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7Bleaching
 Dennis R. Taylor
 DR Taylor Consulting
 Port Barrington, Illinois
 Formerly of
 Oil-Dri Corporation of America
 Vernon Hills, Illinois
 1. INTRODUCTION
 Traditionally, the term bleaching has been used to denote the process of reducing
 colored pigments, primarily various pheophytins and carotenoids, in fats and oils by
 treatment with powdered substances called bleaching earth or bleaching clay. After
 heating and mixing, the bleaching clay is removed by filtration; the resultant oil is
 brighter, less colored, more stable (1, 2), and in the case of soybean oil, more
 flavorful (3). Although appropriately descriptive of the reduction in color intensity
 that occurs during the bleaching process, the term tends to imply a chemical effect
 when, in fact, the predominant action involves an adsorptive interaction between
 these pigments and the clay surfaces. Furthermore, we know bleaching clays inter-
 act with other noncolored oil constituents such as soaps, free fatty acids, (FFAs)
 phospholipids, and peroxides, and the role they play in these processes is at least
 as important as the role they play in color reduction.
 Although bleaching clays do exhibit some chemical and catalytic behaviors,
 notably, the conversion of soaps and triacylglycerols into free fatty acids (4) and
 Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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the decomposition of hydroperoxides, respectively (5), the major operative mechan-
 ism for color reduction occurs via pigment adsorption. Because of this and the fact
 that other sorbent materials besides bleaching clays can be used during the bleach-
 ing process, other terms have been suggested (6–8). Of these, the term adsorptive
 purification seems perhaps most appropriate and can be used interchangeably with
 the term bleaching to describe adsorptive interactions between a sorbate molecules
 (e.g., chlorophyll and b-carotenes) and adsorption sites on sorbent surfaces.
 Adsorptive purification of the type we are talking about here (sometimes called
 physisorption) involves a relatively weak interaction between the sorbate molecule
 and the surface active sites in the sorbent. The association depends mostly on van
 der Waals forces, which are primarily caused by electronic and/or electrostatic
 interactions between electron-rich or electron-poor regions of the sorbate molecule
 and receptive sites on the sorbent surface. Molecules bound by such weak forces
 can be removed by various solvent extraction techniques; in contrast, molecules
 that actually form covalent bonds with the surface (chemisorption) usually cannot.
 2. BACKGROUND AND HISTORICAL PERSPECTIVE
 Bleaching and the use of bleaching clays in adsorptive purification processes have a
 long history of use. In fact, fulling, the process of removing lanolin from lamb’s
 wool using natural bleaching earths called fuller’s earths is mentioned in the
 Bible (Mark 9:3). The use of fuller’s earth in the adsorptive purification of fats
 and oils in the United States dates from about 1880 when William B. Albright
 (of N.K. Fairbanks & Co., Chicago, IL) learned about the use of clays to decolorize
 olive oil and subsequently developed a process using it for filtration and color
 improvement of cottonseed oil (9). Natural (nonactivated) bleaching clays are
 still used today for processing lightly colored oils, but they have been replaced
 by the use of acid-activated bleaching clays in the case of more highly colored
 or difficult-to-process oils.
 The first commercial acid-activated clays were produced about 1905–1909 in
 Germany (10, 11) and in 1922 in the United States (12). Clays susceptible to
 acid-activation are found on every continent, and companies making these products
 are distributed worldwide. Although there has been some consolidation in the
 number of producers in recent years, world production of bleaching clays neverthe-
 less amounts to about 700,000 tons/year (13), up from the 500,000 tons/year
 capacity of the early 1990s. Depending on grade, natural bleaching clays currently
 sell in the range $200–$250/ton and acid-activated bleaching clays in the range
 $250–$350/ton.
 Although not as extensively used as bleaching clays because of cost and higher
 oil retention, porous activated carbon also has an equally long history in the adsorp-
 tive purification of fats and oils, with patents dating back to the early 1920s (14).
 Typically, 10–20% activated carbon is used in combination with 80–90% bleaching
 clay. Currently, there is renewed interest in the use of activated carbon in fats and
 oils processing because of its ability to adsorb polyaromatic hydrocarbons (PAHs)
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and other polycyclic contaminants. Activated carbons used in fats and oils proces-
 sing currently sell in the range of $1000–$2000/ton.
 More recent additions to the arsenal of sorbent materials used for fats and oils
 purification are the amorphous silica hydrogels. Their use, originally discussed in a
 mid-1960s paper by Bogdanor and Welsh (15), was patented (16–19) and commer-
 cialized by the mid-1980s. Silica hydrogels are selective for adsorption of soaps
 (and associated metal ions) and phospholipids, but not for color bodies. The basic
 process for employing silica hydrogel in the adsorptive purification of fats and oils
 was first described in 1986 (20). Silica hydrogels are relatively expensive, typically
 selling in the range $900–$1200/ton. Furthermore, as their moisture content is high
 (i.e., 50–70%), the economics of their use must be carefully weighed against the
 advantages they offer.
 Advancements in processing and equipment, driven by the imperative for produ-
 cing better quality and more economic products, have occurred over the years.
 Nowhere is this more apparent than in the many changes that have occurred in
 the adsorptive purification process and the ancillary equipment used to carry it out.
 Historically, the bleaching process was a batch process conducted at atmospheric
 pressure. In this process, refined oil was treated with bleaching clay in a stirred ves-
 sel and heated to bleaching temperature for a prescribed period of time. When the
 process was completed, the hot oil and clay were separated using filtration. Bleach-
 ing under atmospheric conditions, however, hastened oxidative processes that can
 lead to darkening or ‘‘color reversion’’ in the processed oil after a period of time.
 Vacuum batch bleaching was found to alleviate this condition because oxygen was
 excluded from the system. Vacuum batch bleaching is still used today in smaller
 operations or in operations where oil types are frequently changed.
 As the size of plants has increased and become more specialized, and the oil
 being processed is of a single type, or rarely interchanged, continuous or semicon-
 tinuous (vacuum) bleaching has become the method of choice. Better efficiency,
 reduced operational costs, and the production of very high-quality oils are among
 the advantages offered by these systems. Continuous countercurrent bleaching, a
 more recent variation of this process, results in more efficient use of the bleaching
 earth (21) and cuts bleaching costs (22).
 3. ADSORPTIVE PURIFICATION AGENTS—DESCRIPTION/PREPARATION/PROPERTIES
 3.1. Bleaching Clays—Natural and Acid-Activated
 Bleaching clay, bleaching earth, and fuller’s earth are all terms used to denote cer-
 tain clay minerals that can be used in their natural or acid-activated states to clarify
 and reduce color intensity of fats and oils. Although there are 7 major clay groups
 and at least 33 different specific clay minerals (23), only 2, calcium montmorillo-
 nite (sometimes called calcium bentonite) and a particular naturally occurring mix-
 ture of calcium montmorillonite and attapulgite called hormite, play a significant
 commercial role as bleaching clays (13).
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Even though the terms bentonite and montmorillonite are often employed inter-
 changeably, to be perfectly correct, bentonite denotes a clay ore in which the
 mineral montmorillonite is the principal component (12). Because the conditions
 for its formation have been ubiquitous over geologic time, bentonite has been found
 on every continent except Antarctica (24). Generated by the devitrification and
 weathering of volcanic glasses, bentonite typically forms when volcanic ash falls
 into water bodies (lakes, shallow seas) that are slightly alkaline or by leaching
 permeable, but poorly drained volcanic glass-bearing strata with slightly alkaline
 drainage water. Water, at any rate, is essential for the transformation of volcanic
 glasses into montmorillonite. In addition, magnesium must always be present in
 the parent rock or in the subsequent leaching solution for montmorillonite to be
 formed (25).
 Hormite (mixed montmorillonite/attapulgite) clays are much less common and
 are found in only a few places around the world. In the United States, they occur
 almost exclusively in a small area in southern Georgia and northern Florida. At one
 time, an arm of the sea extended across this region from the Atlantic Ocean to the
 Gulf of Mexico. Sediments washing into this sea were gradually changed into
 the mixed montmorillonite/attapulgite assemblage that is mined and processed
 today (26). Deposits containing montmorillonite range from a few millions of years
 (27, 28) to about 140 million years (29) in age. Deposits containing hormite
 clay mined in Georgia and Mississippi are much younger, probably in the range
 10–15 millions of years (26).
 An idealized three-dimensional representation of calcium montmorillonite struc-
 ture at the atomic level is shown in Figure 1. The 2:1 layered structure is composed
 of upper and lower layers of silicon oxide tetrahedra linked in hexagonal arrays to
 form two-dimensional silicate sheets extending in the a,b-directions. Sandwiched
 between these sheets are partially filled two-dimensional sheets composed of
 Figure 1. Three-dimensional representation of the atomic structure of Ca-montmorillonite. (This
 figure is available in full color at http://www.mrw.interscience.wiley.com/biofp.)
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magnesium (yellow), aluminum (pink), and occasional ferric oxide octahedra
 (orange) also extending in the a,b-directions. Tetrahedral and octahedral sheets
 share common linkages through oxide bonds, so the basic 2:1 structure forms a
 series of clay layers that repeat in the c-direction. A montmorillonite particle, under
 the microscope, looks like a corn flake composed of 7–14 layers stacked one on top
 of another and extending 1–2 mm across (30). Because magnesium and ferrous ions
 in the octahedral layer only possess þ2 charges and aluminum and ferric ions
 possess þ3 charges, not all six nearest-neighbor oxide ions (net �3 charge) are
 completely charge balanced. As a result, montmorillonite clay layers possess
 negative surface charges. In the case of calcium montmorillonite, calcium cations
 residing in the interlay region balance the net negative charge on the clay
 layers, thereby ensuring overall charge neutrality.
 3.1.1. Preparation by Acid-Activation Acid-activation is the process whereby
 the adsorptive powers of natural bleaching clays are enhanced. For montmorillo-
 nite, the process consists of ‘‘cooking’’ 25–30 wt% clay slurry in water and mineral
 acids (usually sulfuric acid or hydrochloric acid) for a number of hours, and then
 filtering, washing, drying, and grinding to desired specifications. Typically, high
 levels of acid (i.e., >45 wt %) relative to clay are required to make the more active
 grades.
 The acid-activation process can be understood by considering the structural and
 chemical changes that occur when the montmorillonite structure is subjected to
 reaction by strong acid (Figure 2). During the acid-activation process, acidic pro-
 tons dissolve magnesium, aluminum, and ferric ions from the octahedral layer. Two
 important consequences are as follows: (1) Mobile alkali and alkaline earth cations
 Figure 2. Clay activation by acid dissolution and cation replacement. (This figure is available in
 full color at http://www.mrw.interscience.wiley.com/biofp.)
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(Caþ2, Naþ, Kþ) in the interlayer region are replaced (exchanged) by more acidic
 metal cations (Alþ3, Feþ3, Feþ2, Mgþ2) leached from the octahedral layer, and 2)
 surface area and porosity are increased by the dissolution process that opens up
 previously inaccessible sites within the clay structure. These consequences,
 discussed in more detail in Section 4.4.3, constitute the key aspects of the acid-
 activation process.
 Hormite clay is naturally more susceptible to acid-activation than montmorillo-
 nite; lower levels of acid are required and can be directly applied (i.e., by simple
 spraying or pugging). Consequently, the slurry technique described above is not
 required, and the cooking, filtration, and washing steps can be eliminated (31).
 Data in Table 1 compare the response of hormite and montmorillonite clays with
 acid-activation.
 In this work, montmorillonite and hormite were subjected to acid-activation over
 a range of acid dosages. As expected, the montmorillonite clay exhibited steadily
 improving adsorption capacity for carotene and chlorophyll with increasing degree
 of acid leaching up to the 90% level. At the same time, surface area and porosity
 were substantially increased (over 400% and 450%, respectively). Clearly, however,
 montmorillonite only treated at 10% acid dosage is no competition for typical com-
 mercial acid-activated bleaching clays (compare bleaching data for 10% acid
 dosage montmorillonite with bleaching data for Gr 105 and Gr 160 bleaching
 clays). In contrast, the hormite clay achieves maximum activity by 10% acid dosage
 (and even lower dosage levels according to the patent). In the case of hormite, sur-
 face area and porosity are only modestly increased by acid-activation (67% and
 19%, respectively); probably because crude hormite starts out with relatively
 high surface area and porosity. This natural porosity may, at least in part, explain
 its pronounced susceptibility to acid activation. As it is porous to begin with, exten-
 sive acid-leaching to achieve adequate porosity is unnecessary. Therefore, only low
 levels of acid are needed to replace native cations in cation exchange sites with
 acidic hydronium ions (hydrated protons).
 As already discussed, bentonite ores require relatively high acid levels to achieve
 adequate activity and extensive leaching takes place during the activation process.
 Excess residual acid and acidic salts formed during activation must be washed off
 and separated from the product by filtration. Different types of filtration equipment
 may be used in the filtration and washing steps, but the essential objective is to low-
 er the levels of unused (residual) acid and excess acidic salts (primarily aluminum
 sulfate). If high levels of either are left in the product, bleached oil quality will be
 impaired because of generation of undesirably high levels of free fatty acids and
 contamination by metallic ions. Finally, of course, the leachate solution (acidic salts
 and residual acid) is a waste stream that contains materials harmful to aquatic life
 and therefore must be neutralized or otherwise disposed of in an environmentally
 acceptable manner. This constitutes an additional expense of producing bleaching
 clays from bentonite ores.
