 177°C (351°F). Two methods describe the use of X ray techniques for sulfur determination and can be applied to the determination of sulfur in samples with sulfur content of 0.001–5.0% w/w (ASTM D-2622, ASTM D-4294). Oil viscosity is not a critical factor with these two methods, but interference may affect test results when chlorine, phosphorus, heavy metals, and possibly silicon are present. A method is also available for very low sulfur concentrations (ASTM D-4045). This is normally used for lower-viscosity fractions but may be used for some viscous oils that boil below 371°C (700°F). The method is designed to measure sulfur in the range of 0.02 to 10 ppm. Sulfur may also be determined along with metals (ASTM D-4927, ASTM D-4951, ASTM D-5185). Nitrogen is present in residual fuel oils and is also a component of many additives used in petroleum products, including oxidation and corrosion inhibitors and dispersants. There are four ASTM standards describing analytical methods for nitrogen in viscous oils. The first (ASTM D-3228) is a standard wet chemical method and is useful for determining the nitrogen content of most viscous oils in the range from 0.03 to 0.10% w/w nitrogen. The other three methods are instrumental techniques; one involves nitrogen reduction, and the other two involve nitrogen oxidation. One method (ASTM D-3431) is an instrumental method where nitrogen is pyrolyzed under reducing conditions and converted to ammonia, which is measured coulometrically. This method is very useful in assessing feeds for catalytic hydrogenation processes, where nitrogen may act as a catalyst poison. Another method (ASTM D-4629) is useful for samples containing 0.3–100 ppm nitrogen and boiling higher than 400°C (752°F) but with viscosities of 10 cSt or less. In this method, organic nitrogen is converted to nitric oxide (NO) and then to excited nitrogen dioxide (NO2) by reaction with oxygen and ozone. Energy emitted during decay of the excited nitrogen dioxide is measured with a photomultiplier tube. There is a method (ASTM D-5762) that is complementary to this one and is suitable for higher-viscosity viscous samples that contain from 40 to 10,000 ppm nitrogen. The viscous fractions of crude oil often contain metals such as iron, nickel, and vanadium. Catalytic refining processes are often sensitive to metal contamination and, therefore, the type and quantity of metals must



228



residual fuel oil



be determined. In other cases such as lubricating oils, some metals are parts of compounds added to the petroleum component to enhance performance. A standard wet chemical analysis (ASTM D-811) is available for determination of aluminum, barium, calcium, magnesium, potassium, silicon, sodium, tin, and zinc. The procedure involves a series of chemical separations with specific elemental analysis performed by using appropriate gravimetric or volumetric analyses. The most commonly used methods for determining metal content in viscous oils are spectroscopic techniques. In one such method (ASTM D4628), the sample is diluted in kerosene and burned in an acetylene-nitrous oxide flame of an M spectrophotometer. The method is suitable for oils in the lubricating oil viscosity range. It is designed to measure barium at concentrations of 0.005–1.0% w/w, calcium and magnesium at 0.002–0.3% w/w, and zinc at 0.002–0.2% w/w. Higher metal concentrations, such as are present in additives, can be determined by dilution. Lower concentrations in the range of 10–50 ppm can also be determined; however, the precision is poorer. An alternate test method (ASTM D-4927) is designed for unused lube oils containing metals at concentration levels of 0.03–1.0% w/w and sulfur at 0.01–2.0% w/w. Higher concentrations can be determined after dilution. A third technique (ASTM D-4951) is used to determine barium, boron, calcium, copper, magnesium, phosphorus, sulfur, and zinc in unused lubricating oils and additive packages. Elements can generally be determined at concentrations of 0.01–1.0% w/w. The sample is diluted in mixed xylenes or other solvents containing an internal standard. The ICP method (ASTM D708, ASTM D-5185) is also available. Sensitivity and useable range varies from one element to another, but the method is generally applicable from 1 to l00 ppm for contaminants and up to 1000–9000 ppm for additive elements: Additive Elements



Contaminant Elements



calcium magnesium phosphorus potassium sulfur zinc



aluminum barium boron chromium copper iron



lead manganese molybdenum nickel silicon silver



sodium tin titanium vanadium



Two procedures are described whereby either the sample is treated with acid to decompose the organic material and dissolve the metals or, alternatively, the sample is dissolved in an organic solvent. The first method is sensitive down to about 1 ppm; the precision statement is based on samples containing 1–10 ppm iron, 10–l00 ppm nickel, or 50–500 ppm vanadium
