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CHAPTER 15



SORBENTS FOR CHEMICAL SPILL TREATMENT Gordon McKay and Joe C. Y. Ng Department of Chemical Engineering, The Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong



15.1 15.1.1



SORBENTS AND SORPTION MECHANISM Sorption Mechanism



The application of adsorption to chemical spills can be highly effective, but the nature of the spill must first be carefully analyzed. Adsorption is the ability of a solid material, usually in the form of a powder or granular particles, to attract and attach solute / solvent molecules and ions to its surface. This effectively concentrates the components (or certain components) in a chemical spill onto the solid, thus transferring the pollution from the liquid phase to a significantly smaller volume of the solid phase. The disadvantage of adsorption is that it produces a contaminated solid material that must be collected and either processed for purification or landfilled. The advantage of the method is that a carefully selected porous solid can adsorb large quantities of pollutants in a chemical spill. Figure 15.1 shows that, provided that the pollutant molecules are small enough to penetrate the fine porous structure of a microporous adsorbent, the adsorbent will potentially have a large capacity. In addition to a large available adsorption surface area, there must be an affinity between the spilled pollutant molecules and the adsorbent surface sites. This affinity can be chemical (chemisorption), physical van der Waals forces (physisorption), or the exchange of ions (ion exchange). 15.1.2



Adsorbents and Applications



The application of adsorbents can be classified according to the adsorbents themselves, the chemicals to be cleaned up, the type of spill (i.e. large or small scale) and whether the spill liquid can be pumped to containers for conventional treatment or the type of chemical / water interaction (Robinson, 1979). Chemicals that mix with water can be treated in conventional adsorption systems, or adsorbents can be spread onto the spill and mixing achieved by agitation. For chemicals that float, booms, blankets, fibers, or powders are available. Applying sorbents to chemicals that sink is the most difficult application. Weighted sorbent bags and sacks have been developed. For this purpose, in addition, the use of dense adsorbents 15.1
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FIGURE 15.1 Pollutant molecules adsorbing on internal pore sites.



and the technique of injecting adsorbent slurries below the surface of the water have been studied (Suggs, 1972). The types of adsorbents available for chemical spill cleanup will be reviewed in this section, and some of the characteristics and applications of specific adsorbents will be discussed. The main adsorbents in commercial use and potential new ones will be discussed in the following categories:



• • • • • • • • • • • • • • • •



Activated carbon Polymer fibers Molecular sieves Lignite Ion exchangers Chitin and chitosan Sorbent clays Woodmeal Polyurethane foam Bone char Macroreticular resins Bagasse pith Activated alumina Polyolefins–ethylene, isobutylene, methacrylates and styrenes Silica gel Others
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Activated Carbons. As there are so many varieties of activated carbons available on the market, there is probably a carbon that can sorb any chemical involved in a spill. However, sorption capacity and economics dictate the selection. Active carbons are highly porous carbonaceous sorbents with large surface areas. The carbon surface can be basic or acidic, hydrophilic or hydrophobic, or oleophilic or lipophobic. The exact properties depend on the source of the carbon, the activation temperature, and the activation chemicals used. In a recent paper (Allen et al., 1997) over 30 sources of origin for active carbon production were described. The main sources of origin for active carbon production for commercialscale production are coal, coconut shell, wood, and peat. Physical activation is achieved using steam and / or carbon dioxide, and chemical activation has been performed using inorganic acids (HCl, H2SO4, and H3PO4), alkalis (NaOH, KOH, and K2CO3), and several salts such as ZnCl2, FeCl3, FeSO4, AlCl3, and Fe2(SO4)3. In addition to their abundance, other benefits of activated carbons are their relative stability, range of bulk density from 90 to 2,000 kg / m3 (float or sink), and availability in powders, granules, spheres, rods, sheets, and fibers. The range of organic chemicals that can be readily adsorbed by active carbons includes aromatic solvents, polynuclear aromatics, chlorinated aromatics, phenolics, aromatic amines, high MW aliphatic amines, surfactants, fuels, most dyestuffs, chlorinated solvents, aliphatic acids, aromatic acids, and pesticides. The range of inorganic sorbates includes metal ions in metal salt solutions, radioactive materials and inorganic cyanides (this process involves sorption and chemical reaction so great care is required). The properties of a series of well-established water-treatment carbons are summarized in Table 15.1. Limitations to active carbon usage include compounds that have low MWs and high polarity (EPA, 1991). In addition, active carbons should not be used in streams with suspended solids ⱖ50 mg / dm3 and oil and grease content ⬎10 mg / dm3, which may cause fouling. High levels of organics such as 1,000 mg / dm3 may result in rapid exhaustion of the bed, but this is not determined for chemical spill cleanup applications. Compounds not well adsorbed require substantial amounts of activated carbon, and this increases the treatment costs significantly. Some examples of activated carbon performance data are presented in Table 15.2 (O’Brien and Fisher, 1983). Peat Formation. Peat is 80–90% water in its natural state. The solid component is derived from the partially decomposed residue of dead plants and the remains of decay microorganisms. Only a short depth below the surface of a peat bog, there is virtually no oxygen because the wetness limits air access. This oxygen deficiency gives rise to predominantly anaerobic



TABLE 15.1 Properties of Some Water-Treatment Carbons



Carbon type



F100



F200



F300



F400



Iodine number, minm Methylene blue number, minm Abrasion number, % maxm B.E.T. surface area, m2 g⫺1 Particle density, g m⫺1 Mean particle diameter, mm Phenol loading at 1 mg L⫺1 C.T.C. activity, %



850 200 75 900 1.25 1.60



850 200 75 900 1.25 1.00 4.30



950 230 75 1,000 1.20 1.20 4.33 68



1050 260 75 1,100 1.20 1.20



75



Source: Chemviron Carbon Technical Manual.
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TABLE 15.2 Performance Data at Selected Sites (O’Brien, 1983)



Source of contaminants Truck spill Methylene chloride 1,1,1-trichloroethane Rail car spills Phenol Orthochlorophenol Vinylidine chloride Ethyl acrylate Chemical spills Carbon tetrachloride Dichloroethyl ether Dichloroisopropyl ether DBCP On-site storage tanks Cis-1,2-dichloroethylene Tetrachloroethylene Isopropyl alcohol Acetone 1,2-dichloroethylene Landfill site TOC Chloroform Carbon tetrachloride Gasoline spills, tank leakage Benzene Methyl t-butyl ether Trichlioloethylene Chemical by-products Di-isopropyl methyl Phosphonate Dichloropentadiene Chemical landfill 1,1,1-trichloroethane 1,1-dichloroethylene



Typical influent conc. (mg / L)



Typical effluent conc. (g / L)



Carbon usage rate (lb / 1000 gal)



Total contact time (min)



21 25



⬍1.0 ⬍1.0



3.9 3.9



534 534



63 100 2.4 200



⬍1.0 ⬍1.0 ⬍10.0 ⬍1.0



5.8 5.8 2.1 13.3



201 201 60 52



130–135 1.1 0.8 2.5



⬍1.0 ⬍1.0 ⬍1.0 ⬍1.0



11.6 0.45 0.45 0.7–3.0



262 16 16 21



0.5 7.0 0.2 0.1 0.5



⬍1.0 ⬍1.0 ⬍10.0 ⬍10.0 ⬍1.0



0.8 0.8 1.54 1.54 1.0



64 64 36 36 52



20 1.4 1.0



⬍5000 ⬍1.0 ⬍1



1.15 1.15 1.15



41 41 41



⬍1.01



0.62 0.62



214 12 12



9–11 0.030–0.035 0.050–0.060



⬍100 total ⬍5.0 ⬍1.0



1.25



⬍50



0.7



30



0.45



⬍10



0.7



30



⬍0.45 ⬍0.45



30 30



0.060–0.080 0.005–0.015



⬍1.0



0.005



Source: O’Brien and Fisher, 1983.



decay processes in the bog. The position of peat in the era of time is shown in Table 15.3, relative to coal and lignite. Chemical Composition and Other Properties. The composition of peat varies considerably. Chemically, peats are largely organic material. When burned, they leave ash residue (2–10% by weight) and have calorific values of 7,000 100 kJ kg⫺1. The main varieties of peat can be distinguished by their acidity and ash content. Peat is derived from living plants, which principally contain proteins, carbohydrates, lipids, and polyphenols such as lignin. Small amounts of nucleic acids, pigments, alkaloids,
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TABLE 15.3 Classification of Peat by Age



Classification



Material



Fossil Aged Recent



Bituminous coal Lignite, brown coal peat Straw, wood coconut shells, pith, etc.