 The way hormite clay responds to the acid-activation process allows manufac-
 turers to skip certain manufacturing steps that are required when producing acid-
 activated bentonite. Because of its susceptibility to acid, the activation proceeds
 290 BLEACHING
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TABLE 1. Hormite vs. Montmorillonite: Response to Acid-Activation and Comparison of Bleaching Efficiency in the Treatment of Caustic
 Refined Soybean Oil (0.5 wt% Clay Dosage) (31).
 % Acid Lovibond Chlorophyll Peroxide Value FFA Surface Area
 Clay Dose� Red Value (ppb) (meq/kg) (Wt %) (m2/g) (cc/g) pH
 Montmorillonite
 0 13.9 660 59 0.09 8.6
 10 13.6 520 83 0.12 3.5
 20 13.4 381
 8>>>>>>>><>>>>>>>>:
 30 10.2 232 252 0.25 2.9
 45 8.0 85 286 0.36 3.4
 60 3.8 37 297 0.43 3.8
 90 2.6 15 237 0.5 2.9
 Hormite
 0 3.5 160 4.2 0.039 133 0.32 6.6
 10 2.2 54 0.6 0.040 161 0.32 2.8
 20 2.1 52 0.5 0.051 2.6
 8>>>>>>>><>>>>>>>>:
 30 2.1 54 0.5 0.042 188 0.31 2.6
 45 2.2 62 0.5 0.040 2.5
 60 2.1 60 0.6 0.044 223 0.38 2.5
 90 2.2 74 1.3 0.043 205 0.38 2.5
 Filtrol Gr 105 8.0 88 6.2 0.047
 Filtrol Gr 160 3.8 34 3.4 0.049
 Starting Oil 15.2 715 9.7 0.045
 �% Acid Dose ¼ (wt. of pure acid � 100)/(wt. of dry clay).
 291
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very rapidly and requires substantially less acid. Consequently, residual acid levels
 are low, and subsequent washing and filtration steps are unnecessary. These fea-
 tures—low acid requirements, fast activation, absence of requirements for washing
 and filtration—are distinctive and clearly advantageous processing characteristics
 of this clay.
 The final steps in manufacturing bleaching clays, regardless of type, are drying
 and grinding operations. Of course, natural bleaching clays, whether prepared from
 montmorillonite or hormite, only require drying and grinding. Although different
 methods and equipment for drying and grinding may be employed depending on
 the manufacturer, these parameters are vitally important in determining perfor-
 mance and are discussed in detail in Section 4.4.3 (vide infra).
 Processing differences between bentonite and hormite clays are shown in
 Figure 3.
 Mine
 Crush/dry/grind
 Treater
 AcidWater
 Steam
 + Time
 Filter/wash
 Dry/pulverize
 Mine
 Crush/dry/grind
 Dry/pulverize
 Bentonite process Hormite process
 Wasteliquor
 Figure 3. Bentonite versus hormite acid-activation processes.
 TABLE 2. Typical Properties of Commercial Bleaching Clays.
 Clay Type Montmorillonite Hormite
 Property Acidified Natural Acidified Natural
 Free Moisture (wt%) 10–15 10–15 10–17 13–16
 pH (2% slurry) 2.5–5.5 6–8 2.7–3.5 5–8.6
 Residual Acidity (mg KOH/g) 1–10 <1 1–10 <1
 Surface Area (m2/g) 150–350 50–100 120–160 90–130
 Pore Volume (cc/g) 0.3–0.35 0.05–0.15 0.3–0.38 0.25–0.32
 Bulk Density (lb/ft3) 34–50 57–63 23–33 24–31
 Bulk Density (kg/m3) 550–800 960–1200 370–530 385–500
 Wt% passing 200 mesh (75 mm) 70–100 70–100 >99.5 >99.5
 Wt% passing 325 mesh (45 mm) 60–75 60–75 74–82 83–87
 Particle Size (Ave. diam., mm) 15–35 15–35 30–35 35–38
 Oil Retention (wt%) 30–40 25–35 32–45 34–45
 292 BLEACHING
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3.1.2. Typical Properties Typical properties for commercial bleaching clays are
 listed in Table 2. It must be kept in mind that bleaching clay manufacturers produce
 a broad range of product grades that possess a correspondingly broad range of prop-
 erties. Also, factors such as starting source clay and intended application will affect
 the final properties, so these properties will have limited value to the end user in
 terms of choosing one material over another. However, when used in combination
 with certain performance evaluations (see Section 4.4.3), they can be extremely
 useful to both producer and customer for the purpose of monitoring product quality
 and variability.
 3.2. Activated Carbon
 Powdered activated carbon (PAC) can be derived from a number of different
 agricultural commodities, including waste soy hull (32–36). Commercial activated
 carbon, however, is manufactured from only a few of these, including wood
 and sawdust, peat, lignite, nutshells (including coconut shell), and pits (37). Re-
 lated materials include animal charcoal, gas black, furnace black, lamp black,
 and activated charcoal, but these are not used in fats and oils purification and
 will not be further addressed.
 Activated carbon possesses extremely high surface area (38), often in excess of
 1000 m2/g. Much of that surface area is, however, associated with micropores—that
 is, pores <20 A (<2 nm) in diameter. The surface area associated with meso-
 pores—pores 20 to 500 A (2 to 50 nm) in diameter—is considerably lower (typi-
 cally in the range 10—100 m2/g). Most liquid-based applications (including fats
 and oils purification) involve the adsorption of high-molecular-weight contaminants
 whose molecular dimensions prevent penetration into micropores; therefore,
 activated carbon containing significant mesoporosity is most desirable in these
 applications (39).
 3.2.1. Preparation There are two basic processes for producing activated
 carbon: chemical activation and steam treatment. In chemical activation, the raw
 carbon source and acid (usually phosphoric acid) are first comixed and carbonized
 together at temperatures around 500�C. The chemical agent is then removed by
 washing, which leaves a highly porous structure. In steam treatment, the carbon
 source is first carbonized and then treated with steam at temperatures of about
 1000�C. Under these conditions, some of the carbon and water react to generate
 gaseous carbon monoxide and hydrogen. Porosity develops as the more reactive
 carbon basal planes within the matrix are volatilized. The progressive steam activa-
 tion process can be visualized by referring to Figure 4.
 3.2.2. Typical Properties The basal planes depicted in Figure 4 are small gra-
 phite-like plates composed mostly of aromatic carbon atoms with some functional
 groups (carbonyl, carboxylic acid, lactone, furan, ketone, and alcohol moieties) at
 their edges. Flat or somewhat bent, these graphite-like plates are about 3.5 A in
 thickness and a few nanometers in length and width. The type of porosity that
 develops depends to some extent on the starting raw material (39).
 ADSORPTIVE PURIFICATION AGENTS—DESCRIPTION/PREPARATION/PROPERTIES 293
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Figure 5 shows the porosity as a function of pore radius for a series of PACs
 made from different starting raw materials. Macroporosity is largely absent in
 the case of PACs because they are already very finely ground. Coconut shell-based
 activated carbon (B) possesses only microporosity. It is suitable only in applications
 where low-molecular-weight compounds are to be removed; the presence of high-
 molecular-weight compounds readily leads to plugging of the entrances to the
 micropores. Although chemically activated wood-based carbon (C) possesses
 Figure 4. Generation of porosity in powdered activated carbon by steam treatment. Note: For
 clarity, all planes are oriented in such a way that they are viewed from the edge. In reality, any
 orientation will be found. A. Structure of carbonized raw material showing basal planes (B) and
 active basal planes (AB). B. Development of microporosity after active basal planes are gasified.
 C. Subsequent thermal treatment generates additional active basal planes. D. Development of
 mesoporosity and additional microporosity after more active basal planes are gasified. B ¼ basal
 plane; AB ¼ active basal plane; mp ¼ micropore; Mp ¼ mesopores. (Courtesy Norit Nederland
 B.V.)
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excellent mesoporosity and is sometimes better at chlorophyll removal, it fails com-
 pletely at removing polyaromatic hydrocarbons (PAHs) and dioxins and has an oil
 retention almost twice that of the peat-based activated carbons. For this reason,
 peat-based activated carbon with porosity distribution similar to curve (A2) has
 been recommended for adsorptive purification of PAHs and dioxin (40). Table 3
 lists typical properties of powdered activated carbons.
 3.3. Amorphous Silica Hydrogel
 As with powdered activated carbon, amorphous silica hydrogels are used in con-
 junction with bleaching clays in the adsorptive purification of fats and oils. Silica
 hydrogels possessing average pore diameters greater than about 60 A exhibit high
 0
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 30
 40
 50
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 Figure 5. Typical pore size distributions for powdered activated carbons.
 TABLE 3. Typical Properties of Commercial Powdered
 Activated Carbon (PAC).
 Property Powdered Activated Carbons (Typical)
 FM (wt%) 2–10 max.
 pH (water extract) 4.3–7
 Surface Area (m2/g) 650–1300
 Pore Volume (cc/g) 0.9–1.2
 Bulk Density (lb/ft3) 30.5–32
 Bulk Density (kg/m3) 490–514
 Wt% passing 100 mesh 96–98
 Wt% passing 325 mesh >70
 Oil Retention (wt%) 70–150
 Water solubles (wt%) 1.5 max.
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capacity and selectivity for the adsorption of phospholipids and soaps (and asso-
 ciated metals ions) from glyceridic oils. The presence of significant moisture
 (i.e., >30 wt %) keeps the structure open during the initial stages contact and
 aids filtration from the bleached oil (16).
 3.3.1. Preparation Amorphous silica can be prepared by any number of differ-
 ent routes, but typically it starts with aqueous sodium silicate solution (‘‘water
 glass’’), which is subsequently destabilized by the addition of acids or certain inor-
 ganic salts to yield silica hydrogels. Silica gels and/or precipitated silicas are
 derived from these hydrogels after appropriate washing and drying. Other, more
 exotic forms of preparation can also yield amorphous silica, but cost precludes their
 use in this application. Biogenic silica (rice hull ash) has also been prepared and
 evaluated, but found to be inferior to synthetic forms (41, 42).
 Conditions employed during preparation are extremely important in determining
 final product properties; generally, these are more important than the actual manu-
 facturing process. Specifically, superior phospholipid adsorption is attained when
 the amorphous silica hydrogel is prepared in such a way that it possesses a high
 proportion of its total porosity (and associated surface area) concentrated in pores
 whose average diameter falls in the range 60–350 A. Practically speaking, such sili-
 cas will generally have surface areas in the range 100–1200 m2/g and total pore
 volumes in the range 0.9–1.9 cc/g. A second important requirement of silica hydro-
 gel used for adsorptive purification of fats and oils is that it posses substantial quan-
 tities of water (typically >60 wt %) in its pores. The presence of the water, although
 it seems not to affect phospholipid adsorption, significantly improves the filterabil-
 ity of the silica from the oil, even after use at oil temperatures that would cause the
 water content to be substantially lost during the treatment step.
 3.3.1.1. Typical Properties Typical physical properties for commercial amor-
 phous silica hydrogels are shown in Table 4. Chemical purity is high; typically
 >99.5% SiO2, <0.1% Al2O3, < 0.01% Fe2O3, with only traces of alkali and alka-
 line earth oxides on a volatile free basis. By definition, amorphous silica is noncrys-
 talline; it contains no crystalline silica forms (i.e., quartz, cristobalite, tridymite).
 TABLE 4. Typical Properties of Commercial Amorphous Silica
 Hydrogels.
 Property Amorphous Silica Hydrogels (Typical)
 LOI (wt% @ 1750�F) 50–70
 pH (water extract) 4.5 (2.5)�
 Surface Area (m2/g) 500–1000
 Pore Volume (cc/g) 1.5–1.9
 Bulk Density (lb/ft3) 30–32
 Bulk Density (kg/m3) 490–514
 Wt% passing 100 mesh 98
 Oil Retention (wt%) �65
 �Acidified silica hydrogel.
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3.4. Scanning Electron Micrographs of Adsorbents
 See Figure 6 (plates A–D). Note difference in morphology between raw (Plate A)
 and acid-activated (Plate B) montmorillonite. Most probably this is related to the
 generation of hydrated amorphous silica sheets after leaching the central octahedral
 layer. The resulting single-layered silica sheets are much less rigid than the 2:1 clay
 layers comprising the original platelets and assume a disordered ‘‘fuzzy’’ morphol-
 ogy. Plates C and D are scanning electron micrographs of acid-activated hormite
 and steam-activated carbon, respectively. Because so little acid is used in hormite
 activation, no change in its morphology is observed after acid-activation.
 4. TRACE CONSTITUENTS IN LIPID OILS AND FATS
 Edible oils and fats contain a variety of naturally occurring trace constituents,
 including the following:
 � Color pigments (carotenoids/pheophytins)
 � Dissolved metals (metal ions)
 Figure 6. (plates A-D): Scanning electron micrographs of the major adsorbent types at 10,000—
 15,000 magnification.