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(ASTM D-5708). The second method provides an alternate method for analysis of crude oils and residuum (ASTM D-5863). The sensitivity range is 3.0–10 ppm for iron, 0.5–100 ppm for nickel, 0.1–20 ppm for sodium, and 0.5–500 ppm for vanadium. Higher concentrations may be determined after dilution. A variety of miscellaneous elements can also occur in residual fuel oil fraction For example, chlorine is present as a chlorinated hydrocarbon and can be determined (ASTM D-808, ASTM D-1317, ASTM D-6160). A rapid test method suitable for analysis of samples by nontechnical personnel is also available (ASTM D-5384) that uses a commercial test kit where the oil sample is reacted with metallic sodium to convert organic halogens to halide, which is titrated with mercuric nitrate using diphenyl carbazone indicator. Iodides and bromides are reported as chloride. Phosphorus is a common component of additives and appears most commonly as a zinc dialkyl dithiophosphate or a tri-aryl phosphate ester, but other forms also occur. Two wet chemical methods are available, one of which (ASTM D-1091) describes an oxidation procedure that converts phosphorus to aqueous orthophosphate anion. This is then determined by mass as magnesium pyrophosphate or photochemically as molybdivanadophosphoric acid. In an alternate test (ASTM D-4047), samples are oxidized to phosphate with zinc oxide, dissolved in acid, precipitated as quinoline phosphomolybdate, treated with excess standard alkali, and backtitrated with standard acid. Both of these methods are primarily used for referee samples. Phosphorus is most commonly determined with X-ray fluorescence (ASTM D-4927) or ICP (ASTM D-4951). Correlative methods are derived relationships between fundamental chemical properties of a substance and measured physical or chemical properties. They provide information about an oil from readily measured properties (ASTM D-2140, ASTM D-2501, ASTM D-2502, ASTM D-3238). One method (ASTM D-2501) describes the calculation of the viscositygravity coefficient (VGC)—a parameter derived from kinematic viscosity and density that has been found to relate to the saturate/aromatic composition. Correlations between the viscosity-gravity coefficient (or molecular weight and density) and refractive index to calculate carbon type composition in percentage of aromatic, naphthenic, and paraffinic carbon atoms are used to estimate of the number of aromatic and naphthenic rings present (ASTM D-2140, ASTM D-3238). Another method (ASTM D-2502) permits estimation of molecular weight from kinematic viscosity measurements at 38 and 99°C (100 and 210°F) (ASTM D-445). It is applicable to samples with molecular weights in the range from 250 to 700 but should not be applied indiscriminately for oils that represent extremes of composition for which different constants are derived (Moschopedis et al., 1976).
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However, data from correlative methods must not be confused with more fundamental measurements obtained by chromatography or mass spectroscopy. Correlative methods can be extremely useful when used to follow changes in a hydrocarbon mixture during processing. They are less reliable when comparing materials of different origin and can be very misleading when applied to typical or unusual compositions. A major use for gas chromatography for hydrocarbon analysis has been simulated distillation, as discussed above. Other gas chromatographic methods have been developed for contaminant analysis (ASTM D-3524, ASTM D-4291) The aromatic content of fuel oil is a key property that can affect a variety of other properties including viscosity, stability, and compatibility with other fuel oil or blending stock. Existing methods for this work use physical measurements and require suitable standards. Thus methods have been standardized with nuclear magnetic resonance (NMR) for hydrocarbon characterization (ASTM D-4808, ASTM D-5291, ASTM D-5292). The nuclear magnetic resonance method is simpler and more precise. Procedures are described that cover light distillates with a 15–260°C boiling range, middle distillates and gas oils with boiling ranges of 200–370°C and 370–510°C, and residuum boiling above 510°C. One of the methods (ASTM D-5292) is applicable to a wide range of hydrocarbon oils that are completely soluble in chloroform and carbon tetrachloride at ambient temperature. The data obtained by this method can be used to evaluate changes in aromatic contents of hydrocarbon oils resulting from process changes. High ionizing voltage mass spectrometry (ASTM D-2786, ASTM D3239) is also employed for compositional analysis of residual fuel oil. These methods require preliminary separation with elution chromatography (ASTM D-2549). A third method (ASTM D-2425) may be applicable to some residual fuel oil samples in the lower molecular weight range. 10.3.6. Density (Specific Gravity) Density or specific gravity (relative density) is used whenever conversions must be made between mass (weight) and volume measurements. This property is often used in combination with other test results to predict oil quality, and several methods are available for measurement of density (or specific gravity). However, the density (specific gravity) (ASTM D-1298, IP 160) is probably of least importance in determining fuel oil performance but it is used in product control, in weight-volume relationships, and in the calculation of calorific value (heating value). Two of the methods (ASTM D-287, ASTM D-1298) use an immersed hydrometer for measurement of density. The former method (ASTM