Approximate age ⬍300 million years old 6–40 million years old 10,000 years old



vitamins, and other organic substances are also present, along with inorganic materials. During decomposition, triglycerides hydrolyze, yielding fatty acids and glycerol. In anaerobic conditions of decay, the glycerol is readily consumed as a carbon and oxygen source for microorganisms. The residual fatty acids, unaltered waxes, and steroids persist as relatively stable components of the peat. Humic acids are thought to originate directly from lignin or as microbial product. In the past 20 years, the chemical and physical characteristics of peat, and in particular sphagnum peat moss, have generated significant interest in the environmental field. Oil Spillages. The problems of significant oil spills in the ocean and their subsequent migration onto beaches and coastal areas are well documented. It has been shown that peat moss has a much stronger absorption affinity for oil than straw, which is often used for oil spill treatment and can absorb up to eight times its own weight of oil (D’Hennezel and Coupal, 1972). Microscopic studies of peat moss show a highly porous and fibrous material, and this property, associated with the phenomemon of selective absorption, has been used to absorb oil. Only a limited number of field tests have been undertaken, but it has been found that beach cleaning is relatively easy with peat moss. Raking the peat moss and the oil provides mechanical energy which facilitates absorption. The mixture does not stick to the tools and the technique is valid where raking is possible. For treating oil slicks at sea, future proposals include the design of absorption booms of peat and finding a use for the peat–oil mixture. Burning is a possibility, but this can contribute to air pollution. Phosphate Removal. The use of soils for wastewater treatment is an old practice that is receiving increasing attention as a solution to nutrient removal problems. A paper from Finland by Surakka and Kamppi (1971) describes the use of a ditched peatland area used for wastewater treatment at the village of Kesalahti since 1957. The wastewater is infiltrated through peat soil by pumping raw sewage to a large storage ditch in the peat bog and the wastewater then percolates through the peat to intercept ditches 20 m away. After 14 years of operations, results have been good in the removal of phosphorus (82%), nitrogen (90%), BOD (95%), and pathogenic bacteria (99⫹%). A peat and a peat–sand filter has been used to remove phosphorus and organic matter from wastewaters on a pilot plant scale. A full-scale field plant has been proposed by Farnham and Brown (1972). More recently, Viraraghavan and Kikkeri (1988) have used peat filters to purify wastewaters from the food industry. Treatment of Slaughterhouse Wastewaters. Wastewaters from slaughterhouses contain proteins, iron, fats, and phosphorus. Different slaughterhouse wastes will also differ in quality due to many factors, such as the quality and quantity of animals slaughtered, various procedures used, working time, and the quantity of water used. Experiments were made on slaughterhouse wastes with Sphagnum peat, and it was found that a 0.15 m deep layer of peat removes disturbing impurities up to 90%, and after filtration the wastewater resembles household wastewater (Silvo, 1972). Textile Effluents. Textile effluents contain a wide range of chemicals from processes such as sizing, scouring, dyeing, bleaching, and finishing. A process using peat has been developed for the treatment of such effluent: the Hussong-Couplan water treatment system, developed
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TABLE 15.4 Test Results for a Typical Textile



Effluent Characteristic



Before



After



COD (ppm) BOD (ppm) TOD (ppm) Phosphates (total) (ppm) Suspended solid (ppm)



1200 150 1200 33.6 216



85 8 146 0.76 4



by Leslie (1974). The purification process is based on the scrubbing action of a moving mat of peat as the effluent is passed through. In tests performed on actual textile effluents with an operational water treatment system, color was reduced by as much as 99.6% and turbidity by 100%. Other data are listed in Table 15.4. Further tests on textile effluents indicate the success of the system in treating heavy metal pollutants. The results of these tests are shown in Table 15.5. Color Removal from Aqueous Spills. Several papers have been published demonstrating the effectiveness of peat as an adsorbent for removing dyestuffs in aqueous solutions. A thorough study involves determining equilibrium isotherms, batch contact time studies, and fixed-bed column breakthrough curves. Figure 15.2 shows the adsorption isotherms for Basic Blue 3. Basic Red 22, and Basic Yellow 21 onto Sphagnum peat (Allen, 1987; Allen et al., 1989a, b). These plots represent the amount of dyestuff adsorbed per unit mass of peat in equilibrium with the dye solution. Removal of Metal Ions. The natural capacity of peat for heavy metal retention has been recognized in many studies which have investigated the removal of Hg, Cd, Zn, Cu, Fe, Ni, Cr(VI), Cr(III), Ag, Pb, and Sb. These studies found sorption to be quite high due to the polar character of peat and its weak acid ion exchange properties (Zhipei et al., 1984; Sharma and Forster, 1993; Ho et al., 1994, 1995; Gosset et al., 1986; Chen et al., 1990). Figure 15.3 (Brown et al., 1992) shows the equilibrium isotherms for the sorption of copper and cadmium ions onto peat at 20⬚C. The figure shows the amount of metal ion sorbed (qe mol / g) at the liquid phase equilibrium metal ion concentration (Ce mmol / dm3). The maximum saturation capacities for copper and cadmium ions on peat are 270 and 180 mol / g respectively. These results indicate the considerable potential for peat in metal ion removal.



TABLE 15.5 Test Results for Metallic Pollutants in Textile Effluents



Metal



EPA effluent limitations schedule A



Before



After



Cadmium Chromium (⫹6) Chromium (⫹3) Copper Iron Lead Nickel



0.1 0.05 0.25 0.2 0.5 0.05 1.00



25 300 300 250 31.5 8.4 67.5



0.1 0.04 0.25 0.2 0.25 0.025 0.05
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FIGURE 15.2 Equilibrium isotherms for various dyes on peat.



Molecular Sieves. One of the most widely used of the synthetic adsorbents is the range of zeolite metal aluminosilicates known as molecular sieves. These are synthesized adsorbents that have exact pore sizes caused by the driving off of water molecules by heating. The ⫺ zeolites consist of porous aluminosilicate frameworks of SiO⫺ 4 and AlO4 forming polyhedra. The gaps in the framework lattice permit the molecules to pass through to the body of the framework. The sieves can separate according to molecular size and by molecular polarity. Molecular sieves can therefore be tailor-made for particular applications. They are used for