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� Free fatty acids (and corresponding soaps after alkali refining)
 � Phospholipids (lecithin/cephalin/phosphatidic acids/etc.)
 � Primary oxidation products (peroxides/hydroperoxides)
 � Secondary oxidation products (aldehydes/ketones)
 � Natural antioxidants (tocopherols/tocotrienols)
 � Sterols and triterpene alcohols
 More recently, certain non-natural, exogenous contaminants in fats and vegeta-
 ble oils have become an issue (43). Polycyclic aromatic hydrocarbons (PAHs),
 polychlorinated biphenyls (PCBs), dioxins, and aflatoxin, to name the more serious
 offenders, can find their way into fats and oils by a variety of pathways. In the case
 of PAHs, direct drying of seed materials (44, 45) is a major pathway. Dioxins,
 released to the environment as unintentional byproducts of combustion processes,
 are mainly found in animal and fish fats as a result of ingestion of dioxin-contami-
 nated feeds, soils, and sediments (46) by these animals. PCBs were used as dielec-
 tric fluids in electrical equipment and as flame-retardants until their production was
 banned (USA—1977; Europe—1985); they are generally not found in edible oils.
 Because PAHs, PCBs, and dioxins are long-lived and resist biodegradation, they
 have polluted the biosphere on a worldwide basis. The concern with these contami-
 nants is that they tend to bioaccumulate in human and animal fat tissues where they
 can exert long-term, deleterious health effects (47, 48). PAHs are subdivided by
 molecular weight and size of molecule into two subcategories: light PAHs with
 3–4 fused benzene rings (Mol. Wt. 178–228) and heavy PAHs with 5–7 fused
 benzene rings (Mol. Wt. 278–326). Typical levels by oil type and origin (49)
 were recently reported (Table 5).
 Aflatoxin B1, B2, G1, and G2 are related mycotoxins that compromise the auto-
 immune system at low levels and can cause cancer at higher levels; the toxins are
 TABLE 5. PAH Levels in Crude Oils.
 Light PAH (ppb) Heavy PAH (ppb)
 Crude oil Origin Range Media Range Media
 Fish South America 11–2383 486 1–149 29
 Fish North America 3–23 13 1–6 3
 Fish Japan 17–1935 584 2–900 49
 Fish Scandinavia 38–109 85 5–8 6
 Coconut Philippines 234– 4563 2264 15–130 79
 Soybean United States/Argentina 34–141 80 2–6 4
 Sunflower Eastern Bloc 8–118 39 1–6 3
 Rapeseed Europe 3–276 38 1–20 6
 Palm kernel Indonesia/Ivory Coast 6–81 28 0–10 4
 Palm Indonesia/Ivory Coast 2–42 15 0.7–10 3.5
 Cottonseed United States 40–59 50 2–6 4
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elaborated under certain conditions by particular moulds that can grow on grains,
 seeds, and nuts (47). If present during processing, they can contaminate oils that are
 derived from these sources.
 Regulations on maximum allowable levels for these contaminants have been
 legislated in various countries: heavy PAHs—5 mg/kg and for sum of heavy and
 light PAHs—25 mg/kg, German Society for Fat Science (45); dioxins—0.75 pg
 TEQWHO/g fat in the EU (50) where TEQWHO means Toxic Equivalence expressed
 as the sum individual toxicities for 17 toxic polychlorinated-p-dibenzo dioxins and
 furans as identified by the World Health Organization; aflatoxin B1—5 mg/kg (51)
 in the EU. Regulatory limits for PAHs, PCBs, and dioxins have not yet been set in
 the United States; the Food and Drug Administration (FDA) has established an
 action level of 20 ppb for aflatoxins in human foods (52).
 4.1. Effect of Lipid Constituents on Oil Quality;Determination of Oil Quality
 Trace constituents in oils are removed (or destroyed) in varying degrees during
 refining, bleaching, and deodorization steps. Figure 7 summarizes the various steps
 in oil processing and the major constituents removed in each of them. The main
 objectives of oil processing are to enhance appearance, flavor, and oil stability
 and to ensure safety for human consumption.
 Phospholipids, if not removed from oils before deodorization, can lead to
 dark-colored oils and serve as off-flavor precursors (53, 54). Chlorophyll (55),
 pheophytins and pyropheophytins (56), and metal ions (57, 58) are prooxidants
 that decrease oil stability. Iron and copper at levels as low as 0.01 and 0.1 ppm,
 respectively, are capable of lowering flavor and oxidative stability (59). Free fatty
 acids, besides representing a refining loss, have also been shown to act as prooxi-
 dants (60) and to lower smoke points (61) of oils during frying. Linolenic acid has
 Figure 7. Major impurities removed by different processing steps.
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been identified as a precursor of off-flavors in soybean oil (62). Hydroperoxide
 decomposition yields numerous lower molecular weight compounds (aldehydes,
 ketones, hydrocarbons, alcohols, lactones, furans) that can adversely affect odor
 and flavor characteristics (63–65). Notably, many of these compounds can be
 detected organoleptically when peroxide values are still low (single digit)—well
 before actual oxidative rancidity develops. Volatile peroxides and hydroperoxides
 can themselves impart off-odors (66). Soaps, because they are strongly adsorbed
 by bleaching clays, negatively affect bleaching performance (67).
 The effect of carotenoids is mostly cosmetic in nature; high levels of carotenoids
 cause the oil to be too reddish or yellowish for present-day consumers who prefer
 lightly colored oils. Tocopherols and tocotrienols are natural antioxidants; it is
 desirable that they be left in the oil to the maximum extent possible during
 processing.
 The American Oil Chemists’ Society (AOCS) has developed and published over
 400 methods to measure important lipid quality parameters. These tests are usually
 specific to the form, the type, and the stage of processing that the lipid is in. Levels
 of specific contaminants in oils can be determined by using one or more of the
 Official Methods and Recommended Practices of the American Oil Chemists’
 Society (68).
 4.2. Distribution and Concentration of Trace Constituentsas a Function of Oil Type
 Table 6 contains typical data on the distribution and concentrations of trace consti-
 tuents commonly found in soybean, palm, and canola, three oils that when taken
 TABLE 6. Typical Levels of Common Trace Constituents in Some Crude Vegetable Oils.
 Type of oil
 Component Soybean Canola Palm
 Free Fatty Acids 0.3–0.7% 0.3–1.0% 2–5%
 Phosphatides (lecithin/cephalin/
 phosphatidic acid) 1–3% 1–1.5% 0.05–0.1%
 Sterols/triterpene alcohols 0.3–0.5% 0.5–0.97% 0.1–0.2%
 Tocopherols (natural antioxidants) 0.15–0.2% 0.06–0.1% 0.06–0.1%
 Carotenoids (red/orange pigments) 40–50 ppm 25–90 ppm 500–800 ppm
 Chlorophyll/pheophytins
 (green pigments) 1–2 ppm 5–30 ppm nil
 Peroxides (meq O2/kg oil) <10 <10 1–5
 Iron 1–3 ppm 1–5 ppm 4–10 ppmMetals
 �Copper 0.03–0.05 ppm 0–0.03 ppm 0.05 ppm
 Soaps (after caustic refining) 0.01–0.04 ppm 0.06–0.09 ppm Not applicable
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together constitute the majority (�70%) share of the worldwide vegetable oils
 market (69). Coincidentally, the highs and lows (circled values) exhibited by these
 three do a good job of spanning the extremes exhibited by the other oils. Highest
 phosphatide levels are found in soybean (and canola) oils; very low levels are seen
 in palm oil. Chlorophyll and pheophytins can be high in canola oil (especially
 depending on harvest conditions), whereas levels in soybean and palm oils are
 typically low. Carotenoid levels are highest in palm oil; high free fatty acid levels
 are also common with this oil (because of improper or rough handling during
 harvesting).
 Although not specifically mentioned in the above table, waxes are found in some
 oils (e.g., canola, corn, pomace-olive, rice bran, and sunflower). Gossypol, a yellow-
 pigmented, highly functionalized b,b0-dimer of two dihydroxy-a-naphthol units
 unique to cottonseed oils is present in crude oils at levels in the range 0.25–
 0.47% (70). Because gossypol exhibits toxic effects at higher concentrations, its
 level in refined-bleached-deodorized oil is regulated to less than 450 ppm.
 4.3. The Use of Adsorbents for the Removal of Lipid Constituents(and Contaminants)
 Some trace lipid constituents (i.e., phospholipids, free fatty acids, metals, and
 waxes) are mostly removed during pre- or post-bleach processing steps. Gossypol
 is almost completely removed by alkali refining. However, bleaching clays (12, 71)
 or other sorbents (20) are needed to remove color bodies, peroxides, and aldehydes
 (72, 73) as well as remaining traces of metals, soaps, and phospholipids in the
 bleaching step (71). Color bodies, soaps, phospholipids, and metals are removed
 by adsorption, but peroxides are reduced via catalytic decomposition (5, 73).
 Because many of these compounds cannot be removed from the oil by steam dis-
 tillation alone, the use of purification adsorbents is crucial to the ultimate success of
 the deodorization step. Cowan (3) has shown that refined/deodorized oils processed
 without the bleaching step possessed lower flavor scores both initially, and more
 significantly, after aging as compared with refined/bleached/deodorized oils.
 Likewise, these sorbents play an essential role in purification of hydrogenation
 feedstocks by ensuring removal of traces of soaps and phospholipids, which can
 act as catalyst poisons (74).
 Acid-activated bleaching clays are more adsorptive and more chemically active
 than natural (or neutral) bleaching clays; they are usually required for oils high in
 chlorophyll because this pigment tends to be the most difficult to remove. Also,
 because they can be used at relatively lower dosages, they reduce spent filter
 cake and concomitant oil losses (75). Nevertheless, for some applications, particu-
 larly in the case of palm oils where only red and yellow pigments and free fatty
 acids need to be removed, natural bleaching clays still have their place. It should
 also be noted that acid-activated clays may, depending on residual acidity levels and
 processing conditions employed during use, cause a slight increase in free fatty acid
 levels (2, 4) of bleached oils via acid-catalyzed hydrolysis of triacylglycerol ester
 bonds (76).
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As noted earlier, pure silica hydrogel possesses high capacity and selectivity
 for phospholipids, soaps, and metals (20) but low capacity for color pigments
 (chlorophylls, pheophytins, and carotenoids). Although it is possible to increase
 chlorophyll adsorption by acidifying the hydrogel before contact (17–19), some
 of the acid always leaches back into the oil during the bleaching step and causes
 R/Y ‘‘color fixation’’ problems in the subsequently deodorized oil (77). Conse-
 quently, it cannot be used alone and bleaching clay must still be used to ensure
 high-quality RBD oil. A recently patented approach (78) using hormite clays trea-
 ted with selected complexing agents achieved similar objectives afforded by acid-
 ified silica hydrogel but with added advantages such as improved bleaching of red
 colors, more effective chlorophyll removal, and reduction of peroxide values.
 Adsorbents also assume a key role in removing undesired exogenous contami-
 nants from fats and oils. Aflatoxin, although not a common contaminant in fats and
 oils, will at any rate be completely removed by bleaching clay, which binds this
 toxin very strongly (79, 80). Dioxins and polyaromatic hydrocarbons, if found in
 oils, can be removed by treating with activated carbon and bleaching clay blend
 (typically one or two parts carbon to ten parts blend, depending on degree of
 contamination).
 Many other materials, including synthetic aluminas, aluminum carbonates, alu-
 minum silicates, magnesium silicates, various forms of attapulgite and sepiolite
 (81–83), alumina-pillared acid-activated montmorillonite (84), synthetic mica mont-
 morillonite, HY-zeolite, zirconium phosphate (85), mica, kaolin, and synthetic
 hectorite (86), have been evaluated for their ability to purify virgin fats and oils,
 but none were as good as acid-activated bentonite.
 4.4. Fundamentals of Adsorbents and Adsorptive Purification
 To understand how adsorbent properties affect performance, we need to understand
 the adsorbent surfaces. Adsorption is a surface phenomenon governed by surface
 chemistry. Both bleaching clays and silica hydrogels are richly endowed with sur-
 face hydroxyl groups; these play a major role in adsorbate-adsorbent interactions.
 Silica hydrogels possess mainly Si-OH hydroxyls. Bleaching clays exhibit a more
 diverse array that includes Si-OH, Mg-OH, Al-OH, and Fe-OH hydroxyls. In the
 case of bleaching clays, additional surface hydroxyls are generated during acid-
 activation when octahedral layers disrupted by the leaching process leave behind
 hydroxylated segments (‘‘silica tails’’) derived from remnants of the tetrahedral
 layers (87). Also, exchangeable interlayer cations can function as very strong sur-
 face active sites.
 The adsorption process is primarily dictated by the interaction between these
 various surface species and the adsorbate molecules (color bodies, phospholipids,
 soaps, etc.) Depending on the energy barrier involved, an organic adsorbate may
 undergo actual bond breaking–bond making to form a covalent bond with the adsor-
 bent surface (chemisorption), or it may interact through hydrogen bonding or van
 der Waals forces (physisorption).