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D-287) provides the results as API gravity. Two other methods (ASTM D1480, ASTM D-1481) use a pycnometer to measure density or specific gravity and have the advantage of requiring a smaller sample size and can be used at higher temperatures than is normal providing that the vapor pressure of the liquid does not exceed specific limits at the temperature of the test. Two other test methods (ASTM D-4052, ASTM D-5002) measure density with a digital density analyzer. This device determines density by analysis of the change in oscillating frequency of a sample tube when filled with the test sample. Another test method (ASTM D-4052) covers the determination of the density or specific gravity of viscous oils, such as residual fuel oil, that are liquid at test temperatures between 15 and 35°C (59 and 95°F). However, application of the method is restricted to liquids with vapor pressures below 600 mmHg and viscosity below 15,000 cSt at the temperature of test. In addition, and this is crucial for residual fuel oil, this test method should not be applied to samples so dark in color that the absence of air bubbles in the sample cell cannot be established with certainty. 10.3.7. Elemental Analysis Elemental analysis of fuel oil often plays a more major role that it may appear to do in the lower-boiling products. Aromaticity (through the atomic hydrogen-to-carbon ratio), sulfur content, nitrogen content, oxygen content, and metals content are all important features that can influence use of residual fuel oil. Carbon content and hydrogen content can be determined simultaneously by the method designated for coal and coke (ASTM D-3178) or by the method designated for municipal solid waste (ASTM E-777). However, as with any analytical method, the method chosen for the analysis may be subject to the peculiarities or character of the feedstock under investigation and should be assessed in terms of accuracy and reproducibility. The methods that are designated for elemental analysis are: 1. Carbon and hydrogen content (ASTM D-1018, ASTM D-3178, ASTM D-3343, ASTM D-3701, ASTM D-5291, ASTM E-777, IP 338); 2. Nitrogen content (ASTM D-3179, ASTM D-3228, ASTM D-3431, ASTM E-148, ASTM E-258, ASTM D-5291, and ASTM E-778); 3. Oxygen content (ASTM E-385), and 4. Sulfur content (ASTM D-124, ASTM D-129, ASTM D-139, ASTM D1266, ASTM D-1552, ASTM D-1757, ASTM D-2622, ASTM D-2785, ASTM D-3120, ASTM D-3177, ASTM D-4045 and ASTM D-4294, ASTM E-443, IP 30, IP 61, IP 103, IP 104, IP 107, IP 154, IP 243).
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The hydrogen content of fuel oil can also be measured by low-resolution magnetic resonance spectroscopy (ASTM D-3701, ASTM D-4808). The method is claimed to provide a simple and more precise alternative to existing test methods, specifically combustion techniques (ASTM D-5291), for determining the hydrogen content of a variety of petroleum-related materials. Nitrogen occurs in residua and, therefore, in residual fuel oil and causes serious environmental problems as a result, especially when the levels exceed 0.5% by weight, as happens often in residua. In addition to the chemical character of the nitrogen, the amount of nitrogen in a feedstock determines the severity of the process, the hydrogen requirements, and to some extent, the sediment formation and deposition. The determination of nitrogen in petroleum products is performed regularly by the Kjeldahl method (ASTM D-3228), the Dumas method, and the microcoulometric (ASTM D-3431) method. The chemiluminescence method is the most recent technique applied to nitrogen analysis for petroleum and is used to determine the amount of chemically bound nitrogen in liquid samples. In the method, the samples are introduced to the oxygen-rich atmosphere of a pyrolysis tube maintained at 975°C (1785°F). Nitrogen in the sample is converted to nitric oxide during combustion, and the combustion products are dried by passage through magnesium perchlorate [Mg(ClO4)2] before entering the reaction chamber of a chemiluminescence detector. In the detector, ozone reacts with the nitric oxide to form excited nitrogen dioxide: NO + O3 = NO2* + O2 Photoemission occurs as the excited nitrogen dioxide reverts to the ground state: NO2* = NO2 + hn The emitted light is monitored by a photomultiplier tube to yield a measure of the nitrogen content of the sample. Quantitation is based on comparison with the response for carbazole in toluene standards. Oxygen is one of the five (C, H, N, O, and S) major elements in fuel oil but rarely exceeds 1.5% by weight, unless oxidation has occurred during transportation and storage. Many petroleum products do not specify a particular oxygen content, but if the oxygen compounds are present as acidic compounds such as phenols (Ar-OH) and naphthenic acids (cycloalkylCOOH), they are controlled in different specifications by a variety of tests. The total acidity (ASTM D-974, IP 139, IP 273) is determined for many products, especially fuels and fuel oil. Oxygen-containing impurities in the