FIGURE 15.3 Sorption of cadmium and copper onto peat.
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dehydration of gases and liquids and the separation of gaseous and liquid hydrocarbon mixtures. Molecular sieves can be regenerated by heating or by elution. Adsorption from liquids into molecular sieve zeolites is increasingly being used in separation and purification processes. Broughton et al. (1970) and Broughton and Gembichi (1984) reported the separation by adsorption of liquid hydrocarbon mixtures and fructose– glucose mixtures by simulated moving bed applications (Luis, 1999; Rios et al., 1998). Silicalite is a microporous crystalline silica that has received attention in both gaseous and liquid applications. The hydrophobic nature of silicalite has led to its use in the adsorption of ethanol from dilute aqueous solutions (Oulman and Chriswell, 1982; Milestone and Bibby, 1981; Bui et al., 1985). The adsorption of methanol, ethanol, acetone, toluene, and cyclohexane in silicalite crystals has also been investigated. Ion Exchangers. Ion exchangers, resin or zeolite, have been judged most advantageous for use against ammonia, concentrated sulphuric acid, sodium hydroxide, potassium cyanide, cadmium chloride, oxalic acid, ethylene diamine, sodium alkylbenzenesulfonates, and phenol. They are sorbents for the ionic, most polar, and soluble solutes and complement polymeric sorbents for covalent nonmixers. Several different ion-exchange resins have been used to remove carbolic oil (phenol) from wastewater and drinking water (Bauer et al., 1975). There are ion-exchange materials available for ionic, most polar, and soluble chemicals. Hazardous chemicals that sink, with their inherent low solubilities, could preclude the use of ion exchange in many cases. Pilie et al. (1975) investigated the use of ion-exchange resins as a substitute for activated carbon in the treatment of a heavy metal spill in water. Polyurethane and polypropylene sorbents, macroeticular resins, zeolites, and ion-exchange resins cover the sorption spectrum of activated carbon, but in each of the sorption ranges, a particular one or another of these can be more advantageous or more feasible, for use in amelioration, than carbon. Ion-exchange resins are uniformly available on a nationwide basis, due in large part to their wide range of use in water purification and treatment. On a cost and flexibility basis, ion-exchange resins must be considered inferior to activated carbon. Sorbent Clays. Clays sorb like zeolites except that the sorption channels are interstitial between polysilicate sheets that are forced apart by the sorbate in a swelling action. Sorbent clays have been used for sorption in a variety of large-scale separations and for removing phenol from effluent. Some specific clays are listed and some of these materials do exhibit ion exchange properties. Fuller’s Earths. These are natural clays that contain magnesium aluminium silicates. The clay is given an open, porous structure by heating and drying processes. The adsorbent can be regenerated by washing and burning the organic contaminants that adhere to the clay surface. Fuller’s earths are used in decolorizing and drying of oils. Bentonite. Bentonite is a clay that requires activation by acid washing before it exhibits adsorptive properties. It is normally used as a fine powder for decolorizing and clarifying liquids and is discarded after use. Bauxite. Bauxite is a naturally occurring alumina that requires thermal activation to facilitate its use as an adsorbent. It can be reactivated by heating. Other sorbent clays include kaolin and china clay. Polyurethane Foams. These foams can be manufactured to any range of pore forms, from highly porous to nonporous. Polyurethane does not have the same range of sorption potential as activated carbon, but it is an effective sorbent for benzene, kerosene, naphtha, hexane, nbutyraldehyde, dimethylsuphoxide, epichlorohydrin, and phenol (Bowen, 1970). The sorption action is a combination of absorption and adsorption, but is mostly absorption depending on the pore structure. The polyurethane foam belts laden with recovered pollutant chemical can be squeezed and the removed sorbate pumped to storage (Kinoshita and Katsumata, 1999;
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Chouno, 1998). The sorption capacity is a function of open-volume porosity, foam densities ranging from 16–640 kg / m3, and the pore size distribution. Polyurethane foams can pick up from 0.1–80 times their own weight of spilled pollutant chemical depending on the affinity, pore size, and distribution. For hazardous chemicals that float on water and vaporize, and to which existing devices for oil recovery apply, polyurethane foam can be applied in the float and mix. Devices for recovery of sorbate-loaded floating polyurethane can be readily applied, if fire hazards are controlled. Macroreticular Resins. Polymerization of linear polymers with bifunctional monomers added during the reaction produces a reticulated structure that is similar to a macroporous sponge. Typical macroreticular polymers in this class are polymethyl methacrylate-coethylene dimethoacrylate and polystyrene-co-divinylbenzene. Substitution of polar groups in the monomers enables ion-exchange resins to be produced, such as polystyrenesulphonate. The polymer resins sorb liquids or solutes like ethyl acetate, hexane, and ethylene diamine and dissolved solids like aldrin, sodium alkylbenzenesulfonates, and phenol. If sulponated, they exchange ions like cadmium more readily than the unsulphonated resin. Thus the macroreticular resins are more versatile than polyurethane foam, but not as universally so as activated carbons. Application, recovery, and regeneration equipment and techniques would resemble those described for carbon and for ion-exchange sorbents. Limitations occur because of desorption sensitivity to oxidation. Thermal desorption is too hazardous for use with flammable sorbates. Effluent desorption seems to have some potential. Activated Alumina. This adsorbent is manufactured by heating a precipitated mixture of alumina mono-and trihydrates up to 400⬚C. The heating process drives off the moisture, leaving an open porous structure with a high internal surface area. Alumina is widely used as a desiccant and can be regenerated by evaporation of the adsorbed species. Alcoa S-100, a commercial transition alumina, is treated with NaOH solution and dried overnight at 110⬚C. This activated alumina can adsorb hydrogen chloride gas from a nitrogen carrier. Isotherms for adsorption using aluminas treated with the different concentrations of NaOH have been determined (Fleming, 1987). Monolayer surface coverage for all materials is 2.0 w / w% at low HCl partial pressure. Considerable difference in HCl uptake among the materials is observed in the range of HCl partial pressure from 10⫺4 to 10⫺2 bar. Adsorption capacities increase for the low sodium materials linearly over this range and then approach an asymptotic limit at around 7 w / w% HCl saturation. Ethylene dichloride is widely used in the petrochemical industry as a refrigerant in cooling systems and as a feed material for the production of polyvinyl chloride. During typical processing of the ethylene dichloride, it can become mechanically and thermally degraded. Low levels of hydrochloric acid, water, and iron chloride (ferric) can contaminate the ethylene dichloride. An alumina can be modified chemically to adsorb these contaminants. One such alumina is Selexorb-HCl. The adsorption isotherms for HCl, H2O, and iron are presented in Fig. 15.4 (Sood and Fleming, 1987). The isotherms were measured as multicomponent mixtures. At 25⬚C, the Selexsorb-HCl adsorbent had a capacity of 0.8% Fe, 34% HCl, and 8% H2O by weight. An increase in adsorption temperature to 40⬚C was found to increase the iron and HCl capacity and to cause a smaller increase in water capacity. Removal efficiencies for the three contaminants were 98.2% for Fe, 99.4% for HCl, and 17.9% for H2O. The alumina can be regenerated by methanol rinse or by thermal regeneration. Silica Gel. Silica gel is a common adsorbent, used mainly in granular form. It is made by heating an acidified sodium silicate gel to about 350⬚C. Silica gel is a hard, white, glassy, highly porous, granular solid. Silica is used chiefly for dehydration of air and other gases but is also used in some liquid operations. Silica can adsorb organics such as toluene and xylene from heptane in single-component and binary systems (Matz and Knaebel, 1991).
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FIGURE 15.4 HCl adsorption isotherms.



Sorbsil silica gel is reported to adsorb basic dyes as shown in Table 15.6 (Alexander et al., 1978). Some characteristics of silica sorbents are shown in Table 15.7. Polymer Fibers. A wide range of polymeric sorbents has been developed in conjunction with oil spill recovery work, including polyethylene and polypropylene fibres. These have been manufactured in a number of forms, including belts, pillows, pads, and roll blankets. Due to the oleophilic properties of these materials, they will likely find at least some applicability to spills of liquid organics as well as to spills of selected organic solids. Many of these polymeric materials are available from oil spill contractors in ready-to-use form, and their availability through this network makes the transfer of material and technology to the control of hazardous materials a simpler task than it otherwise would be. As is the case with other polymers, byproduct polypropylene and recycled polyproplyene are commonly cheaper than new polymer of the same type and grade. Correspondingly, polypropylene tailored to specifications or delivered in unusual form is often much more expensive. Waste polypropylene is sometimes usable with little loss of control performance



TABLE 15.6 Langmuir and Freundlich Constants for the Adsorption of Astrazone Blue on Silica



Langmuir Constants Freundlich Constants Particle size, m



n, g L⫺1



K, mg g⫺1



B, L mg⫺1



Q0, mg g⫺1



Dye adsorbed, mg m⫺3 a



150–180 180–250 250–355 355–500 500–710 710–850



2.90 3.33 4.81 4.50 4.17 6.80



2.5 2.9 2.5 2.7 2.1 2.0



0.0038 0.0038 0.0063 0.0079 0.0085 0.0117



34.5 30.3 16.1 13.5 11.8 6.3



67.6 75.0 60.0 67.5 81.0 67.0



a



Initial dye concentration C0 ⫽ 200 mg L⫺1.
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TABLE 15.7 Silica-Based Sorbents