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4.4.1. Surface Characteristics of Different Sorbent Types Figures 8–11
 present reasonably probable representations for surface active sites associated
 with the three major adsorbent types used in fats and oils processing.
 Activated carbon, in keeping with the enhanced complexity of carbon-based
 chemistry, possesses an extensive array of surface moieties, including hydroxyl
 groups, carboxylic acid groups, aldehyde groups, keto groups, cyclic ethers, and
 lactone groups.
 4.4.2. Surface Interactions with Adsorbed Molecules Surface hydroxyls can
 interact with highly polar O, N, and S atoms by means of hydrogen bonding
 O
 O
 O
 HHO OO
 OH OH
 O
 CO
 OHO
 10 Å
 Figure 8. Surface-active moieties (adsorption sites) on activated carbon. (Courtesy Norit
 Nederland B.V.)
 ClayLayer
 InterlayerRegion
 OH2
 Ca
 OH2
 OH2
 OH2H2O
 H2O Hydrated
 Ca+2 Cation
 +2
 Si
 O
 Al
 O
 O OO
 SiO
 O
 Si
 O
 O
 O
 AlO
 Si
 O
 Al
 O
 O
 OH
 SiO
 OH
 Mg
 OH
 O
 OH
 OH
 OH
 Crystallite edge
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mechanisms. For example, a silica hydroxyl group may hydrogen bond to an
 organic adsorbate (RCOOR0):
 Si OH
 O
 CR OR′
 Hydrogen bond betweensilica hydroxyl and estercarbonyl group
 Using diffuse reflectance Fourier transform infrared spectroscopy, Adhikari et al.
 studied the binding of oleic acid (88), triacylglycerol (89), and phosphatidylcholine
 (90) on silica gel at room temperature. Their interpretation was that oleic acid and
 triacylglycerols bind to silica surface hydroxyls via hydrogen bonding interactions
 between the carboxylate and ester carbonyls of these molecules, respectively. In
 contrast, phospholipids hydrogen bond to silica surface hydroxyls via the phosphate
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 Figure 10. Generation of new surface hydroxyls after acid-activation shows replacement of
 (alkaline) hydrated Caþ2 cation with (acidic) hydrated Alþ3 cation.
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group; in this case, the interaction must be strong because most of the phosphati-
 dylcholine remained bound even after washing with isopropanol in hexane.
 These same authors also studied binding of oleic acid, triacylglycerol, and phos-
 phatidylcholine on bleaching clay (91) at room temperature and obtained similar
 results to those using silica gel. This led them to conclude hydrogen-bonding inter-
 actions between surface hydroxyls and carbonyl or phosphate groups were respon-
 sible for adsorption as in the case of silica gel. It can be appreciated that aldehydes
 and ketones could also interact by similar hydrogen-bonding mechanisms via their
 carbonyl groups. It should be remembered, however, that none of these studies were
 conducted under actual bleaching conditions where high temperature and reduced
 pressures remove surface moisture, which would allow direct contact with dehy-
 drated surfaces.
 The major focus for maximizing performance of activated carbon is to provide
 an optimum balance between increasing adsorptive capacity for polyaromatic
 hydrocarbons and dioxins while decreasing oil retention in the filter cake. It has
 been found that steam-activated carbon derived from peat yields the best combina-
 tion of properties for this application.
 The situation with respect to binding of color pigments (chlorophylls, pheophy-
 tins, carotenoids) to active sites on bleaching clay is somewhat more complex.
 Many authors have shown that the type of interlayer cation and its associated acid-
 ity are fundamentally related to pigment adsorption capacity (11, 12, 92, 93).
 Table 7 gives results when acid-activated clay was completely exchanged with dif-
 ferent interlayer cations. As shown, the presence of interlayer cations possessing
 higher surface acidity (measured by n-butylamine uptake using Hammett indicator)
 corresponds to higher levels of pigment adsorption.
 Interlayer cations can act as Bronsted acids (i.e., proton source) via hydrolysis:
 ½AlðOH2Þ6 þ3 , ½AlðOHÞðOH2Þ5
 þ2 þ H3Oþ; where ½AlðOH2Þ6 þ3
 is the hydrated cation:
 The Bronsted and Lewis acid acidity of surface hydroxyls and interlayer cations can
 be measured using Hammett indicators in inert hydrocarbon solvents (94–96).
 Silica surface hydroxyls are weak Bronsted acids possessing very little acidity;
 TABLE 7. Bleaching Properties� vs. Surface Acidity (12)
 Exchange Cation Surface Acidity�� Carotene Adsorbed{ Chlorophyll Adsorbed{
 Alþ3 1.00 12.04 0.511
 Mgþ2 0.56 10.90 0.509
 Caþ2 0.53 9.64 0.499
 Naþ 0.45 9.33 0.489
 Kþ 0.38 7.77 0.474
 �Refined soybean oil. Contact @ 330�F/20 min., vacuum 28.5 inches of mercury.��mmol n-butylamine titrated/g clay using Hammett indicator of pKa þ5.{mmol/g clay.
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however, surface hydroxyls associated with aluminum atoms in tetrahedral coordi-
 nation and hydrated aluminum cations can be very strong (see Figure 10). It is
 worth noting, in this regard, that some of the exchangeable interlayer cations in
 acid-activated clays possess acid strength equaling that of highly concentrated
 (70–90%) sulfuric acid (95).
 The strength (97) and capacity (98) of acid sites on montmorillonite clays
 increase with increased drying. Replacement of less acidic alkali and alkaline earth
 cations with more acidic hydronium (H3Oþ) or transition metal cations (i.e., Alþ3,
 Feþ3) increases reaction rates (99) and the capacity for adsorbate molecules (12).
 At the temperatures used during bleaching, water (including water of hydration) is
 removed from adsorbent surfaces, leaving bare surface hydroxyls or bare interlayer
 (Lewis acid) cations. At the beginning of the bleaching process, however, the clay
 initially has moisture and possesses Bronsted type acidity. At this stage, protons
 generated by hydrolysis of the hydrated interlayer cations can be donated to caro-
 tenoid and chlorophyll molecules acting as proton acceptors. The resultant proto-
 nated molecules subsequently form carbonium ion–cation complexes that can be
 held in place by strong electrostatic forces with negatively charged sites in or on
 the clay surfaces.
 Sarier and Guler (100, 101) studied the mechanism of adsorption of b-carotene
 on acid-activated bleaching clay using infrared and ultraviolet spectrometry and
 adsorption techniques. Based on their studies, they concluded that protonation of
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 Figure 12. (a) Chemisorption of b-carotene via electrostatic attraction of carbonium ion to
 negatively charged tetrahedral aluminum site in tetrahedral layer of acid-activated clay. (b)
 Chemisorption of b-carotene via coordination bonding between carbonium ion and Lewis acid
 aluminum site in tetrahedral layer of acid-activated clay.
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the 7–8 double bond of b-carotene yields a carbonium ion, which is subsequently
 chemisorbed via electrostatic bonding with Bronsted, or coordinative bonding with
 Lewis acid sites, respectively, in the tetrahedral layer of the clay (Figures 12a,
 and b). Because the adsorption isotherm had two steps, the authors proposed a sec-
 ond layer of b-carotene molecules might associate with the initial carbonium ion
 layer via ion-dipole interactions.
 Although carbonium ion formation is reasonable, this author is of the opinion the
 more likely binding would be with aluminum (Lewis acid) cation sites in the inter-
 layer region (Figure 13). This opinion is based on the knowledge that increasing
 levels of acid-activation eventually destroys bleaching activity, which is mirrored
 by loss of exchangeable interlayer cations. Bronsted and Lewis acid sites in the tet-
 rahedral layer, however, continue to increase with increasing acid-activation. If
 these sites were the only sites responsible for carotene adsorption, it would be
 expected that carotene adsorption should continue to increase with increasing
 degree of acid-activation. This does not happen.
 Guler and Tunc (102) also studied the adsorption of chlorophylls a and b (mix-
 ture) on acid-activated bleaching clay using techniques similar to those they
 employed with b-carotene. They concluded that chlorophyll was initially converted
 to pheophytins, which were subsequently adsorbed on Lewis and Bronsted acid
 sites on the clay.
 4.4.3. Relationship Between Adsorbent Properties and Adsorptive Perfor-
 mance Acid-activation: Properties for bleaching clays (surface area, porosity,
 cation exchange capacity, surface acidity) vary considerably depending on the
 degree of acid-activation. Taylor and Jenkins (12) showed that surface area
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 Figure 13. Chemisorption of b-carotene via coordination bonding between carbonium ion and
 Lewis acid aluminum cation site in interlayer region of acid-activated clay.
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(Fig. 14) and porosity (Fig. 15) increase, sometimes dramatically, for a series of
 montmorillonite clays from different sources when subjected to increasing dosages
 of acid. Beyond a certain point, however, it can be seen that both surface area and
 porosity begin to decrease with increased degree of leaching.
 Even though clays in this study were obtained from different sources, all are
 montmorillonite and each reacts somewhat differently to the acid leaching process,
 most notably, (1) calcium montmorillonites (A-D) attain considerably higher
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 Figure 14. Effect of acid dosage on surface area of various calcium (A–D) and sodium (E)
 montmorillonite clays.
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 Figure 15. Effect of acid dosage on pore volume of various calcium (A–D) and sodium (E)
 montmorillonite clays.
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surface area/porosity maxima than sodium montmorillonite (E) and (2) acid
 requirements to achieve surface area maxima vary from one clay to another.
 Bleaching efficiency response to acid leaching displays a similar trend (103,
 104) as for surface area and porosity—at first increasing—then decreasing with
 increasing acid dosage. Although it might at first be suspected that surface area
 and adsorption activity are therefore related, it turns out that increasing surface
 area, although a consequence of the acid-activation process, is not of major impor-
 tance in determining bleaching efficiency. The fact that surface area is not funda-
 mentally important can be illustrated by comparing the graphs shown in Figures 16
 and 17, which show surface area and relative chlorophyll bleaching efficiency as a
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 Figure 16. Correlation between surface area and relative bleaching efficiency (chlorophyll) for
 Clay A. (This figure is available in full color at http://www.mrw.interscience.wiley.com/biofp.)
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function of acid dosage for Clays A and C from the above series. Ignoring for a
 moment the dissimilar shapes for the surface area and relative chlorophyll adsorp-
 tion curves for Clay A in response to increasing acid dosage (Figure 16), it might be
 argued there is at least a rough correspondence between surface area and bleaching
 efficiency.
 However, as shown by the curves in Figure 17, bleaching efficiency for Clay C
 does not attain maximum activity levels until well after the surface area curve has
 peaked and started to decline. Note also that both clays achieve practically identical
 maxima in chlorophyll bleaching efficiencies (albeit requiring different acid
 dosages), but Clay C only achieves a maximum surface area of about 300 m2/g,
 whereas Clay A achieves a maximum surface area of nearly 500 m2/g. Clearly,
 surface area, per se, is not correlated with chlorophyll adsorption capacity. Similar
 curves (not shown) were obtained for carotene adsorption (12).
 On the basis of the activation diagram in Figure 2 (Section 3.1.1), the percentage
 silica in an acid-activated clay should increase and, although perhaps not as intui-
 tively apparent, cation exchange capacity should decrease with increasing degree of
 acid leaching. The reason (see Section 3.1) is because positively charged cations in
 the interlayer region are required to balance the negative charges associated with
 the clay layers. A negative charge on the clay layers develops because the (þ2)
 positive charge on Mgþ2 in the octahedral layer is unable to completely balance
 the net (�3) negative charge of its six nearest-neighbor oxide atoms; thus, a net
 negative charge of (�1) develops for every Mgþ2 ion present in the octahedral
 layer. It follows that cation exchange capacity should decrease as Mgþ2 ions are
 leached from the octahedral layer.
 These expectations are supported by the data plotted in Figure 18. Here cation
 exchange capacity (milliequivalents of exchangeable cation/100 g clay) has been
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 Figure 18. Correlation between cation exchange capacity and hydrated silica (arrows point to
 coordinates where maximum bleaching efficiency is attained for clays A–D). (This figure is
 available in full color at http://www.mrw.interscience.wiley.com/biofp.)
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plotted against percentage hydrated silica for the previously described clays.
 Hydrated silica (a form of silica soluble in aqueous sodium carbonate) corresponds
 to the amorphous silica left behind after clay leaching (see Figure 10). As expected,
 cation exchange capacity decreases (linearly) as percentage hydrated silica and
 degree of acid-leaching are increased.
 The arrows in Figure 18 identify the x,y-coordinates at which cation exchange
 and degree of leaching (as measured by hydrated silica) yield points corresponding
 to maximum bleaching efficiency for Clays A–D. Notably, these clays (all calcium
 montmorillonites) attain hydrated silica values in the range 50–70% before achiev-
 ing maximum bleaching efficiencies. Clay E (sodium montmorillonite) strongly
 resists acid attack, and it only attains about 30% hydrated silica. It does not yield
 a suitable product for the adsorptive purification of fats and oils, and in accord with
 the precepts just discussed, it was found to be only one-half to one-third as active as
 calcium montmorillonites for removal of carotenes and chlorophyll from refined
 soybean oil.