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form of gum are determined by the existent gum (ASTM D-381, IP 131) and potential gum (ASTM D-873, IP 138) test methods. Elemental analysis of the gum can then provide its composition, with some indication of the elements (other than carbon and hydrogen) that played a predominant role in its formation. Being the third most common element (after carbon and hydrogen) in petroleum product, sulfur has been analyzed extensively. Analytical methods range from elemental analyses to functional group (sulfur type) analyses to structural characterization to molecular speciation (Speight, 2001). Of the methods specified for the determination of sulfur (Speight, 2001), the method applied to the corrosion effect of sulfur in extremely important for liquid fuels. In this method (ASTM D-1266, IP 154), fuel corrosivity is assessed by the action of the fuel on a copper strip (the copper strip test), which helps determine any discoloration of the copper due to the presence of corrosive compounds. The copper strip is immersed in the fuel and heated at 100°C (212°F) for 2 h in a bomb. A test using silver as the test metal (IP 227) has also been published. Mercaptans are usually the corrosive sulfur compounds of reference, and metal discoloration is due to formation of the metal sulfide. Thus mercaptan sulfur is an important property of potential fuels. In addition to the copper strip test, the mercaptan sulfur (R-SH) content (ASTM D-1219, IP 104) provides valuable information. As an alternative to determining the mercaptan content, a negative result in the Doctor test (ASTM D-484, IP 30) may also be acceptable for the qualitative absence of mercaptans. The copper strip method (ASTM D-130, ASTM D-849, ASTM D-4048, IP 154) may also be used to determine the presence of corrosive sulfur compounds in residual fuel oil. The determination of sulfur in liquid products by X-ray fluorescence (ASTM D-2622, IP 336) has become an extremely well used method over the past two decades. This method can be used to determine the amount of sulfur in homogeneous liquid petroleum hydrocarbons over the range of 0.1–6.0% by weight. Samples with a sulfur content above this range may be determined after dilution in toluene. The method utilizes the principle that when a sample is irradiated with a Fe55 source, fluorescent X rays result. The sulfur Ka fluorescence and a background correction at adjacent wavelengths are counted. A calibration of the instrument, wherein the integration time for counting is adjusted such that the displayed signal for the background-corrected radiation equals the concentration of the calibration standard, gives a direct readout of the weight percent sulfur in the sample. Interfering elements include aluminum, silicon, phosphorus, chlorine, argon, and potassium. Generally the amounts of these elements are insufficient to affect sulfur X ray counts in samples covered by this method. Atmospheric argon is eliminated by a helium purge.
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It is also possible to determine nitrogen and sulfur simultaneously by chemiluminescence and fluorescence. An aliquot of the sample undergoes high-temperature oxidation in a combustion tube maintained at 1050°C (1920°F). Oxidation of the sample converts the chemically bound nitrogen to nitric oxide (NO) and sulfur to sulfur dioxide (SO2). In the nitrogen detector, ozone reacts with the nitric oxide to form excited nitrogen dioxide (NO2). As the nitrogen dioxide reverts to its ground state, chemiluminescence occurs, and this light emission is monitored by a photomultiplier tube. The light emitted is proportional to the amount of nitrogen in the sample. In the sulfur detector, the sulfur dioxide is exposed to ultraviolet radiation and produces a fluorescent emission. This light emission is proportional to the amount of sulfur and is also measured by a photomultiplier tube. Quantitation is determined by a comparison to the responses given by standards containing carbazole and dimethyl sulfoxide in xylene. Oxidative microcoulometry has become a widely accepted technique for the determination of low concentrations of sulfur in petroleum and petroleum products (ASTM D-3120). The method involves combustion of the sample in an oxygen-rich atmosphere followed by microcoulometric generation of tri-iodide ion to consume the resultant sulfur dioxide. This distinguishes the technique from reductive microcoulometry, which converts sulfur in the sample to hydrogen sulfide that is titrated with coulometrically generated silver ion. Although sodium azide is included in the electrolyte of the microcoulometric titration to minimize halogen and nitrogen interferences, the method is not applicable when chlorine is present in excess of 10 times the sulfur level or the nitrogen content exceeds 10% by weight. Heavy metals in excess of 500 mg/kg also interfere with this method. 10.3.8. Flash Point As for all petroleum products, considerations of safety in storage and transportation and, more particularly, contamination by more volatile products are required. This is usually accommodated by the Pensky–Martens flash point test (ASTM D-93, IP 34). For the fuel oil, a minimum flash point of 55°C (131°F) or 66°C (150°F) is included in most specifications. 10.3.9. Metals Content Heteroatoms (nitrogen, oxygen, sulfur, and metals) are found in every crude oil, and the concentrations must be reduced to convert the oil to transportation fuel. The reason is that if nitrogen and sulfur are present in the final fuel during combustion, nitrogen oxides (NOx) and sulfur oxides (SOx) form, respectively. In addition, metals affect the use of