Silica coating



Surface area, m2 g⫺1



Average ˚ pore diameter, A



C1 C8 C18 PhP



27.5 27.5 27.5 10.0



180 200 190 390



capability. Overall, especially for application in existing devices, polypropylene is more feasible for present day use than macroreticular resins of higher versatility. It is a tenable alternative for polyurethane or activated carbon for the sorption of chlorine, kerosene, naphtha: solvent, aldrin, dimethyl sulfoxide, and epichlorohydrin. Polyolefins, Polyethylenes, Polyisobutylenes, Poly(Methyl Methacrylates), and Poly(Styrene Sulfonates). In addition to polyurethane foams, polyethylene and polypropylene fibers can be manufactured as alternative polymeric sorbents. However, based on sorbent capacity, cost, and availability, these materials would be considered inferior to polyurethane. Thus, use of polyolefins against chlorine, polyethylenes and polyisobutylenes against aldrin, poly(methyl methacrylates) against sodium alklbenzenesulfonates, and poly(styrene sulfonates) against cadmium chloride, though possible, is not advantageous for amelioration except where local availability may compensate. Lignite. Lignite, a member of the solid fuel family, is often referred to as brown coal. Table 15.8 shows that lignite fits between peat and bituminous coals in terms of its properties. It is drier than peat and has a higher carbon content. Lignite and coal are formed from decaying trees and plants. The decaying vegetation falls to the ground and, if it is preserved by water, is slowly oxidized by microorganisms to form peat. Peat becomes lignite and coal when it becomes buried below the earth’s surface. Heat gradually dries out the peat and causes the chemical changes that result first in lignite and then ultimately in coal. Coal formation requires the vegetation to reach temperatures of about 150⬚C, so the peat must become buried to a depth of around 5 km. Lignite formation needs a lower temperature, and thus lignite is usually found fairly close to the surface and can be recovered by opencast methods, whereas coal normally is buried deeply and has to be mined underground. During the transformation into lignite, the vegetation loses hydrogen and oxygen atoms and the lignite now contains 65–70% carbon, about 5% hydrogen, and 25–30% oxygen (by weight). Much of the oxygen is present in acidic groups. Lignites contain a little paraffinic material–and generally some waxes and resins–but are mainly composed of aromatic strucTABLE 15.8 Technical Properties of Solid Fuels



Fuel



% Moisture



% Carbon (daf )



Calorific value (kJ kg⫺1)



Peat Lignite Bituminous coal Anthracite



⬎ 75 30–70 10 2



50–60 60–70 80 90



7,000 17,000 36,000 37,000
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tures based on benzene and naphthalene rings. Many different structures are present in lignite. Lignites have a rich chemistry; they appear to consist of a rigid, complicated lattice in which molecules are trapped. Lignite possesses adsorptive properties. The surface area, porosity, functional groups, and calcium and magnesium ions all contribute to these properties. Lignite has a strong affinity for basic dye (Allen et al., 1989). The lignite-cationic dye sorption process is facilitated by the presence of the humic acid groups in the lignite. Different ions will experience different physical and electrical attractive and repulsive forces according to their structure, molecular size, and functional groups. The process is a combination of ionic attraction / repulsion, hydrogen bonding, ion-dipole forces, covalent bonds, and Van der Waals forces. The adsorptive powers of lignite have been shown to reduce the COD of an effluent. Lignite treated with 50% sulphuric acid at 100⬚C is partly activated. It is claimed that activated carbon reduces the COD of slaughterhouse wastes by up to 60%. Lignite and lignitederived activated carbons also exhibit adsorption of organics such as benzoic acid and chlorobenzoic acids. The retention of metallic cations by lignites is well established (Allen et al., 1992; Ibarra et al., 1979). The adsorption of copper, cadmium, lead, aluminum, and zinc is shown in Fig. 15.5. Chitin and Chitosan. Chitin is the second most widely occurring natural carbohydrate polymer next to cellulose. Chitin is a long, unbranched polysaccharide and can be regarded as a naturally occurring derivative of cellulose, where the C2 hydroxy group has been replaced by the acetyl amino group —NHCOCH3. The primary unit in the chain polymer is 2-deoxy-2-(acetyl-amino) glucose. These units are linked by ␤(1 → 4) glycosidic bonds forming a long-chain linear polymer having degrees of polymerization around 2,000 to 4,000. It is insoluble in almost all solvents except strong mineral acids, notably nitric and hydrochloric and certain other solvents, due to the presence of the carbonyl functionality in the acetyl group. The carbonyl group is responsible for hydrogen bonds, resulting in a rigid structure, less permeable to water and other reagents, as in the case with cellulose. Chitin is widely distributed throughout nature, being the main structural polysaccharide that forms the characteristic exoskeleton of most of the invertebrates. High concentrations of up to 85% are found in Arthropoda (especially the edible crab), which are particularly able to synthesize chitin (Muzzarelli, 1976). Chitosan is an aminopolysaccharide and consists of [(1 → 4)-2-amino-2-deoxy-␤-Dglucan] monomer units. Like chitin, it is nontoxic and biodegradable and has a molecular



FIGURE 15.5 Capacity isotherms for single-component metals on lignite.
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weight (about 120,000) depending on the source of chitin and the severity of N-deacetylation reaction. It is commercially produced by the chemical modification of chitin by alkaline hydrolysis. This cleaves the acetyl group, leaving the free amine, and depending on controllable process parameters, varying degrees of deacetylation can be achieved. There are numerous methods for deacetylating chitin, and a number have been outlined by Muzzarelli (1976). The systematic repetition of the alkali deacetylation produces chitosan with degrees of a deacetylation up to 90%, but also leads to hydrolysis of the glycosidic linkages and a much reduced molecular weight. Adsorption of metal cations is one of the most beneficial functions of chitin and chitosan. An extensive review has been made by Muzzarelli (1973, 1976). Marucca et al. (1982) examined adsorption of chromium under various conditions. Koyama and Taniguchi (1986) studied the effect of deacetylation of chitin on adsorption and the importance of high hydrophilicity. Eiden et al. (1980) reviewed the uptake of lead (II) and chromium (III) by chitin and chitosan as a function of concentration. Hexavalent chromium interaction with chitosan has also been studied by Onsoyen and Skavgrud (1990). Other recent studies on adsorption include iodine, nickel, copper, zinc, and cadmium. The mechanism of complex formation of metals with chitosan is manifold and is probably dominated by different processes such as adsorption, ion exchange, and chelation under different conditions. In Fig. 15.6, it can be seen that the sorption capacity of chromium and cadmium is similar, while zinc has approximately double the affinity of these two metal ions for chitosan. Chitosan has almost three times the removal capacity for copper sorption than that for cadmium or chromium. These effects have proved complex to interpret but are a function of a number of parameters: ionic radii; ionic charge; electron structure and possibly some hydration capacity of the metal ions: solution pH and nature; and availability of sites for chitosan. Muzzarelli (1976) gave the collection rates of metal ions onto chitosan as Cu2⫹ ⬎ Zn2⫹ ⬎ Cd2⫹ as the same as the Irving and Williams series, and there was a relation between the order and the second ionization potentials. Woodmeal. Woodmeal has been used as an adsorbent for basic and acid dyes. The uptake of acid dye Telon Blue 25 is shown for Sitka spruce wood in Fig. 15.7 (McKay and McConvey, 1981, 1985). The results show that spruce wood does have an affinity for basic dyes, although this is much less than for active carbons, peats, and lignite. Figure 15.7 also



FIGURE 15.6 Metal ion uptake onto chitosan.
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◆ AB25/Peat, Experimental Data — AB25/Peat, Langmuir Equation; ▲ BB69/Peat, Experimental Data — BB69/Peat, Langmuir Equation; ■ AB25/Wood, Experimental Data — AB25/Wood, Langmuir Equation; • BB69/Wood, Experimental Data — BB69/Wood, Langmuir Equation FIGURE 15.7 Langmuir isotherms for THE sorption of BB69 and AB25 onto peat and wood.