 The essence of the foregoing discussion is that optimization of bleaching clay
 performance depends on achieving a balance between the degree to which the mon-
 tmorillonite structure is ‘‘opened up’’ by acid dissolution and the extent to which
 acidic (and more active) cations leached from the clay structure replace less acidic
 (and less active) native cations in the interlayer region. Subtle chemical and struc-
 tural differences between clays from different sources dictates the particular acid
 regimen required for any given clay to achieve optimum activity. Too little dissolu-
 tion yields a structure with less-than-optimum porosity and inadequate degree of
 replacement of native cations by acidic ions leached from the structure. Too
 much dissolution yields a structure with good porosity and almost complete
 exchange of native cations by acidic leach ions, but with too few cation sites left
 to be effective.
 Although other clay minerals can also be acid leached and improved somewhat
 by this treatment, they do not match activity levels attained by calcium montmor-
 illonite. It has been hypothesized that calcium montmorillonite is superior in this
 regard because it simultaneously develops a high concentration of strong acid sites,
 and extensive porosity in 50–200-A diameter pores after acid-activation (85). In any
 case, only those clays that achieve high hydrated silica values upon acid leaching
 are found to be good candidates for the acid-activation process.
 Particle Size: The effect of particle size on the performance of bleaching clays
 is well known (2, 87). As discussed by Henderson (105), smaller particles (finer
 grinds) give better bleaching performance, but worse filtration (i.e., reduced cycle
 times, increased pressure buildup). The improved bleaching performance can be
 understood as a positive consequence of increased numbers of available cation
 exchange sites that are exposed in the case of more finely ground particles.
 However, increased pressure buildup and reduced cycle times are a negative
 consequence of the tighter interparticle packing that results when filtering smaller
 particles. In practical reality, manufacturers of bleaching clays supply a range of
 activity/particle size options that can be matched to the capabilities of the plant
 equipment and the requirements imposed by the type of oil being processed.
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Moisture Content: As shown by Table 2, bleaching clays typically possess
 about 10–17 wt% free moisture. Although this moisture is boiled off during the
 course of the bleaching process, it is necessary. According to Richardson (2), opti-
 mum bleaching clay moisture depends on the source of the clay from which it is
 prepared. Although complete removal of moisture during manufacturing is possi-
 ble, bleaching earth containing no moisture has been shown to be ineffective for
 bleaching (2, 5).
 In the case of silica hydrogel, substantial moisture (usually >50 wt%) during the
 beginning stages of contact is necessary in order for the product to perform well.
 Phospholipids interact with surface water because of strong hydrogen bonding with
 P-O and quaternary ammonium nitrogen groups (91). It has been proposed that the
 phospholipids are at first strongly associated with water molecules in the silica
 pores. Later, as water molecules boil off under the combined action of temperature
 and vacuum, they become trapped by collapse of the silica structure.
 Residual Acidity: Acid-activated bleaching clays are prepared by treatment
 with strong mineral acids (typically HCl or H2SO4). After the leaching process is
 completed, any unused acid plus excess acidic salts (primarily ferric and aluminum
 salts) are washed from the clay. Depending on the degree of washing, some ‘‘resi-
 dual acidity’’ in the form of acidic salts and unused acid can be left with the clay.
 Residual acidity can be quantified (mg KOH/g clay) by extracting a known quantity
 of clay with boiling water and then titrating to phenolphthalein endpoint. It should
 be noted that residual acidity (because of the presence of residual acid and acidic
 salts) is not to be confused with surface acidity (because of surface hydroxyls and
 exchangeable acidic cations). Although residual acidity helps somewhat by enhan-
 cing pigment adsorption, if levels are too high, it can cause a problem by proemot-
 ing the hydrolysis of triacylglycerols or soaps resulting in the generation of
 additional free fatty acids (2).
 Boki et al. (106) have reported the type of oil being treated can also affect the
 outcome of the hydrolysis reaction when using acid-activated bleaching clay. In
 their study, the increase (relative to starting oil) was highest in canola oil (12%)
 but fairly modest for sunflower and soy oils (4% and 0.2%, respectively). Relative
 FFA levels actually dropped for cottonseed oil (�3.4%) and even more significantly
 in the case of corn and safflower oils (�11% and �33.7%, respectively).
 Porosity: A common feature of all sorbents used for adsorptive purification of
 fats and oils is the presence of substantial porosity in the mesopore range (20–500 A
 diameters) and significant surface area. Optimization requires making sure pores
 are wide enough to ensure access by large molecules while maintaining sufficient
 surface area for presentation of as many adsorption sites as possible. If pores are too
 large, surface area may be negatively affected; if pores are too small, passage into
 adsorbent interiors may be negatively affected.
 Laboratory Evaluation of Adsorbents: AOCS Method Cc 8f-91, in conjunc-
 tion with Methods Cc 8a-52 and Cc 8b-52, details a procedure for contacting
 bleaching clays and other adsorbents with oils on a laboratory scale using common
 laboratory glassware that, in essence, attempts to duplicate the actual process
 employed on a much larger scale at the plant level. Table 8 lists the most common
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AOCS methods that are pertinent with regard to evaluating the effectiveness of
 these adsorbents. It must be noted, however, that although laboratory adsorption
 testing using AOCS Method Cc 8f-91 and methods in Table 8 are adequate for rela-
 tive evaluations (i.e., how well one adsorbent performs versus another or the effect
 of one set of bleaching conditions versus another, etc.), they cannot be used for-
 predictive performance at the plant level. The problem, as discussed by Henderson
 TABLE 8. Evaluating Bleaching Clays/Adsorbents: Recommended AOCS Test Methods.
 Test Description
 AOCS
 method
 Active oxygen method
 (hrs)
 Time (in hours) for heated oil to reach peroxide value of
 100-meq/kg oil while air is bubbled through the
 sample
 Cd 12-57
 p-Anisidine Value Determines aldehydes (esp. conjugated aldehydes)
 based on spectrophotometric measurement of
 colored p-anisidine-aldehyde addition products at
 350 nm
 Cd 18-90
 Chlorophyll (mg/kg) Determines chlorophyll concentration using spectro-
 photometric measurements @ 630, 670, 710 nm
 Cc 13d-55
 Fatty acid composition
 (by GLC)
 Quantitative determination of fatty acid distribution in oil
 by GLC
 Cd 1-62
 Free fatty acid
 (wt% as oleic)
 Determines free fatty acids in oil by titration with sodium
 hydroxide solution
 Ca 5a-40
 Karl Fischer
 moisture (%)
 Determines the actual water content of fats by titration
 with Fischer reagent, which reacts quantitatively with
 water
 Ca 2e-94
 Lovibond color
 (unitless)
 Determines red/yellow intensity (carotenoids) of oil
 using Lovibond Tintometer
 Cc 13e-92
 Metals by atomic
 absorption
 Analysis of Cr, Cu, Fe, Ni in oils dissolved in
 methyl isobutyl ketone by atomic absorption
 spectrophotometry
 Ca 15-75; Ca
 18-79
 Metals by ICP Sample is ashed, dissolved in HNO3, and elements
 determined by inductively coupled plasma
 spectroscopy
 AOAC�
 985.01
 Oven moisture (%) Moisture content of oils Ca 2c-25
 Oxidative stability
 index (hrs)
 Time (in hours; induction period) for fats/oils to begin
 to undergo rapid acceleration in oxidation
 Cd 12b-92
 Peroxide value
 (meq / kg)
 Measures peroxides (oxidation of KI ) I2) in fats/oils;
 iodine determined by sodium thiosulfate titration
 Cd 8-53;
 Cd 8b-90
 Phospholipids in oil
 (mg P/liter oil)
 Measures turbidity (nephelometric method) in
 oil-acetone mixtures that correlate with level of
 phospholipids
 Ca 19-86
 Phosphorus content
 in oil (%)
 Colorimetric method (% transmittance @ 650 nm)
 for total phosphorus based on conversion to
 molybdenum blue
 Ca 12-55
 Soap in oil (ppm) Measures alkalinity (as sodium oleate) of oil sample
 by titration to bromophenol blue endpoint with
 0.01 N HCl
 Cd 17-95
 �Association of Official Analytical Chemists.
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(105), is that laboratory-bleaching experiments are conducted as a batch process
 while most plants operate in a continuous mode. As a consequence, the so-called
 ‘‘press effect’’ or the extra adsorption that takes place when oil is passing through
 the filter cake in a plant filter press is not adequately duplicated by the one-pass
 filtration employed in AOCS Method Cc 8f-91. It is not uncommon that clay
 dosages in laboratory scale bleaches are twice those employed in the actual plant
 process to achieve similar levels of pigment reduction.
 5. ADSORPTIVE PURIFICATION PROCESS:GENERAL DESCRIPTION
 Adsorptive purification, in its most general sense, involves the use of adsorbents to
 remove undesirable constituents and contaminants from fats and oils by adsorptive
 mechanisms. It must be noted, however, that although different adsorbents do exhi-
 bit some degree of selectivity for certain adsorbates (see Section 4.3), none exhibit
 specific selectivity for a single compound or chemical. Some trace constituents that
 are desirable (e.g., tocopherols) will also be removed. According to Boki et al.
 (106), 20– 40% of the tocopherols present in most alkali-refined oils are removed
 by bleaching with acid-activated bleaching clay; the exception is soybean oil, which
 only loses 3–5% (71, 105). Buxton has reported (107) that activated carbon
 removes antioxidants from fish liver oils and renders the vitamin A in the oil
 unstable.
 5.1. Function of Preprocessing Steps
 From the standpoint of traditional bleaching processes, the major objectives of
 water degumming and alkali refining/water washing (acid-water degumming in
 the case of physical refining) are to reduce phosphatides and soaps to low levels;
 these constituents are easily adsorbed by bleaching clays and interfere with the
 adsorption of pigments and other bleaching functions. For water degummed/alkali
 refined oils, the desired levels are as follows: phosphorous <3 ppm, soaps <40 ppm,
 and free fatty acids <0.05%. Somewhat higher levels, phosphorous <8 ppm
 and free fatty acids <0.8%, are acceptable in the case of acid-water degummed
 oils destined for physical refining. With the use of silica as an option, the entire
 degumming-refining-adsorptive purification process can be modified in ways not
 heretofore possible (108). The most direct approach is simply to add silica along
 with bleaching clay into the oil and bleach in the normal fashion. Alternatively,
 the silica is used to pre-adsorb phosphatides and soaps in the bleacher; the silica-
 treated oil is then filtered through a filter precoated with bleaching clay. In other
 variations, which do require some design modifications, silica can be used to elim-
 inate the water wash step (along with the water wash centrifuge) or ultimately even
 the soap stock (along with the primary centrifuge). In all of these cases, the use of
 bleaching clay can be reduced; of course, cost of silica must be considered because
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it is the more expensive reagent. Regardless of the particular preprocessing steps
 employed, recommended purity criteria for oils prior to bleaching and expected
 purity levels after bleaching are shown in Table 9.
 5.2. Effect of Processing Conditions on Bleaching Efficiency
 Choice of adsorbent type and activity: Acid-activated bleaching clays, as pre-
 viously discussed (Section 3.1.2), are manufactured in a number of different activ-
 ity grades. Because different oils possess significantly different concentrations of
 trace constituents, the choice of adsorbent (and activity) must be considered. For
 instance, palm oils, which are characterized by low levels of phospholipids and
 high levels of carotenoids, lend themselves to physical refining and usually only
 require the use of low activity or natural bleaching clays. Figure 19 shows the effect
 of dosage on bleached and deodorized colors when using natural bleaching clay
 (109) to bleach palm oil. This graph also makes the point that because carotenoids
 in palm oil are easy to ‘‘heat bleach’’ during deodorization, only moderate red color
 reduction is necessary in the bleach step to ensure adequate reduction of red color
 after deodorization.
 Another advantage for the use of neutral bleaching clays in processing of palm
 oil is the absence of delta increase in free fatty acids (� FFA). Brooks and Shaked
 (110) examined the bleaching of three palm oils (2.3–2.9 DOBI, 3.72–4.12% FFA)
 TABLE 9. Recommended Purity Criteria for Oils Before Bleaching
 and Expected Purity After Bleaching.�
 Before Vacuum Bleaching Max. P (ppm) Max. Moisture (%) Max. Soaps (ppm)
 Crude (low phosphorus) oils 30 0.2 N/A
 Acid degummed oils1 30 0.3 2002
 Organically refined oils3 10 0.3 N/A
 Neutralized oils4 10 0.3 300
 After Vacuum Bleaching Max. P (ppm) Max. Moisture (%) Max. Soaps (ppm)
 Crude (low phosphorus) oils5 3 0.05 N/A
 Acid degummed oils 2 0.05 0
 Organically refined oils 1 0.05 N/A
 Neutralized oils 0 0.05 0
 �Courtesy K. Carlson, RBD Technologies, Inc.1 Various forms of physical refining, which means FFA can vary.2 Applies when using silica before the bleaching earth and adding caustic to the oil to enhance the activity of
 the silica. In these cases, soap is ‘‘good.’’3 Organic Refining Process (ORPTM) by IPH, a citric-acid-based physical refining process.4 Oil neutralized (chemically refined) by ‘‘long-Mix’’ process. ‘‘Short-Mixed’’ oils, i.e., as mostly practiced in
 Europe, require waster washing to get soap below 300 ppm.5 Oils that have been citric acid conditioned and bleached with non acid-activated clays.