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residual fuel oil through adverse effects such as by causing corrosion or by deposition. The nature of the process by which residual fuel oil is produced virtually dictates that all the metals in the original crude oil can occur in the residuum (Speight, 2001) and, thus, in the residual fuel. Metallic constituents that may actually volatilize under the distillation conditions and appear in the higher-boiling distillates are the exceptions and can appear in distillate fuel oil. The analysis for metal constituents in residua can be accomplished by several instrumental techniques: inductively coupled argon plasma (ICAP) spectrometry, atomic absorption (AA) spectrometry, and X-ray fluorescence (XRF) spectrometry. Each technique has limitations in terms of sample preparation, sensitivity, sampling, time for analysis, and overall ease of use. Thus a number of tests (ASTM D-482, D-1026, D-1262, D-1318, D1368, D-1548, D-1549, D-2547 D-2599, D-2788, D-3340, D-3341, and D3605) have been designated to determine metals in petroleum products, either directly or as the constituents of combustion ash, based on a variety of techniques. At the time of this writing, the specific test for the determination of metals in whole feeds has not been designated. However, this task can be accomplished by combustion of the sample so that only inorganic ash remains (ASTM D-482). The ash can then be digested with an acid and the solution can be examined for metal species by atomic absorption (AA) spectroscopy (IP 288, IP 285) or by inductively coupled argon plasma spectrometry (ASTM C-1109, ASTM C-1111). Atomic absorption provides very high sensitivity but requires careful subsampling, extensive sample preparation, and detailed sample-matrix corrections. X-ray fluorescence requires little in terms of sample preparation but suffers from low sensitivity and the application of major matrix corrections. Inductively coupled argon plasma spectrometry provides high sensitivity and few matrix corrections but requires a considerable amount of sample preparation depending on the process stream to be analyzed. In the inductively coupled argon plasma emission spectrometer method, nickel, iron, and vanadium content of gas oil samples in the range from 0.1 to 100 mg/kg. Thus a 10-g sample of gas oil is charred with sulfuric acid and subsequently combusted to leave the ash residue. The resulting sulfates are then converted to their corresponding chloride salts to ensure complete solubility. A barium internal standard is added to the sample before analysis. In addition, the use of the ICAP method for the analysis of nickel, vanadium, and iron present counteracts the two basic issues arising from metals analysis. The most serious issue is the fact that these metals are partly or totally in the form of volatile, chemically stable porphyrin complexes and extreme conditions are needed to destroy the complexes without losing the metal through volatilization of the complex. The
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second issue is that the alternate direct aspiration of the sample introduces large quantities of carbon into the plasma. This carbon causes marked and somewhat variable background changes in all direct measurement techniques. Finally, the analytical method should be selected depending on the sensitivity required, the compatibility of the sample matrix with the specific analysis technique, and the availability of facilities. Sample preparation, if it is required, can present problems. Significant losses can occur, especially in the case of organometallic complexes, and contamination of environmental sample is of serious concern. The precision of the analysis depends on the metal itself, the method used, and the standard used for calibration of the instrument. 10.3.10. Molecular Weight Molecular weight is a physical property that can be used in conjunction with other physical properties to characterize residual fuel oil. Because residual fuel oil is a mixture having a broad boiling range, measurement of molecular weight provides the mass-average molecular weight or the numberaverage molecular weight. Molecular weight may be calculated from viscosity data (ASTM D2502) by using centistoke viscosity at 38°C (100°F) and 99°C (210°F). The method is generally applicable to sample having a molecular weight in the range of 250 to 700. Samples with unusual composition, such as aromaticfree white mineral oils, or oils with very narrow boiling range, may give atypical results. For samples with higher molecular weight (up to 3000 or more) and unusual composition or for polymers, another method (ASTM D-2503) is recommended. This method uses a vapor pressure osmometer to determine molecular weight. Low-boiling samples may not be suitable if their vapor pressure interferes with the method. Another method (ASTM D-2878) provides a procedure to calculate these properties from test data on evaporation. In the method, the sample is dissolved in an appropriate solvent. A drop each of this solution and the solvent are suspended on separate thermistors in a closed chamber saturated with solvent vapor. The solvent condenses on the sample drop and causes a temperature difference between the two drops. The resultant change in temperature is measured and used to determine the molecular weight of the sample by reference to a previously prepared calibration curve. This procedure is based on an older method (ASTM D-972) in which the sample can be partly evaporated at a temperature of 250–500°C (482–932°F), and fluids not stable in this temperature range may require special treatment.