shows linearized plots of the Langmuir equation for Basic Blue 69 dye and Acid Blue 25 dye on both peat and wood. Bone Char. Bone charcoal is a carbonaceous substance derived from the carbonization of selected grades of animal bones by heating dry bones in an airtight iron retort at 500–700⬚C for about four to six hours. Comparing the capacity of metal ions removal with activated carbon, bone charcoal provides not only a porous carbon surface for physical adsorption, but also a hydroxyapatite lattice—Ca10(PO4)6(OH)2 for ion exchange of metal ions. Based on these properties, this sorbent should have excellent adsorption capacities for metal ions. The characteristics of typical bone char are shown in Table 15.9. Traditionally, bone char has been used for decolourizing sugar solutions in the sugar refining industry. But recently it has been shown to have a significant sorption capacity for metal ions (Raouf and Daifullah, 1977; Cheung, 1999). The isotherms for the sorption of copper, cadmium, and zinc ions onto bone char are shown in Fig. 15.8. Bagasse Pith. Bagasse pith is a waste product from the sugar refining industry. It is the name given to the residual pulp remaining after the sugar has been extracted. Bagasse pith is composed largely of celluose, pentosan, and lignin as shown in Table 15.10. Pith does



TABLE 15.9 Physical and Chemical Properties of Bone Char



Physical properties



Chemical composites Parameter



Limits



Parameter



Limits



Acid insoluble ash Calcium carbonate Calcium sulfate Carbon content Hydroxyapatite (Tricalcium phosphate) Iron—as Fe2O3



3 wt % max 7–9 wt % 0.1–0.2 wt % 9–11 wt % 70–76 wt %



Bulk density (dry) Carbon surface area Moisture Pore size distribution Pore volume



640 kg / m3 50 m2 / g 5 wt % max 7.5–60,000 nm 0.225 cm3 / g



⬍0.3 wt %



Total surface area



100 m2 / g
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qe (mmole/g)
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Cu, ∆ Zn Langmuir-Freundlich Model



FIGURE 15.8 Sorption of copper, cadmium, and zinc ions onto bone char.



exhibit adsorptive properties. McKay et al. (1997) reported the adsorption of three dyes onto pith. The adsorption of basic dyes is shown in Fig. 15.9. Other Potential Adsorbents. While activated carbon is the most widely used adsorbent, in the past 10 years considerable attention has been directed towards low-cost biosorbents. Activated carbon is expensive, and an alternative inexpensive adsorbent could drastically reduce the cost of an adsorption system. Many waste or naturally occurring materials have been investigated to assess their suitability. For water pollution control, the use of low-cost natural materials for the removal of copper has been studied for several materials. Other potential sorbents include peat, anaerobically digested sludge, kaolin and montmorillonite clay, treated bagasse, treated acacia bark, treated laurel bark and treated techtona bark, fly ash, Penicillium spinulosum, dyestuff-treated (Red) rice hulls and dyestuff-treated (Yellow) rice hulls, resins moss Calymperes delessertii Besch, water hyacinth (Eichornia crassipes), Rhizopus arrhizus, Cladosporium resinae and Penicillium italicum, tea leaves, amorphous iron hydroxide, and activated carbon. In McKay et al. (1999), another 40 potential sorbents are listed. This single adsorbate case emphasizes the future potential of finding new, cheaper sorbents for chemical spills in the future. The main problem is the time required for screening all these sorbents for the vast array of chemicals currently in use. Selecting Sorption for Spill Treatment. Spills can occur during transportation, storage, and chemical processing. They may result from transport accidents, such as collisions, from storage vessels and containers, due to poor maintenance / operator error, or due to fire or



TABLE 15.10 Chemical Analysis of the



Bagasse Pith Determination



%



␣-cellulose Pentosan Lignin Alcohol / benzene solubility Ash



53.7 27.9 20.2 7.5 6.6
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FIGURE 15.9 Comparison of theoretical isotherm curves with experimental results for basic Blue 69 dye on pith.



explosion during processing. The spillage can occur on land / road or at sea, depending on the transport method; it can occur at the manufacturing site and it could be a large or small spill. The decision to use sorption for spill treatment is made based on the type of spill and the conditions under which it has occurred. If the spillage is large and at sea or off-site, the logistics of transporting large amounts of adsorbent materials may prove too difficult and too complex. In addition, harvesting the used (‘‘spent’’) adsorbent is difficult. Adsorbent booms may be useful to limit the migration of these types of spillage. Small-scale spillages from leaking or broken containers on the road or in the air can readily be treated by having a specially selected adsorbent spill kit on the transport vehicle. This same approach would also apply to small spillages on-site. On a multipurpose chemical site, these ‘‘small spills kits’’ would contain a selection of adsorbent materials as outlined in Section 15.2.1. In the case of chemical spills due to process upsets, particularly fire and explosion, the chemical spillage on-site may be extensive and the water used on the fire can become contaminated with one or more process chemicals. Containment for fire water runoff should be planned for all manufacturing plants at the design stage. Containment volume should also be provided on-site to ensure that no contaminated water leaves the site after a small or a major incident. Such water should not be flushed into a ditch, sewer, or drain or off the road since this would spread the chemical farther. The key feature of a well-designed chemical spill or contaminated water containment system is the ability to pump the spilled liquid into recovery containers for treatment. These large containers of contaminated liquid can then be treated by the conventional adsorption contacting systems as described in Section 15.3.



15.1.3



Sorbent Characterization Tests



In order to assess the suitability of a sorbent for a particular chemical spill application, it is important to carry out specific tests for the specific application. This type of information is available only for a limited number of commercially available chemical spill sorbents. There are several specific properties that also indicate sorbent’s usefulness in certain applications. Because detailed analysis has already been carried out (Brady and McKay, 1995), only major tests are listed here.
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Total Surface Area



• The Brunauer Emmett Teller (BET) method based on nitrogen adsorption (Brunnauer et al., 1940)



• Isotherm measurements (Kienle and Bader, 1980) • Adsorption measurements using other solutes (Paryjczak, 1985) Porosity



• Particle porosity (DIN 4188) • Bed voidage (Brunnauer et al., 1940) • Pore size distribution (Brunnauer et al., 1940) Attrition Resistance



• Mechanical strength (Schneider, 1979; ASTM D 3802) Density



• Apparent density (Czaplinski, 1965) • Packed density (ASTM D 2854-70) • Absolute density (Czaplinski and Lason, 1965) Electron Microscopy



• High-resolution electron microscopy (HRTEM) (Evan and Marsh, 1979) Physiochemical Characterization



• • • • •



Carbon tetrachloride activity test (Patrick, 1995) Dye adsorption-methylene blue test (DAB 7) Iodine sorption value (AWWA B 600-78) Iodine number (AWWA B 600-78) Baylis’s phenol test (DIN 19603)



Moisture



• Humidity / water (ASTM D 2867-70) Chemical Characterization



• • • • • •



Adsorbent pH (Jankowska et al., 1991) Elemental analysis (Vogel, 1989) X-ray elemental analysis (Mering and Schoubar, 1968) Carbon, hydrogen, nitrogen elemental analysis (Vogel, 1989) Surface group IR analysis (Vogel, 1989) End group titration (cation exchange capacity) (Vogel, 1989)



Carbonaceous Adsorbents



• Ash (ASTM D 2866-70) • Volatile matter (BS 1016 Part 4)
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• Molasses test (Vogel, 1989) • Caramel test (Vogel, 1989) • Determination of gold adsorption capacity (K-value) of activated carbon (Vogel, 1989)



15.2



PLANNING FOR SPILLS AND CLEANING UP Because other sections of this Handbook deal more specifically with cleanup methods, policies, and detailed spill procedures, this section only emphasizes some key points related to adsorption cleanup. The safety, health, and environment department must prepare formal written procedures for all types of chemical spillage. The specification of sorbent type must be based on an expert analysis of the MSDS (material safety data sheet) for every chemical onsite. The manufacturers’ technical data or MSD sheets provide information for the sitespecific safety plan, such as: flash point, ignition temperature, solubility, toxicology, density, reactivity, and chemical compatibility. The written procedures must cover all chemicals on site and all possible spill scenarios, particularly ‘‘What is the worst incident that could happen?’’ Prevention techniques must obviously be in place and emergency plan procedures carefully prepared and practiced.



15.2.1



Sorbent-Based Spill Kit



The following is a list of materials that could be included in a sorption kit for chemical spills. The list is by no means comprehensive or specific; this can only be achieved by a thorough analysis of the MSD sheets for all the chemicals on site. Many other items are needed in a sorbent-based spill kit, but they are not specific to sorption cleanup and are covered elsewhere in this Handbook.