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using a number of natural and acid-activated bleaching clays. Their work (Table 10)
 shows that acid-activated bleaching clays always caused an increase in � FFA,
 whereas natural bleaching clays either had no effect or even reduced � FFA. Based
 on their work, they calculated that a 1000-MT/day plant using 0.6% sorbent would
 lose 365 MT/year of oil for every 0.1% increase in � FFA rise.
 Canola oils, which can be high in chlorophyll, usually require high-activity
 bleaching clays to achieve satisfactory color reduction before deodorization.
 Figure 20 compares the dosage requirements versus clay activity for soya and cano-
 la oils with different starting chlorophyll levels (111). As is clear, the higher activity
 Filtrol 160 is significantly better for bleaching canola oil containing moderately
 high levels of chlorophyll as compared with the less-active Filtrol 105. Here, the
 savings in neutral oil losses and disposal costs that result from using �1 wt %
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 Figure 19. Palm oil bleaching with natural clay: Effect of dosage on bleached and deodorized
 color (Lovibond red). (This figure is available in full color at http://www.mrw.interscience.wiley.
 com/biofp.)
 TABLE 10. Comparison of Acidity, pH, and FFA Change (108).
 Sorbent Class Acidity (mg KOH/g clay) pH Ave. � FFA t-test results�
 A Acid-Act. 0.02 2.8 0.09 þB Natural 0.00 6.8 �0.03 �C Natural 0.04 5.4 �0.1 NC
 D Natural 0.01 4.4 �0.1 NC
 E Acid-Act. 0.30 3.3 0.06 þF Acid-Act. 0.03 6.3 0.08 þG Natural 0.04 3.6 �0.01 NC
 H Natural 0.00 8.6 �0.05 �� One-column t -test, 0.05 a, H0 ¼ difference is zero. Incorporating � FFA data across three oils.
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less clay would be expected to offset the increased cost of the higher activity clay.
 However, for the soya oil, which is relatively low in chlorophyll to start with, there
 is little incentive for choosing the more active product because the difference in
 dosage requirements between the two grades is too small. Soybean and canola
 oils, because they are relatively high in phospholipids may benefit from dual sili-
 ca/bleaching clay processing.
 The primary purpose of silica in fats and oils purification is the preemptive
 adsorption of phospholipids and soaps so that bleaching clay dosages can be low-
 ered. Adsorption of phospholipids by bleaching clays reduces their capacity for
 adsorbing color pigments. Because silica hydrogels adsorb 7–10 times as much
 phospholipid (112) as bleaching clay, they can be used at low levels to partially
 replace and reduce the overall dosage requirements for bleaching clay. However,
 given the enormous diversity between plants, their design, and the impact of local
 conditions on their operation, it is perhaps not surprising that the decision whether
 to use silica hydrogel can be a difficult one. Careful and detailed economic analysis
 is required to determine whether overall operating costs will be lowered by the
 combined use of silica and bleaching clay. Possible economic inducements include
 lower overall adsorbent cost, lower neutral oil loss, lower disposal cost, reduced
 city water/sewer bills, and lower operating cost (reduction or elimination of centri-
 fuge maintenance and repairs). Possible negative economic considerations include
 cost of conversion (more silos, bins, feeders, mix tanks, etc.) in case of older plants,
 loss of flexibility to handle oils of variable quality or multiple-type feedstocks, and
 additional material handling. Also, in efficient plants where low phospholipids and
 soaps are routinely obtained, cost savings may be minimal.
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 Figure 20. Effect of starting chlorophyll level and clay activity on dosage requirements. (This
 figure is available in full color at http://www.mrw.interscience.wiley.com/biofp.)
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Bleaching Conditions: The major factors that affect the bleaching process, aside
 from the actual quality of incoming oil, are the conditions employed during the con-
 tact between oil and adsorbent. Assuming good quality oil (i.e., low in phospho-
 lipids, soaps, and free fatty acids) and the proper choice of adsorbent, other
 important factors include moisture of oil, absence of air during bleaching and
 bleaching temperature and time.
 Understanding the effect of moisture on bleaching is somewhat problematic
 because both bleaching clays and incoming oils can have different levels to begin
 with. Zschau has reported (113) that the addition of some level of moisture can have
 a beneficial effect in bleaching of canola oil. His work (Table 11) shows Lovibond
 red and yellow, and chlorophyll levels improve with increasing moisture up to
 0.6 %. Beyond that level, however, additional moisture is deleterious from the
 standpoint of color reduction.
 Ball et al. (67) concluded water addition was not beneficial (Table 12; data
 derived from figure in paper) in the case of soya oil bleaching. Reduced bleaching
 efficiency (as measured by chlorophyll adsorption) occurred at all levels of moist-
 ure addition. More recently, Brooks (114) studied the bleaching of refined soya oil
 over a more narrow moisture range (0.1–0.45 %) with three different bleaching
 clays. His results (Figure 21) confirm Zschau’s findings and indicate an inflection
 TABLE 11. Influence of Water on Oil Properties During Bleaching* of Canola Oil
 with Tonsil Optimum E (113).
 Lovibond Lovibond Chlorophyll a POV FFA
 H2O (%) red yellow (ppm) (meq O2/kg) (% Oleic)
 0 2.3 34 0.03 0 0.061
 0.3 2.2 34 0.03 0 0.061
 0.6 2.1 33 0.02 0 0.061
 1.2 3.7 47 0.17 0 0.063
 Starting oil 8.7 57 9.58 9.4 0.034
 *Pretreatment: T � 80�C, t � 30 min., Press.� Atmospheric; bleaching: T � 90�C, t � 30 min., Press.
 � 15 mm Hg.
 TABLE 12. Relationship of Bleach Performance to Water
 Content of Soya oil*: Chlorophyll a (67).
 Chlorophyll a (ppb)
 H2O (%) 0.5% dosage of clay 1.0% dosage of clay
 Dry oil 180 49
 0.5 280 100
 1.0 345 125
 Starting oil 810
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point for optimum Lovibond red and chlorophyll values at moisture levels near
 0.15–0.17%. Based on this data, it can be understood that Ball et al. simply missed
 the inflection point because the lowest moisture level they examined (0.5 %) was
 already beyond the point of inflection noted by Brooks.
 These studies show that although there is an optimum level of moisture in the
 oil, it can occur over a narrow range; too much moisture is clearly detrimental.
 Because oils coming from the vacuum dryer will usually have near-optimum moist-
 ure content, the best advice is that moisture addition should be used judiciously, and
 only in cases where special circumstances and experience warrants it. Moisture
 levels in the range 0.1–0.2% are probably near optimal.
 The exclusion of air during the bleaching process is absolutely essential. If oxy-
 gen is present during the bleach, it can lead to the formation of red-yellow chro-
 man-5,6-quinones (115). King and Wharton have shown that oxidation during a
 bleach not only develops new pigments, which are resistant to adsorption, but
 also that the adsorbent strongly catalyzes the oxidation process (116). In most
 modern-day bleaching plants, oxygen is removed from the clay/oil system before
 bleaching by vacuum. Generally speaking, the vacuum during bleach should
 be below 50 mm Hg, and most references recommend vacuum levels in the range
 20–28 mm Hg or even lower.
 Many workers (8, 85, 105, 117) have reported on the effect of bleaching time
 and temperature on bleached oil properties. Data presented in Figures 22 and 23,
 from Taylor (8), are typical. As shown, pigment levels drop quickly (Figure 22) for
 the first 15–20 minutes of the bleach, during which time they reach equilibrium
 conditions and then begin to level off.
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Peroxides slowly decrease and free fatty acids slowly increase over the course of
 the 30-minute bleach. Even though some oils, in particular, palm oil, will take long-
 er to bleach, the pattern noted above will hold. Namely, that adsorption and cata-
 lytic processes are initially vigorous, but then begin to level off; by the time
 moisture from the clay and oil are removed by heat and vacuum, most of these pro-
 cesses will have been completed and longer residence times will yield diminishing
 returns.
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Higher temperatures clearly promote pigment adsorption and various catalytic reac-
 tions (peroxide decomposition, triacylglycerol hydrolysis). As a consequence, pig-
 ment and peroxide levels drop with increasing temperatures, whereas free fatty
 acids levels increase dramatically (Figure 23) because of increased triacylglycerol
 hydrolysis reactions.
 Although the work just described used canola oil, similar increases in free fatty
 acid levels as a consequence of higher bleach temperatures have been reported for
 soya (118) and palm (86, 119) oils. The latter workers also reported decreased per-
 oxide values but increased anisidine values as bleach temperature was increased.
 This conforms to expectation because the anisidine test is diagnostic for shorter
 chain aldehydes (including alkenals and dienals), which are secondary oxidation
 products of peroxide decomposition.
 Based on the discussions thus far, it might be concluded that higher bleaching
 temperatures are desirable because increased pigment removal and peroxide
 decomposition could be achieved with the lesser amounts of bleaching clay. The
 problem, of course, is the increased levels of free fatty acids generated by higher
 bleach temperatures. Even though they can be removed during the deodorization,
 they have relatively low value as compared with the triacylglycerol and represent a
 serious economic loss. Furthermore, at least in the case of palm oil, there is good
 evidence (119) that higher temperature bleaching yields oils, which exhibit
 much poorer color and oxidative stability than oils bleached at more moderate
 temperatures.
 Even if incoming oil quality is good (see Section 5.1), moisture levels are low
 and good vacuum conditions can be maintained during bleaching, bleaching
 requirements differ to some extent between one oil and another. Table 13 lists
 TABLE 13. Typical Bleach Conditions (Time/Temperature/Dosage) for Some Common
 Oils
 Bleach Time Bleach Temp. Typical BE
 Oil (min.) (�C) Dosage� (wt%) Comment
 Canola 20–30 100–105 1–3 High in chlorophyll; typically
 requires highly active BE
 Corn 20–40 90–110 0.5–1.5 Alkali refined
 20–40 90–110 1–3 Physically refined
 Cottonseed 15–30 90–95 1.5–3 Aflatoxin, if present,
 removed by BE
 Palm 30–45 100–120 0.8–2 Stay below 110�C if using
 highly active BE
 Safflower 20–30 95–100 0.2–0.4 May need activated carbon if
 PAHs present
 Soya 20–30 95–110 0.3–1.5
 Sunflower 30–45 90–100 0.3–1.5 Typically requires highly active
 BE; may need activated
 carbon if PAHs present
 �In cases where silica can be used, bleaching earth (BE) requirements can be reduced. As a general rule of
 thumb, one part BE can be replaced by a combination of (1/6–1/4 ) part silica þ (1/2–3/4 ) part BE.
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some typical ranges for bleaching times, temperatures, and bleaching earth (BE)
 dosages for some of the more common oils.
 Summarizing then, some general guidelines for optimizing the bleaching process
 would be (1) keep oil moisture low (0.1–0.2%) but not necessarily zero; (2) main-
 tain adequate vacuum (<50 mm Hg); (3) use the minimum bleach time necessary to
 attain equilibrium conditions between adsorbate and adsorbent; and (4) do not
 bleach at temperature in excess of about 120�C.
 5.3. Variations: Bleaching Process/Bleaching Systems
 5.3.1. Batch Bleaching Batch bleaching refers to those processes where the
 entire charge of oil, admixed with bleaching earth (and/or other adsorbents), is
 added to a single vessel. Usually the bleaching earth is added at a temperature
 around 70–80�C. The temperature is then raised somewhat, and the bleaching
 earth/oil mixture is mechanically agitated for an appropriate time (Table 13).
 Upon completion of the contact period, the contents of the vessel are pumped to
 a filter. Oil is recycled between filter and bleach tank to allow for cake buildup
 on the filter; during this time, the oil experiences additional bleaching (‘‘press
 bleach effect,’’ Section 5.4.3). Once the oil is running clear and color specifications
 achieved, the bleached oil is then diverted to storage.
 5.3.1.1. Atmospheric Bleaching Atmospheric batch bleaching is conducted as
 described above; bleach vessels are open to the atmosphere. Because air can cause
 oxidation of the oil, mixing systems for carrying out atmospheric bleaches should
 be designed to minimize splashing or aeration at the surface but still maintain good
 suspension of the clay in the oil. In such systems, dry steam can be used to good
 effect for heating, agitation, and deaeration.
 5.3.1.2. Vacuum Bleaching In the case of vacuum bleaching, the vessel is closed
 and maintained under partial vacuum (typically 20–28 mm Hg) while being heated.
 Vigorous agitation with splashing at the surface is desired to enhance deaeration of
 the clay/oil mixture. Whether the adsorbent is added before heating the oil or after
 the oil has reached bleach temperature, care should be taken to ensure that both oil
 and bleaching earth are fully deaerated before adding the bleaching earth.