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10.3.11. Pour Point The pour point (ASTM D-97, ASTM D-5949, ASTM D-5950, ASTM D5853, ASTM D-5985, IP 15) is the lowest temperature at which oil will flow under prescribed conditions. The test method for determining the solidification point (ASTM D-1493) might also be applied to residual fuel oil. One of the main attributes of liquid fuels is the relative ease with which they can be transferred from one place to another, but it is still necessary to have some indication of the lowest temperature at which this may be achieved. Depending on the storage conditions and the application of the fuel, limits are placed on the pour point. Storage of the higher-viscosity fuel oils in heated tankage will permit of higher pour points than would otherwise be possible. Although the failure to flow can generally be attributed to the separation of wax from the fuel, it can also, in the case of very viscous fuels, be due to the effect of viscosity. The pour point of residual fuel oil may be influenced by the previous thermal history of the residual fuel oil and the fact that any loosely knit wax structure built up on cooling the fuel can, generally, be readily broken up by the application of a little pressure, thus allowing fuels to be pumped at temperatures below their pour point temperatures. The usefulness of the pour point test in relation to residual fuel oils is, therefore, open to question, and the tendency to regard it as the limiting temperature at which a fuel will flow can be misleading unless it is correlated with low-temperature viscosity. The pour point test is still included in many specifications but not in some (ASTM D-396, BS 2869) for assessing the pumpability characteristics of residual fuel oil (ASTM D-3245). Pour point procedures involving various preheat treatments before the pour point determination and the use of viscosity at low temperatures have been proposed. The fluidity test (ASTM D-l659) is one such procedure as is the pumping temperature test (ASTM D-3829); another test, based on viscosity measurements (IP 230), is also available. 10.3.12. Refractive Index The refractive index is the ratio of the velocity of light in air to the velocity of light in the measured substance. The value of the refractive index varies inversely with the wavelength of light used and the temperature at which the measurements are taken. The refractive index is a fundamental physical property that can be used for the determination of the gross composition of residual fuel oil and often requires its measurement at elevated temperature. In addition, the refractive index of a substance is related to its chemical composition and may be used to draw conclusions about molecular structure.
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Two methods (ASTM D-1218, ASTM D-1747) are available for measuring the refractive index of viscous liquids. Both methods are limited to lighter-colored samples for best accuracy. The latter test method (ASTM D1747) covers the measurement of refractive indexes of light-colored residual fuel oil at temperatures from 80 to 100°C (176–212°F). Temperatures lower than 80°C (176°F) may be used provided that the melting point of the sample is at least 10°C (18°F) below the test temperature. This test method is not applicable, within reasonable standards of accuracy, to liquids having darker residual fuel oil (having a color darker than ASTM Color No. 4; ASTM D-1500). 10.3.13. Stability The problem of instability in residual fuel oil may manifest itself either as waxy sludge deposited at the bottom of an unheated storage tank or as fouling of preheaters on heating of the fuel to elevated temperatures. Problems of thermal stability and incompatibility in residual fuel oils are associated with those fuels used in oil-fired marine vessels, where the fuel is usually passed through a preheater before being fed to the burner system. In earlier days this preheating, with some fuels, could result in the deposition of asphaltic matter culminating, in the extreme case, in blockage of preheaters and pipelines and even complete combustion failure. Asphaltene-type deposition may, however, result from the mixing of fuels of different origin and treatment, each of which may be perfectly satisfactory when used alone. For example, straight-run fuel oils from the same crude oil are normally stable and mutually compatible whereas fuel oils produced from thermal cracking and visbreaking operations that may be stable can be unstable or incompatible if blended with straight-run fuels and vice versa (ASTM D-1661). Another procedure for predicting the stability of residual fuel oil involves the use of a spot test to show compatibility or cleanliness of the blended fuel oil (ASTM D-2781, ASTM D-4740). The former method (ASTM D-2781) covers two spot test procedures for rating a residual fuel with respect to its compatibility with a specific distillate fuel. Procedure A indicates the degree of asphaltene deposition that may be expected in blending the components and is used when wax deposition is not considered a fuel application problem. Procedure B indicates the degree of wax and asphalt deposition in the mixture at room temperature. The latter method (ASTM D-4740) is applicable to fuel oils with viscosities up to 50 cSt at 100°C (212°F) to identify fuels or blends that could result in excessive centrifuge loading, strainer plugging, tank sludge formation, or similar operating problems. In the method, a drop of the preheated sample is put on a test paper and placed in an oven at 100°C. After 1 h, the test paper is