• • • • • • • • • • •



Neutralizer sorbent mixes should be included for acids and bases. Sorbent for solvents, particularly those that minimize flammable vapors. Vermiculite, sand, clays, etc. are useful for less hazardous spills Calcium bentonite is often incorporated into chemical spill kits because it is one of the most cost-effective sorbents and can be used on most chemical spills, with the exception of hydrofluoric acid. Dry angular grain clay-type sorbents are useful for traction in slippery areas and as an adsorbent. Sorbent spill pillows or booms can adsorb, neutralize, and reduce flammability, corrosivity, reactivity, and toxicity of liquid acids, caustics, and solvents. Diking booms are long sorbent synthetic pulp-filled tubes. Vapor barrier sorbent blankets and rolls are used to sorb and suppress acidic vapors (including HF), caustics, and solvents Mercury sorbent and collector, which is a dedicated special vacuum cleaner suitable for mercury use, should be included. Chemical-resistant, disposable sponge mop, spill squeeze mop, large sponges, dustpan and brushes, all made out of nonsparking materials, enable residual liquors to be sorbed and used / spent sorbent particles to be swept up. Heavy-duty plastic bags and labels are used to collect the contaminated sorbent particles.
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• A nonmetallic scoop is used to sprinkle sorbent particles onto the spills and mix sorbents with liquid.



• A shovel, which should be nonsparking and chemically resistant, is used to collect larger quantities of used sorbent.



15.2.2



Sorbent Cleanup Procedures



The following steps are based primarily on the use of sorbent; other steps impacting on the use of sorbents are briefly reviewed. Notification. Initially a request for help is placed by any available means–this could be to a police or other emergency hotline service on-site or off-site. The emergency response team (ERT) will be activated and attend the scene of the spill. An immediate assessment of the chemicals involved and extent of the spill are necessary in order to select the most effective chemical spill treatment and, in particular, the most suitable sorbent. First Aid and Personal Protective Equipment. The ERT members must attire themselves in the appropriate personal protective equipment (PPE), move any injured personnel from the affected area, and administer the correct first aid treatment as the top priority. Spill Containment. The chemical spill should be contained as much as possible on the site where the spill occurs. The spilled chemical must be prevented from entering storm drains, wells, ditches, streams, rivers, or other water systems. This may involve repositioning the leaking container or applying a seal to the leak from the repair / patch kit, or separating the leaking container from the other containers. In order to confine the chemical spill, the spill area should be encircled with a dike of sand or other sorbent material. If the spill involves a small watercourse, a dam of activated carbon or other sorbent can be used to filter the water. For larger waterways, a log boom or baled straw may be used to contain the spill. If possible, the flow of clean water should be diverted around the spill. Sorbent materials are usually used to cover liquid spills. On most major chemical sites, there is usually sufficient containment volume to contain all chemical spills and handle contaminated water runoff from firefighting / sprinkler systems. Site Cleanup. In order to apply sorption successfully for large-scale spills or large-scale volumes of contaminated water, it is necessary to pump as much of the spilled liquid into recovery containers so that it can be treated by conventional adsorption processes described in Section 15.3. For small-scale spills, the procedure is to use the appropriate sorbent to soak up the spill. Only the minimum amount of sorbent should be used; the method of determining this is covered in Section 15.3. The sorbent should be spread around the perimeter of the spill and swept toward the center. The adsorbent should be shoveled into leak-proof container(s) for subsequent disposal. Decontamination. Sorbents are useful for decontaminating small amounts of residual chemicals after the cleanup process from soil, roadways, inside truck / aircraft containers, concreted surfaces (or other materials) on-site, tools, and other non-porous areas. Soil should be removed to a level below the contaminated area and placed in drums for subsequent treatment or disposal. In the case of roadways, floors, and other nonporous surfaces, the appropriate adsorbent should be spread onto the spill and worked into the surface using a coarse broom. The sorbent should remain in situ for at least two hours. The sorbent should be then collected by first spreading fresh sorbent material around the periphery of the spill
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area, sweeping inwards toward the centre, and shoveling into labeled plastic bags or drums. Dampening of the sorbent is often useful to minimize the dust levels and prevent it from becoming airborne. This procedure is usually repeated. The area is finally rinsed with water, taking adequate precautions to avoid runoff. Evaluation of Sorbent Capacity. The quantity of pollutant that a sorbent can adsorb is defined by the equilibrium isotherm. This is a mathematical relationship between the liquid phase concentration of the spill chemical, Ce, and the solid phase concentration of the spill chemical on the sorbent, qe, when the contacting system has reached equilibrium. Figure 15.10 shows this relationship for cadmium salt in solution that has been spilled. This analysis is best explained by considering that most of the spilled solution, V dm3, can be pumped into a storage tank and a mass of peat, M g, must be added to remove the Cd⫹⫹ ions to achieve a certain concentration level Ce,1, from the original concentration in the spill tank, C0. The schematic for this process is equivalent to adsorption in an agitated batch tank. The schematic diagram for a single-stage adsorption is shown in Fig. 15.11. The solution to be treated contains V dm3 water, and the pollutant concentration is reduced from C0 to Ce,1 mg solute per gram of solution. The amount of adsorbent added is M g of adsorbate free solid, and the solute concentration on the adsorbent increases from q0 to qe,1 mg solute per gram adsorbent. If fresh adsorbent is used, q0 ⫽ 0. The mass balance equates the solute removed from the liquid to that picked up by the solid. V (C0 ⫺ Ce,1) ⫽ M(qe,1 ⫺ q0) ⫽ Mqe,1



(15.1)



Rearranging Eq. (15.1): ⫺



M (C0 ⫺ Ce,1 ⫽ V qe,1



(15.2)



In addition to the graphical solution, the final effluent concentration Ce,1 can be calculated analytically. In most practical cleanup situations, equilibrium will not be reached, but in a well-designed process with effective adsorbent selection, 75–90% of the equilibrium adsorption capacity may be achieved. For the purpose of simplification, this mathematical analysis assumes that equilibrium is reached.



FIGURE 15.10 Equilibrium isotherm and batch sorption operating line.
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FIGURE 15.11 Single-stage batch adsorption for the removal of cadmium ions in solution.



At this stage in the analysis, in order to solve Eq. (15.2) for M, it is necessary to use an isotherm equation to determine qe,1. Three of the most common isotherm equations are Langmuir, Freundlich, and Redlich-Peterson, as shown in Eqs. (15.3), (15.4), and (15.5), respectively. qe ⫽



KLCe 1 ⫹ aLCe



F qe ⫽ KF C 1/n e



qe ⫽



KRCe 1 ⫹ aRC enR



(15.3) (15.4) (15.5)



KL and aL are conventional Langmuir constants; KF and nF are conventional Freundlich constants. Their numerical values are normally found by linearizing Eqs. (15.3) and (15.4). KR, aR, and nR are constants in the Redlich-Peterson isotherm and are determined by optimizing the fit between experimental equilibrium data points and theoretical data points generated by Eq. (15.5). In the present example, using the cadmium chemical spill problem, the Langmuir equation provides a good correlation of the experimental equilibrium isotherm data. Equation (15.3) can be substituted into Eq. (15.2) and the mass of sorbent, M g peat, to bring the liquid phase concentration down to Ce,1, can be determined from Eq. (15.6). ⫺



M (C0 ⫺ Ce,1)(1 ⫹ aLCe,1) ⫽ V KLCe,1



(15.6)



This equation represents the unique solution for this example of a cadmium solution spill treatment. It is presented schematically in Fig. 15.10 by the line AB, which is an operating line of slope ⫺V / M and coordinates A(C0, q0) and B(Ce,1, qe,1). With this isotherm approach coupled with the mass balance equation, the capacity of the sorbent for a specified concentration of chemical spill can be obtained and the amount of sorbent required to remove the hazardous solute can be determined.
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DESIGN OF SORPTION CONTACTING SYSTEMS Sorption Contacting Systems



The main sorption contacting methods are:



• • • • • • •



Single-stage agitated batch adsorbers Multistage agitated batch adsorbers Pulsed beds Fixed bed adsorbers Steady state moving beds Fluidized bed adsorbers Filtration-type adsorbers