 5.3.2. Continuous Vacuum Bleaching Most modern, large-scale plants today
 use some form of continuous vacuum bleaching. Figure 24 depicts a standard
 arrangement for this type of bleaching system. The advantages of the continuous
 system, aside from the fact that the bleacher is always in operation, are that it
 allows for reduced energy consumption, simpler process controls, and the elimina-
 tion of intermediate storage capacity. In these operations, the oil and clay continu-
 ously come together in a premix tank before entering the bleaching vessel whose
 volume determines their retention time in the reactor.
 Many different vacuum bleacher designs are available (Figure 25) to the indus-
 try, some with single-stage spraying of the premixed clay/oil slurry into the vacuum
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Figure 24. Standard continuous vacuum bleaching system. (Diagram Courtesy LFC Lochem
 B.V.) (This figure is available in full color at http://www.mrw.interscience.wiley.com/biofp.)
 Figure 25. Model 1 vacuum bleacher. (Courtesy Crown Ironworks.) (This figure is available in
 full color at http://www.mrw.interscience.wiley.com/biofp.)
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unit, and others with two stages to allow for more intimate contact and to better
 control contact time. In any case, the spraying of the clay/oil slurry under vacuum
 is much more efficient for deaeration and further reduces oxidation during the
 bleaching process. Upon exiting the reactor, the bleaching clay–oil slurry is sepa-
 rated in a filtration unit equipped with two filters so that one filter is in use while the
 other is in the cleaning or standby mode.
 5.3.3. Countercurrent Continuous Bleaching Countercurrent continuous
 bleaching is perhaps the most advanced bleaching system yet to evolve. Figure 26
 depicts such a system. Although similar in some respects to the packed bed contin-
 uous system, this design has the advantage that the partially spent clay to be reused
 can be in contact with the oil much longer in a vacuum bleacher than is the case
 when the oil is simply passing through a packed bed filter. In this design, a pulse
 tube filter allows for the return of the once-used clay back to the first bleacher in
 slurry form, which is optimal. By using dry nitrogen to ‘‘pulse’’ the partially spent
 cake from the filter tubes, moisture and oxygen are rigorously excluded from enter-
 ing the first bleacher. Up to 40% reduction in overall clay consumption, spent cake,
 and retained oil losses have been claimed for this process (120).
 Figure 26. Ohmi Bleach1 countercurrent continuous bleaching. (Diagram Courtesy LFC Lochem
 B.V.) (This figure is available in full color at http://www.mrw.interscience.wiley.com/biofp.)
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5.4. Filtration
 5.4.1. Effect of Adsorbent Particle Size Richardson (2) and others (105, 121)
 have demonstrated that bleaching efficiency (pigment adsorption) improves, as the
 average size of bleaching clay particles gets smaller. If there was no penalty for
 such action, it would make good sense to produce very finely ground materials
 because this is well within the capabilities of bleaching clay manufacturers and it
 would allow refiners to use less bleaching clay. Unfortunately, there are at least two
 negative consequences. The first, as illustrated by Figure 27 (after Richardson2), is
 that press rate (rate of oil flow through the filter cake under the influence of pres-
 sure) decreases as the average size of the bleaching clay particles is made smaller.
 Even though the data presented in the figure refer to a laboratory press, the same
 basic effect is also noted at the plant level.
 A second drawback (121) is that oil retention is increased as average particle size
 is decreased. However, the negative effect (oil loss) may be partially offset because
 less clay can be used. The loss of filtration rate is, in any event, a far more serious
 problem because this immediately impacts the primary measure of plant productiv-
 ity—the rate at which fats and oils are produced.
 It is possible, to some extent, for manufacturers of bleaching clay to simulta-
 neously improve bleaching efficiency and filtration rates by exerting very precise
 control over particle size distribution during grinding and using higher levels of
 acid during activation. However, there are limitations to this approach because pro-
 duct yields are lower, and this drives costs up. As a practical reality, highest activity
 products will always depend, to some degree, on moving the manufacturing process
 in a direction that favors production of smaller sized particles.
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 Figure 27. Effect of bleaching clay particle size on bleaching efficiency and press rate; particle
 size measured as percentage particles passing through a Tyler 200 mesh screen. (This figure is
 available in full color at http://www.mrw.interscience.wiley.com/biofp.)
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Brooks and Shaked (122) have studied the relationship between the percentage
 of particles finer than 5 mm in diameter versus filtration rate and permeability. For
 both, good correlations (r2 values > 0.92) existed between loss of permeability (and
 filtration rate) and the percentage particles less than 5 mm diameter. Increased levels
 of these finer particles decreased both filtration rate and permeability. The correla-
 tions could be expressed as nonlinear exponential equations of the form:
 y ¼ mebx;
 where:
 y ¼ permeability constant (or filtration rate)
 x ¼ % particles < 5 mm diameter
 In this study, the authors examined eight different commercial bleaching clays
 from three different manufacturers and measured the part-per-million of metals
 (‘‘bleed through’’) found in the filtered oil. Two of the manufacturers supplied
 acid-activated montmorillonite (AAM) and the remaining supplied activated hor-
 mite (AH). The authors wanted to determine if clays exhibiting high permeability
 would be more likely to pass ultrafines (i.e., particles <10 mm diameter) through the
 filter cake into the filtered oil. Figure 28 shows a plot of permeability versus ‘‘bleed
 through’’ (measured as ppm Si in filtered oil) using data taken from their study.
 Higher permeability was indeed found to correspond with increased ‘‘bleed
 through’’ in the case of the acid-activated montmorillonite products; however,
 this was not the case for the activated hormite products. It was also noted that
 ‘‘bleed through’’ in the case of AAM produced by manufacturer 2 was more pro-
 nounced than AAM produced by manufacturer 1.
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 Figure 28. Relationship between permeability and ‘‘bleed through’’ for acid-activated
 montmorillonite (AAM) and activated hormite (AH). (This figure is available in full color at
 http://www.mrw.interscience.wiley.com/biofp.)
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Based on their data, the authors concluded fast-filtering (high-permeability)
 clays are more prone to ‘‘bleed through’’ and recommended making sure polish fil-
 ters are in place and monitored frequently when using such clays. Regarding the
 difference in ‘‘bleed through’’ characteristics between AAM products, the authors
 hypothesized that leached silica at the edges of the particles (Figure 10, Section
 4.4.1) may be more friable for one clay as compared with the other. Attrition of
 these silica edges during mixing in the bleacher and subsequent filter packing
 would produce microparticles small enough to migrate through the filter cakes
 with high permeability.
 5.4.2. Filtration Equipment Good filtration equipment and proper operation are
 essential if the filtration process is to be effective and economical. Modern-day
 bleaching earths should not, except in rare cases, require the use of filter aids
 such as diatomaceous earth. Rather, the clay is used as the precoat. According to
 Veldkamp (123), the two main objectives in precoat filtration are as follows:
 1. To provide a septum or precoat layer, which is ‘‘tight’’ enough to retain all of
 the suspended solids from the liquid to be filtered.
 2. In addition, to provide this same septum with maximum porosity so that the
 maximum quantity of suspended solids can be retained before this septum
 becomes blocked. When the septum is blocked, cleaning becomes necessary,
 which in turn causes an interruption in flow. Obviously, when the suspended
 solids are smaller in size than the pores of the cake, the solids will pass
 through. Fortunately, adsorbents are commercially available in many grades,
 which allow various particle sizes to be retained.
 Precoating is accomplished by recirculating clay/oil slurry through the filter unit
 until the oil becomes clear. A minimum amount of cake is required to form a stable
 layer through which the subsequent filtration can take place. The minimum amount
 needed is related to filter area—at least 0.5-kg clay/m2 filter area (0.1 lb clay/ft2).
 When clay content is in the range 0.5–2%, oil clarity should be achieved after
 10–15 minutes of recirculation time.
 Various filter designs are available to the industry, including plate and frame fil-
 ter presses, horizontal tank/ vertical leaf pressure filters with retractable bundles or
 shells, and vertical tank/vertical leaf pressure filters. The latter (Figure 29) has been
 accepted by the industry as perhaps the best overall choice in terms of price, per-
 formance, space requirements, and ease of automation. Filter sizes up to 85-m2 fil-
 ter area/filter are available with this model. However, the horizontal tank/vertical
 leaf model with either retractable bundle or retractable shell also has its proponents.
 Commonly, a major factor in deciding on this type filter is the fact that these units
 are available in sizes up to 200-m2 filter area/filter.
 Plate and frame filter presses, once the industry standard, have lost favor over the
 years because the residual oil content of spent filter cakes from these units typically
 runs 35– 40%. For pressure leaf-type filters, residual oil content of less than 25% in
 the spent filter cake is possible. This lower oil loss is one of the reasons why they
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have become the preferred type of filter nowadays. As mentioned in Sections 5.3.2–
 5.3.3, continuous and countercurrent continuous bleaching systems require the use
 of two or more filters. One filter will always be in service with the remaining in
 cleaning or standby modes. For those plants with a batch or semicontinuous process
 that frequently changes the feedstock, the use of leaf or tube type filters is not
 recommended. In this case, a modern filter press should be considered despite its
 higher price.
 Once the filter cake on the filter leaf reaches design thickness (18–22 mm), the
 filter tank is emptied and the residual oil is removed by blowing with dry steam or
 air (or air/inert gas). Recommended conditions and expected results for cake blow-
 down are given in Table 14.
 Conventional filter systems are bound by one immutable constraint, namely, that
 clay particles must be separated from the clay/oil slurry by passing through a pre-
 coat of clay that is ‘‘tight’’ enough to retain all the suspended solids from the liquid
 to be filtered, but still permeable enough to produce economical rates of oil produc-
 tion. If particles become too small, they cause the filter rate to decrease so much
 Figure 29. Vertical pressure leaf filter. (Courtesy LFC Lochem B.V.) (This figure is available in
 full color at http://www.mrw.interscience.wiley.com/biofp.)
 TABLE 14. Recommended Conditions for Filter Cake Blow Down (123).
 Medium Time (min) Consumption Residual oil
 Air 15–20 0.1–0.15-Nm3 air/m2 filter area/minute @ 2–3 bar 30–35%
 Steam 10–20 0.5-kg dry steam (140–150�C)/kg dry clay @ 2–3 bar 22–25%
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that economical rates of oil production cannot be maintained. Transfeld (124) has
 described a new kind of system that allows the use of fine-grained (<10 mm)
 bleaching clay. The process, called ‘‘electrofiltration,’’ employs an electric field
 to agglomerate superfine clay particles before their filtration on conventional filters.
 Reductions in clay usage up to 40% are claimed for this process.
 5.4.3. Press Bleach Effect Although there had long been a general awareness
 in the industry that bleaching clay in the form of a filter cake seemed to impart
 some additional bleaching to the oil (sometimes called ‘‘press bleach effect’’ or
 ‘‘packed bed bleaching’’), it was not until Henderson’s seminal paper and subse-
 quent publication (7, 105) that the effect was systematically studied and explained.
 To understand this effect, it is necessary to start with a general consideration of
 adsorption theory as it applies to the bleaching process.
 The adsorptive purification process obeys the Freundlich equation, which can be
 expressed mathematically as
 x=m ¼ Kcn; ½1
 where x is the amount of pigment adsorbed, m is the amount of adsorbent, and c is
 the amount of residual pigment still in solution (K and n are constants related to
 adsorptive properties of the bleaching clay). Rewriting eq. 1:
 K ¼ x=m
 cn: ½2
 As n is a constant, we can see that the ratio x/m divided by cn must always yield the
 constant, K. Assume some reasonable values for x,m,c, and n. According to Table 7,
 a reasonable value for chlorophyll adsorption is 0.5 mmol/g or x ¼ 0:5 mmol,
 m ¼ 1 g. Let us arbitrarily assume c ¼ 1:75 mmol, and to keep the math simple,
 let us further assume n ¼ 1 (125). Then
 K ¼ 0:5=1
 1:751¼ 0:2857: ½3
 If we double the amount of absorbent (m ¼ 2 g), according to eq. 1, we would
 expect the amount adsorbed to increase by some amount, x0 and the amount of resi-
 dual pigment to decrease by the same amount. By substitution into eq. 3, it is then
 an easy matter to solve for x0.
 K ¼ ð0:5 þ x0Þ=2
 ð1:75 � x0Þ1¼ 0:2857:
 or
 x0 ¼ 0:318 mmol:
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Using this result, we can calculate what effect doubling the amount of clay has on
 the amount of pigment adsorbed, and the amount of residual pigment left behind
 (Table 15).
 The press effect can be understood in terms of these data. In essence, what these
 data show is that as the amount of clay relative to the amount of pigment is
 increased, the amount of pigment adsorbed will increase. This is precisely what
 happens in the filter as oil passes through the filter cake. Here, the amount of
 clay relative to the amount of pigment is many times greater than when the clay
 is initially added to the refined oil during bleaching. Under the rule of the Freundlich
 equation, unused adsorptive capacity that is not available under dilute conditions
 prevailing in the bleacher becomes available once the clay is concentrated in the
 filter press.