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removed from the oven and the resultant spot is examined for evidence of suspended solids and rated for cleanliness with the procedure described in the method. In a parallel procedure for determining compatibility, a blend composed of equal volumes of the fuel oil sample and the blend stock is tested and rated in the same way as just described for the cleanliness procedure. For oxidative stability and the tendency to corrode metals, as may occur in pipes and burners, a test method (ASTM D-4636) is available to determine resistance to oxidation and corrosion degradation and their tendency to corrode various metals. The test method consists of one standard and two alternative procedures. A particular specification must establish which of these tests should be used. A large glass tube containing an oil sample and metal specimens is placed in a constant-temperature bath (usually from 100–360°C) and heated for the specified number of hours while air is passed through the oil to provide agitation and a source of oxygen. Corrosiveness of the oil is determined by the loss in metal mass and microscopic examination of the sample metal surface(s). Oil samples are withdrawn from the test oil and checked for changes in viscosity and acid number as a result of the oxidation reactions. At the end of the test the amount of the sludge present in the oil remaining in the same tube is determined by centrifugation. Also, the quantity of oil lost during the test is determined gravimetrically. Metals used in the basic test and alternative test are aluminum, bronze, cadmium, copper, magnesium, silver, steel, and titanium. Other metals may also be specified as determined by the history and storage of the fuel oil. 10.3.14. Viscosity Viscosity is an important property of residual fuel oils because it provides information on the ease (or otherwise) with which a fuel can be transferred, under the prevailing temperature and pressure conditions, from storage tank to burner system. Viscosity data also indicate the degree to which a fuel oil must be preheated to obtain the correct atomizing temperature for efficient combustion. Most residual fuel oils function best when the burner input viscosity lies within a certain specified range. The Saybolt Universal and Saybolt Furol viscometers are widely used in the U.S. and the Engler viscometer in Europe. In the U.S., viscosities of the lighter fuel grades are determined with the Saybolt Universal instrument at 38°C (100°F); for the heaviest fuels the Saybolt Furol viscometer is used at 50°C (122°F). Similarly, in Europe, the Engler viscometer is used at temperatures of 20°C (68°F), 50°C (122°F), and in some instances 100°C (212°F). The use of these empirical procedures for fuel oils is being superseded by the kinematic system (ASTM D-396, BS 2869) specifications for fuel oils.
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The determination of residual fuel oil viscosities is complicated by the fact that some fuel oils containing significant quantities of wax do not behave as simple Newtonian liquids in which the rate of shear is directly proportional to the shearing stress applied. At temperatures in the region of 38°C (100°F) these fuels tend to deposit wax from solution, with a resulting adverse effect on the accuracy of the viscosity result unless the test temperature is raised sufficiently high for all wax to remain in solution. Although the present reference test temperature of 50°C (122°F) is adequate for use with the majority of residual fuel oils, there is a growing trend of opinion in favor of a higher temperature (82°C/180°F) particularly in view of the availability of waxier fuel oils. Anomalous viscosity in residual fuel oils is best shown by plotting the kinematic viscosity determined at the normal test temperature and at two or three higher temperatures on viscosity-temperature charts (ASTM D341). These charts are constructed so that, for a Newtonian fuel oil, the temperature-viscosity relationship is linear. Nonlinearity at the lower end of the applicable temperature range is normally considered evidence of nonNewtonian behavior. The charts are also useful for the estimation of the viscosity of a fuel oil blend from knowledge of the component viscosities and for calculation of the preheat temperature necessary to obtain the required viscosity for efficient atomization of the fuel oil in the burner. Although it is considered a technical advantage to specify kinematic viscosity, the conventional viscometers are still in wide use and it may be convenient, or even necessary, to be able to convert viscosities from one system to another. Provision is made (ASTM D-2161) for the conversion of kinematic viscosity to Saybolt Universal and Furol viscosity and (in IP standards) for conversion to Redwood viscosity: Kinematic viscosity at 50°C (122°F)
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10.3.15. Volatility Four distillation methods are in common use for determining the boiling range and for collecting fractions from residual fuel oil. Such methods are rarely used for characterization of the fuel oil but do warrant mention here because of their application to fuel oil when desired.