Single-stage Agitated Batch Adsorbers. A typical batch process is shown in Fig. 15.12. The effluent to be treated and the sorbent are intimately mixed in the treating tank (agitated contacting tank) for a fixed contact time to enable the system to approach equilibrium, after which the thin slurry is filtered to separate the solid sorbent and sorbate from the liquid. The equipment may be made multistage by providing additional tanks and filters. If the operation is to be made continuous or semicontinuous, centrifuges or a continuous rotary filter may be substituted for the filter press. The adsorbent is usually applied in the form of a finely ground powder, and the time required for the adsorbent and liquid to come to substantial equilibrium depends primarily on the concentration and particle size of the solid, the viscosity of the liquid, solute concentration, and the extent of agitation. Agitation should be vigorous to ensure rapid contact of the sorbent particles with the liquid. Multistage Crosscurrent Batch Sorption. The efficiency of the contaminated spill solution is realized by treating with separate small batches of sorbent rather than in a single-stage batch process. When using expensive sorbents, it is important to operate as economically as possible with this process, the greater the saving the larger the number of batches, but



FIGURE 15.12 Batch contact filtration. Schematic arrangement for single-stage batch sorption. (a) Agitated batch contacting tank; (b) filter press; (c) filtrate storage tank.
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filtration and handling costs increase rapidly. As a result, usually only two stages are used. The schematic for this process mode is shown in Fig. 15.11. Stages 1 and 2 treat the same amount of solution, V. The operating process diagram is constructed as shown in Fig. 15.13 for a two-stage process. The approach is the same as for the single-stage operating diagram, and the operating lines will be parallel when the same quantity of adsorbent is used. The operating diagram assumes fresh sorbent is added at each stage and therefore q0 ⫽ 0. The mass balance equation for stage 1 is V (C0 ⫺ Ce,1) ⫽ M1(qe,1 ⫺ q0)



(15.7)



V (Ce,1 ⫺ Ce,w) ⫽ M2(qe,2 ⫺ qe,1)



(15.8)



and for stage 2,



Two-Stage Crosscurrent Optimization Based on Minimizing the Quantity of Sorbent. An important economic criterion in multistage adsorption is to determine the minimum quantity of an adsorbent to treat a fixed volume of chemical spill at a specified contaminant concentration. Two-Stage Crosscurrent Optimization. When fresh adsorbent is used at each stage, q0 ⫽ 0 and using an isotherm expression, to describe equilibrium, the least total amount of adsorbent can be calculated analytically. In this example, the Freundlich expression, Eq. (15.5), is used. For stage 1, M1 (C0 ⫺ Ce,2) (C0 ⫺ Ce,1) ⫽ ⫽ F V qe,1 KF C 1/n e,1



(15.9)



KF and nF are the Freundlich isotherm constants. For stage 2, M2 (Ce,1 ⫺ Ce,2) (Ce,1 ⫺ Ce,2) ⫽ ⫽ 1/nF V qe,2 KF C e,2 The total amount of sorbent used.



FIGURE 15.13 Two-stage crosscurrent adsorption process.



(15.10)
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冉



M1 ⫹ M2 C0 ⫺ Ce,1 Ce,1 ⫺ Ce,2 ⫽ KF ⫹ 1/nF 1/nF V C e,1 C e,2



冊



(15.11)



In order to minimize the total amount of sorbent, it is necessary to differentiate the following Eq. (15.11): d {(M1 ⫹ M2) /V } ⫽0 dqe,1



(15.12)



and since for a given system KF, nF , C0, and Ce,2 are constant, F (C 1/n 1 C0 1 e,1 ) ⫺ ⫽1⫺ Ce,2 nF Ce,1 nF



(15.13)



The liquid phase contaminant concentration, Ce,1, can now be obtained from Eq. (15.13) using the standard trial-and-error solution method. Furthermore, a graphical solution may also be used to solve Eq. (15.13), and this is shown in Fig. 15.14. The two axes represent the fraction of contaminant not adsorbed after stage 1, Ce,1 / C0, and stage 2, Ce,2 / C0. Since the final condition, Ce,2 / C0, is known, and the Freundlich constant, nF , is known (obtained from a Freundlich linearized plot of the equilibrium data), then Ce,1 / C0 can be read directly from Fig. 15.14 and Ce,1 is obtained. It has been proposed (Lerch and Rathowsky, 1967) that countercurrent batch adsorber operation is usually more advantageous than the application of crosscurrent split sorbent operation or crosscurrent split solution flow. Two-Stage Countercurrent Sorption. A two-stage countercurrent batch sorption system is shown in Fig. 15.15. In stage 2, M g fresh sorbent is added to the chemical spill solution, V dm3, and the concentration change of the contaminant is from Ce,1 to Ce,2. The contaminant-laden, qe,1, sorbent is then used to treat V dm3 fresh solution from C0 to Ce,1 solute per dm3 spill solution, the spent adsorbent is discharged at qe,2 mg solute per gram sorbent. The overall solute mass balance is given in Eq. 15.14



FIGURE 15.14 Graphical solution to determine minimum sorbent required in two-stage crosscurrent operation.
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FIGURE 15.15 Schematic for two-stage countercurrent sorption.



M(qe,1 ⫺ 0) ⫽ V (Ce,1 ⫺ Ce,2)



(15.14)



The operating line diagram is similar to Fig. (15.13). The slope of the operating line is for the overall cascade system, M / V, and for the two individual stages the slopes are both also equal to ⫺M / V (for equal masses of adsorbent and equal masses of solution). Two-Stage Countercurrent Batch Sorption. The sorbent / solution ratio for a fixed set of process conditions can be determined by trial and error using the graphical technique. This is carried out by graphically fitting two steps between the equilibrium curve and the initial and final solute-liquid concentration boundary concentrations. The operating line can then be drawn, and this provides the coordinates, Ce,2, qe,1, of the intermediate concentration, the sorbent / solution ratio is determined from the slope of the operating line. Figure 15.16 shows the operating lines for the two stages on the equilibrium curve. In the present case study, it is assumed that the equilibrium curve follows the Freundlich equation (although any best-fit isotherm equation should be selected). The intermediate concentration, qe,1, can be calculated from Eq. (15.15) for a Freundlich isotherm: F qe,1 ⫽ KF C 1/n e,1



(15.15)



This value of the solid phase contaminant loading is coupled with the mass balance equation as follows: M C0 ⫺ Ce,2 C0 ⫺ Ce,2 ⫽ ⫽ 1/nF V qe,2 KF C e,1 The mass balance for the operating line in the second stage is:



FIGURE 15.16 Operating diagram for two-stage cocurrent sorber.



(15.16)
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(15.17)



Combining Eqs. (15.16) and (15.17), the term V / M can be eliminated to give: C0 C 1/nF  Ce,1 ⫺ 1 ⫽ e,1 ⫺1 Ce,2 Ce,2  Ce,2



(15.18)



In process design, the boundary conditions are usually specified and Ce,1 can be determined. Therefore, the ratio V / M can be determined. A graphical solution is available for obtaining the intermediate concentration Ce,1; this is shown in Fig. 15.17. Although this procedure can be used in the design of the multistage batch sorption process, economics usually (but not always) limit the number of contact stages to two. Multistage Batch Adsorber Optimization Based on Minimizing Contacting Time. Batch sorber design has mainly concentrated on reducing adsorbent costs, which is particularly relevant when expensive sorbent materials such as active carbon, silica, zeolites, and resins are used. But for cheaper adsorbents, minimizing the contact time for a fixed percentage of pollution removal using a fixed mass of sorbent will result in being able to process more batches of polluted wastewater per day, thus enabling the required treatment plant items to be reduced in size, with a decrease in the plant capital cost. The cost and performance of product / equipment / system or the mode of application are always of concern in controlling process efficiency. Therefore, the sorption capacity and required contact time are two of the most important parameters to understand in a sorption process. Equilibrium analysis is fundamental to evaluate the affinity or capacity of a sorbent. However, thermodynamic data can only predict the final state of a system from an initial