 In practical terms, the press bleach effect is extremely important in terms of
 some of the more advanced processing schemes being practiced today. A variation
 on the scheme shown in Figure 24 called ‘‘packed bed’’ continuous bleaching (123)
 assumes the adsorptive capacity of bleaching clay in the filters is not completely
 depleted when it has only been used once. By adding a third filter, the clay in
 one filter can be used (in packed bed mode) to pre-bleach oil on its way to the blea-
 cher while the remaining two filters are used as just described (i.e., one for filtering
 the vacuum bleached oil and one in cleaning or standby mode). Such a system
 allows for up to 10% reduction in clay usage.
 By combining silica purification with packed bed bleaching, very efficient adsor-
 bent utilization can be achieved. This approach, called the ‘‘Tri-Clear TriSyl’’ refin-
 ing process by W.R. Grace (126) and the ‘‘Combi or Double bleach’’ by Extraction
 DeSmet, employs the same basic principles as for packed bed bleaching. However,
 before the oil passes through the clay layer on the filter, it is treated with silica, and
 dried. A countercurrent bleaching process called ‘‘Ohmi bleach’’ (120) also takes
 advantage of the press bleach effect; up to 40% reduction in overall clay consump-
 tion is claimed for this process.
 5.5. Spent Bleaching Earth
 5.5.1. Oil Retention/Treatment and Recovery of Entrained Oil As discussed
 above, the extent of oil retention by the spent bleaching earth (SBE) is mostly a
 function of filtration equipment performance and the particular blow-down proce-
 dure employed by the refiner. Certain properties of SBE (particularly, porosity, and
 TABLE 15. Demonstration of Press Effect Using Freundlich Equation.
 m (amount of bleaching clay)
 1 g 2 g
 x (amount pigment adsorbed) 0.5 mmol 0.818 mmol
 c (amount of residual pigment) 1.75 mmol 1.432 mmol
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fineness of grind) can also influence oil retention to some extent. Typically, after
 blow down, the refiner will be left with spent cake containing 25–35% retained
 oil. If lucky enough to be part of a fully integrated facility (seed crushing and refin-
 ing), incorporating the spent cake into the seed meal is a straightforward, cost-
 effective solution. However, for refiners who do not have this option, disposal in
 landfill is most common, albeit costly. Chung (127) recently analyzed the economy
 of various disposal methods and found that incorporation of SBE into meal, or sale
 into animal feed markets, were better options than either landfill or iso-propanol
 extraction.
 Various methods for extracting the spent bleaching earth to recover the adsorbed
 oil have been evaluated. In all cases, the extracted earth from such processes con-
 tains low enough levels of oil that spontaneous combustion is no longer an issue and
 can be disposed of as a nonhazardous waste. Hexane extraction after steam strip-
 ping yields extracted oil comparable in quality with crude oil (128, 129). Extraction
 by boiling 40–50% SBE slurries in 1.5–3% sodium carbonate or sodium hydroxide
 solutions yields low-quality oil suitable only for fatty acid production (128, 129).
 The extracted bleaching earth contains less than 5% oil and, as mentioned above, is
 suitable for disposal as a nonhazardous landfill or can be used as an ingredient in
 cement plants. High-temperature water extraction (130) of a 40% SBE slurry in an
 autoclave at 240�C for two hours directly generates fatty acids suitable for further
 refining. In this case, the extracted earth contains only 0.5–1% oil.
 Although there are no commercially viable methods for regenerating spent
 bleaching earth at present, it is appropriate to mention here the work that has
 been done in this area. Kalam and Joshi have reported on the high-temperature aqu-
 eous regeneration (131) as well as high-temperature wet oxidative regeneration
 (132) of SBE. In the former case, 5–10% slurries of hexane-extracted SBE were
 heated in an autoclave at 235�C for three to six hours. The bleaching earth recov-
 ered from this treatment possessed about 80% the activity of fresh earth. In the lat-
 ter case, 5–10% slurries of hexane-extracted SBE were heated in an autoclave at
 200�C for two hours while a 0.5-MPa oxygen partial pressure was maintained. In
 this case, the recovered earth was reported to possess 100% the activity of fresh
 bleaching earth. More recently, a multistep, patented process (133) employing
 high-pressure aqueous extraction followed by oxidative treatment and acid-wash
 regeneration that restores 98–100% of original bleaching activity has been reported.
 The process was subsequently scaled up to the semiworks stage (134, 135), but
 never fully commercialized. Waldmann and Eggers (136) have studied high-pres-
 sure, supercritical CO2-extraction of spent bleaching clay using (liquid) carbon
 dioxide. They found good quality oil could be recovered by this process, but that
 the extracted clay only possesses about 50% as much activity as fresh bleaching
 clay and still contained about 5% oil. The loss of activity was attributed to the
 extremely tight binding of carotenoids in the pores of the bleaching clay; the
 authors noted that total porosity in pores below 800 A diameter was reduced 35–
 50% for the extracted clay after bleaching. These carotenoids could not be removed
 from the clay by using supercritical carbon dioxide extraction.
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5.5.2. Smoldering/Spontaneous Combustion As is well known, SBE satu-
 rated with oil from the refining process is susceptible to rapid oxidation and, in
 the extreme, may even spontaneously ignite (128, 129). A study examining the
 key parameters involved in the process of spontaneous combustion of clay/oil
 masses was published (137), which concluded that clay type, filter cake age and
 temperature, oil retention, and moisture were the most significant variables. It
 was determined that two separate and distinct exothermic steps are required if a
 clay/oil mass is to undergo spontaneous combustion. Furthermore, if the tempera-
 ture of the clay/oil mass is not too high to begin with, the second exotherm, which
 leads to combustion, fails to occur.
 For the refiner trying to mitigate the problem of spontaneous combustion, probably
 the two most important parameters to control are as follows: (1) spent filter cake
 temperature and (2) oil content. Although the actual temperature marking the onset
 of second-stage charring will vary from plant to plant depending on type of oil and
 clay activity, the most important point is that spontaneous combustion should not
 occur if the spent filter cake temperature can be sufficiently lowered before expo-
 sure to the atmosphere. Obviously, water addition is one way to lower temperature
 and this approach is probably the simplest and most reliable method.
 Combustibility is also influenced by the amount of oil present; the minimum
 reaction temperature (i.e., the minimum temperature required to cause onset of
 spontaneous combustion) is lowest in the region where the clay is saturated with
 50–60% oil and rises (i.e., becomes less pyrophoric) as the oil content is further
 reduced to 40% and then to 30%. What these data suggest is that spent clay should
 be stripped of as much oil as possible before the resultant filter cakes are exposed to
 the atmosphere. The incorporation of ethoxyquin (a well-known antioxidant used to
 control spontaneous combustion in fish meal) into the clay/oil mass at the 100-ppm
 level did reduce the tendency to undergo spontaneous combustion; however,
 whether this approach is practical and how it could be accomplished in plant opera-
 tions is an open question.
 5.5.2.1. Uses and Methods of Disposal Concerning disposal, there are a number
 of strategies for dealing with spent bleaching earth, as summarized below:
 Disposal as Generated
 � Direct disposal—landfill
 � Direct disposal—farmland
 � Blend with oil seed/re-extract oil
 � Use as animal feed supplement
 � Use as low-grade fuel for power/heat generation
 Transformation
 � Preparation of graphitic sorbents for waste organics
 � Biogas generation ) biofertilizer
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Which strategy any given plant might adopt will depend on a number of factors
 related to the location and operations of the plant, local environmental regulations,
 and economic considerations. For each of these strategies, there are limitations or
 drawbacks that need to be considered. The following discussion summarizes the
 various disposal strategies and indicates some of the known advantages as well
 as disadvantages associated with each.
 The most straightforward method of handling spent bleaching earth is simply to
 have it hauled off for burial in local landfill sites. As just discussed, the oil saturated
 bleaching earth does possess the potential for spontaneous combustion (128, 129,
 137), so care must be taken to keep the spent clay in covered, fireproof dumpsters at
 the plant site. Note that the addition of water to spent cake is very effective in redu-
 cing the possibility of ignition, particularly if the water can be uniformly sprayed
 onto the moving cake at some point before reaching the dumpster. Aside from the
 safety issue, many localities are restricting the types of industrial wastes they will
 accept and almost all are charging higher prices for dumping.
 Direct disposal of spent bleaching earth on farmland is another option that has
 been examined and found to work well. Studies (138) have shown that 60–90% of
 the oil is decomposed during the course of a normal six-month growing season by
 soil bacteria; this approach works best in warm climates on sandy soils where some
 fertilizer has been added. Plants grown in soils treated with spent bleaching earth
 were normal and may even have benefited from improvements in soil water reten-
 tion caused by the spent clay addition.
 Another approach for directly disposing spent bleaching earth is to blend it back
 in with seed being processed through an oil extraction plant. However, if too much
 is blended in, it can adversely affect the quality of the crude oil being extracted and
 may cause the mineral limits of the seed meal to be exceeded (128, 129). Spent
 bleaching clay can also be used as animal feed supplement (139, 140), particularly
 in broiler feed diets. In pelletized form, the spent bleaching clay is noncombustible.
 A final strategy for the direct disposal of SBE is to use it as a low-grade fuel for
 power and heat generation. The heating value for soybean oil (141) is 39,500 kJ/kg
 (16,987 BTU/lb.). Assuming 30–40% oil retention, it can be estimated that spent
 bleaching earth should possess heating values of about 11,900 to 15,800 kJ/kg
 (5100–6800 BTU/lb.). In comparison, the heating value of lignite falls in the range
 14,650 to 19,300 kJ/kg (6300–8300 BTU/lb) (142). For boilers equipped to handle
 high-ash fuels such as coal and lignite, the incorporation of relatively high percen-
 tages of spent bleaching earth in the boiler feed should pose no problem.
 Before concluding this subject, mention is made here of two more novel
 approaches for using SBE. Pollard et al. (143) have reported that SBE can be
 used to prepare a pseudo-graphitic char suitable as a low-cost replacement for acti-
 vated carbon in the stabilization/solidification of industrial wastes. In their process,
 they char 2:1 blends of SBE and ZnCl2 at 450�C/1 hour and then activate the mate-
 rial at 600�C/1 hour. The resultant hybrid material is as effective as activated carbon
 for fixing toxic organics and, because of its aluminosilicate framework, exhibits
 additional pozzolanic activity in the cement-based stabilization/solidification reac-
 tions in which these materials are used. Very recently (144), Bohling reported on
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the case for using SBE as an input in biogas generation plants. In this scheme, a
 consortium of farmers (supplying liquid manure) and oil refining plants (supplying
 SBE) would form a holding company, which would run the biogas generation plant.
 Outputs would be electricity (from cogeneration) or natural gas and biofertilizer
 derived from the fermentation of the manure/SBE mixture. According to the author,
 such an operation should be profitable. The beauty of these approaches is that the
 wastes are actually being converted into salable products.
 5.6. Future Trends and Considerations
 Taken from a global perspective, if the future for the fats and oils industry could
 be summed up in a single word, that word would probably be health. At every turn,
 be it the latest newspaper article on demonstrations against genetically modified
 crops in Europe to the increasing number of health-related articles in our own soci-
 ety’s journals, the growing focus on health is the beginning of a megatrend destined
 to engage not only the full spectrum of this industry’s activities, but indeed the
 world and all its peoples.
 For our industry, it will mean processing in new ways to preserve the benefits of
 natural antioxidants (145–147) and mitigate the deleterious health effects (148) of
 lipid oxidation by the use of chelating agents (149), natural antioxidant/citric acid
 blends (146), and/or other combinations. Over the past few years, there have been
 numerous articles indicating the beneficial effects of phytosterols in lowering cho-
 lesterol levels (150–152). Phospholipids in the diet are thought to lower cardiovas-
 cular disease risk factors (153, 154). These are, of course, the very same compounds
 removed by refining, bleaching, and deodorization steps. If their beneficial effects
 are substantiated, there will be challenges and opportunities for those able to
 enhance the presence of these compounds in the fats and oils we eat.
 The whole subject of fatty acid composition as it relates to human health—
 whether we have too much or not enough linolenic acid in our diet (155), too
 much saturated fatty acids (156), or whether trans-fatty acids are really a major con-
 cern—is an area guaranteed to receive heightened scrutiny and research. And as
 already discussed, increasingly stringent demands will be made on our industry
 to further reduce levels of exogenous contaminants like polyaromatic hydrocar-
 bons, polychlorinated biphenyls, dioxins, mycotoxins, and pesticides in the fats
 and oils we produce. These are difficult areas to work in; the chemistry is complex,
 and understanding takes concerted, committed effort. It is, nonetheless, extremely
 important that we be proactively engaged in this effort. In our absence, reasoned
 debate backed by good science will be lacking; this will leave the regulatory cli-
 mate to be set by others whose agendas and motives may be unintentionally biased
 at best, or deliberately antagonistic at worst.
 Wastes and their mitigation, already a major concern, will demand our increas-
 ing attention. Although the initial impact of wastes falls on the environment, there
 is growing awareness that human health and the quality of life are inexorably linked
 to the environment. We must seek new and innovative answers to these challenges;
 we must do it in a way to ensure we are part of the solution—and not part of the
 problem.
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