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One method (ASTM D-1160) is probably the best known and most widely used of the methods for distillation of higher-boiling petroleum products and uses vacuum distillation. The method is applicable to samples that can be at least partially volatilized at temperature up to 400°C (752°F) and pressure in the range of 1–50 mmHg. The distillation temperature at vacuum is converted to atmospheric equivalent temperatures. Another method (ASTM D-447) is designed for characterization of these narrow boiling fractions. Another method (ASTM D-2892) applies to a wide range of products and uses a column with 15 theoretical plates and a 5 : 1 reflux ratio. The distillation is started at atmospheric pressure until the vapor temperature reaches 210°C (410°F). Distillation is continued at vacuum (l00 mmHg) until the vapor temperature again reaches 210°C (410°F) or cracking is observed. With very heavy crude oil or viscous products, a preferred alternate distillation method (ASTM D-5236) should be used (instead of ASTM D2892) for heavy crude oil above a 400°C (752°F) cut point. In the spinning band method (Fig. 10.3), fractions of feedstocks such as residual fuel oil with an initial boiling point above room temperature at atmospheric pressure can be investigated. For such materials, the initial boiling point of the sample should exceed room temperature at atmospheric pressure. The distillation is terminated at an atmospheric equivalent temperature of 524°C (975°F) and a pot temperature of 360°C (680°F). In the method, samples are distilled under atmospheric and reduced pressures in a still equipped with a spinning band column. Vapor temperatures are converted to atmospheric equivalent temperatures and can be plotted as a function of volume or weight percent distilled to yield a distillation profile. The spinning band, which effectively provides a large contact area between the liquid phase and the vapor phase, increases the number of theoretical plates in the column and thus its fractionating efficiency. Readings of vapor temperature (which is convertible to atmospheric equivalent temperature) and distillate volume (which is convertible to percent by volume) are used to plot a distillation curve. Distillate yields for naphtha, light gas oil, heavy gas oil, and residue fractions are determined on a gravimetric basis. Another method, short path distillation, produces a single distillate and a single residue fraction defined by the operating temperature and pressure of the still. This procedure is used to generate high-boiling-point fractions with end points up to 700°C (1290°F) for further analysis. Because only one cut temperature is used in each run, generation of a distillation curve with this equipment would be time consuming. In the method, the material to be fractionated is introduced at a constant rate onto the hot inner wall of the evaporator under high vacuum. Rotating (Teflon) rollers ensure that the film on the wall is kept thin. The feedstock is progressively
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Figure 10.3. The spinning band equipment



distilled at the fixed conditions of temperature and pressure. The distillate vapors condense on a concentric cold surface (60°C/140°F) placed a short distance from the hot wall inside the still. The condensate then drains by gravity to the base of the cold finger, where it is collected. The residue drains down the hot wall and is collected through a separate port. However, unless a distillation method is required by specification or the collected fractions are needed for further testing, gas chromatographic methods are now preferred for determining the boiling range of petroleum fractions, and detailed information for samples with a final boiling point no higher than 538°C (1000°F) at atmospheric pressure and a boiling range greater than 55°C (100°F) is available (ASTM D-2887).
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Contamination in residual fuel oil may be indicated by the presence of excessive amounts of water, emulsions, and inorganic material such as sand and rust. Appreciable amounts of sediment in a residual fuel oil can foul the handling facilities and give problems in burner mechanisms. Blockage of fuel filters (ASTM D-2068, ASTM D-6426) due to the presence of fuel degradation products may also result. This aspect of fuel quality control may be dealt with by placing restrictions on the water (ASTM D-95, IP 74), sediment by extraction (ASTM D-473, IP 53), or water and sediment (ASTM D-96, IP 75) values obtained for the fuel. In any form, water and sediment are highly undesirable in fuel oil ,and the relevant tests involving distillation (ASTM D-95, ASTM D-4006, IP 74, IP 358), centrifuging (ASTM D-96, ASTM D-4007), extraction (ASTM D473, IP 53), and the Karl Fischer titration (ASTM D-4377, ASTM D-4928, IP 356, IP 386, IP 438, IP 439) are regarded as important in determination of quality. The Karl Fischer test method (ASTM D-1364, ASTM D-6304) covers the direct determination of water in petroleum products. In the test, the sample injection in the titration vessel can be performed on a volumetric or gravimetric basis. Viscous samples, such as residual fuel oil, can be analyzed with a water vaporizer accessory that heats the sample in the evaporation chamber, and the vaporized water is carried into the Karl Fischer titration cell by a dry inert carrier gas. Water and sediment can be determined simultaneously (ASTM D-96, ASTM D-1796, ASTM D-4007, IP 75, IP 359) by the centrifuge method. Known volumes of residual fuel oil and solvent are placed in a centrifuge tube and heated to 60°C (140°F). After centrifugation, the volume of the sediment and water layer at the bottom of the tube is read. In the unlikely event that the residual fuel oil contains wax, a temperature of 71°C (160°F) or higher may be required to completely melt the wax crystals so that they are not measured as sediment. Sediment is also determined by an extraction method (ASTM D-473, IP 53) or by membrane filtration (ASTM D-4807). In the former method (ASTM D-473, IP 53), a sample contained in a refractory thimble is extracted with hot toluene until the residue reaches a constant mass. In the latter test, the sample is dissolved in hot toluene and filtered under vacuum through a 0.45- mm-porosity membrane filter. The filter with residue is washed, dried, and weighed. In a test specifically designed for residual fuel oil (ASTM D-4870, IP 375), a 10-g sample of oil is filtered through the prescribed apparatus at 100°C. After washing with the solvent and drying, the total sediment on the filter medium is weighed. The test is to be carried out in duplicate.
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