Xt/X1 0.01



Xt/Xo = FRACTION UNADSORBED, TWO STAGES



FIGURE 15.17 Graphical solution to determine the intermediate solute concentration in countercurrent adsorption. (Source: Treybal, 1987)
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nonequilibrium mode. It is therefore important to determine how sorption rates depend on the concentrations of sorbate in solution and how rates are affected by sorption capacity or by the character of sorbent in terms of kinetics. From the kinetics analysis, the solute uptake rate, which determines the residence time required for completion of the sorption reaction, may be analyzed and established. In order to minimize contact time, it is necessary to use a contact time model, which may be a kinetic model (first order, second order, Elovich kinetics, etc.) or a mass transport diffusion model (film, pore, surface, pore–surface). The present case study is based on a pseudo-second order kinetic model (Ho and McKay, 1998), and the kinetic equation is: t 1 t ⫽ ⫹ 2 qt k2q e qe



(15.19)



This relationship enables the amount of chemical contaminant, qt , adsorbed to be predicted as a function of time, t. The equations are developed generally for an n-stage batch sorption system, and the case study is for the treatment of dye solution spillage using peat as a cleanup sorbent. The solution to be treated contains V dm3 solution, and the dye concentration is reduced for each stage from Cn⫺1 to Cn mg dm⫺3. The amount of sorbent added is M g with solid phase dye concentration on the peat q0 mg g⫺1. The dye concentration on the sorbent increases from q0 to qn mg g⫺1 sorbent. The mass balance equation gives: V (Cn⫺1 ⫺ Cn) ⫽ M(qn ⫺ q0)



(15.20)



When fresh sorbents are used at each stage and the pseudo-second order rate expression is used to describe equilibrium in the two-stage sorption system, then the mass balance equation can be obtained by combining Eqs. (15.19) and (15.20): For fresh adsorbent: q0 ⫽ 0



(15.21)



Then: Cn ⫽ Cn⫺1 ⫺



Mkq 2nt V (1 ⫹ kqnt)



(15.22)



The total amount of dye removal can be calculated analytically as follows:
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The dye removal, Rn, in each stage can be evaluated from the equation as follows:
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Therefore, it is useful for process design purposes, if qe and k can be expressed as a function of C0 for sorption of dye onto peat and wood as follows: qe ⫽ AqC B0 q



(15.25)



k ⫽ AkC 0Bk



(15.26)



Substituting the values of qe and k from Eqs. (15.25) and (15.26) into Eqs. (15.23) and (15.24), equations (15.23) and (15.24) can be represented as follows:
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In the case of a two-stage countercurrent sorption system, the design procedure is now outlined. For example, 5 m3 of spill solution are to be treated. The amount of sorbent added is 10 kg in each of the two stages and the BB69 initial concentration is 200 mg dm⫺3 in the first stage. A series of contact times from 10 minutes up to 220 minutes in 10-minute increments has been considered in stage one of a two-stage sorption system. Therefore, in Figs. 15.19 and 15.20, each system number is based on a 10-minute contact time interval. In the first adsorber, for example, a system number 6 implies the first adsorber contact time; t1, is 6 ⫻ 10 ⫽ 60 minutes. Therefore, the contact time in the second adsorber, t2, is the time required, T minutes, to achieve a fixed total % dye removal minus the contact time in the first adsorber stage t1. T ⫽ t1 ⫹ t2



(15.29)



For N systems, t1 becomes 10 N minutes and T ⫽ 10 N ⫹ t2 (for a fixed % removal)



(15.30)



The total contact time is calculated for each system number for a fixed percentage of dye removal. The T values are plotted against the system number, as shown in Figs. 15.18 and Figure 15.19, and the minimum contact time may be determined. Figure 15.18 shows the time for 90% BB69 removal using peat for each stage and the total reaction time of the two-stage countercurrent batch sorption process. Figure 15.19 shows the minimum contact time of the two stages in series for the two-stage sorption of BB69 / peat. Fixed-Bed Sorption. Normally in practical cases, the concept of fixed-bed adsorbers is usually expressed in graphical terms by the breakthrough curve concept. The dynamic adsorption system is represented in Fig. 15.20. Effluent enters the column at solute concentration C0, and a concentration gradient or profile is established within a finite zone (break-
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Sorption system number FIGURE 15.18 Comparison of 90% BB69 removal time of each stage in two-stage BB69 / peat process.  Stage 1, BB69 / peat; ● stage 2, BB69 / peat;  90% removal, BB69 / peat.



SORBENTS FOR CHEMICAL SPILL TREATMENT



15.29



70



Time, (min)



60 50 40 30 20 10 0 0



1



2



3



4



5



6



7



Sorption system number FIGURE 15.19 Minimum contact time for various percentages BB69 removal in a twostage BB69 / peat process.  93% removal, BB69 / peat;  96% removal. BB69 / peat;  99% removal, BB69 / peat.



through zone or mass-transfer zone [MTZ]). In this zone, the concentration of effluent in solution changes from C0 to Ce, where Ce should be close to zero. The loading of solute on the solid also changes within the mass-transfer zone from qe to 0. Since the system is a dynamic one, the mass-transfer zone moves steadily from the influent end of the adsorber bed to the outlet end. On the mass transfer zone curve shown in Fig. 15.20, point a represents an effluent concentration Ce and point d represents a solute concentration C0, that is, the effluent entering the column. In Fig. 15.20, the wave front or breakthrough curve can be expressed in terms of time, t. The area below the wave (a, g, d, e, f, a) reflects unused sorbent capacity, and the (a, g, d, e, f, a) / (a, b, d, e, f, a) ratio is the fraction of unused sorbent bed in the breakthrough curve. A vertical straight line drawn through g, the 50% breakthrough point, and that area (a, f, c, b, a) ⫽ (a, g, d, b, a) and ( f, e, d, c, f ) ⫽ (a, g, d, e, a) yields an equivalent



FIGURE 15.20 The breakthrough curve mass-transfer zone.
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FIGURE 5.21 Stable breakthrough curve in sorbent bed and position of the stoichiometric front (horizontal lines) relative to the stable mass-transfer front during dynamic adsorption.



stoichiometric front for the system at time, ts. The rectangle (h, f, c, k, h) corresponds to sorbent at its equilibrium loading, qe; it is defined as the equivalent equilibrium section and is specified in terms of the length of this section, Ze. The area ( f, e, d, c, f ) corresponds to adsorbent at its initial loading, q0; it is specified in terms of the length of unused bed, Z0. The adsorbent bed at breakthrough actually comprises an equilibrium zone and a masstransfer zone. The system is shown schematically in Fig. 15.21 in which a stable breakthrough curve is depicted moving at uniform velocity through an adsorber and the stoichiometric transfer front superimposed on the actual transfer front. The results for the adsorption of phenol onto activated carbon are shown in Fig. 15.22. The typical S-shaped breakthrough curves are shown at four bed heights. C0 ⫽ 400 ⫻ 10⫺3 kg phenol / kg solution and F ⫽ 1.67 ⫻ 10⫺6 m3 / s.



C/Co



Volume of liquid treated (dm3) FIGURE 15.22 Fixed-bed sorption of phenol using activated carbon. Breakthrough curves at four bed heights are shown.
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Fixed-bed columns for liquid-phase sorption are cylindrical vertical columns; they may be operated in upflow or downflow mode. Single beds or multiple-bed arrangements may be used; the range includes:



• Fixed beds in series–upflow; downflow • Fixed beds in parallel–upflow; downflow Fixed-bed Column Operation. A further major advantage of fixed-bed is that sorption / exchange columns can be skid-mounted so that they can be readily transported to a chemical spill anywhere onsite. Fixed-bed sorption columns can be operated as single units or multiple units. The columns can operate by upflow or downflow, and multiple-column systems can operate in series or parallel. Figure 15.23 shows columns in series operating downflow. Each bed can be replaced as a complete, separate unit. When breakthrough occurs in the last column, the first column will be in equilibrium with the influent, thus achieving maximum adsorbent sorption capacity and utilization. This may be as a result of economic necessity. This ‘‘first column’’ will then become the ‘‘last column’’ in the system. Figure 15.24 shows expanded upflow columns operating in parallel with a single downflow column. These are staggered when put into operation. Downflow operation is used on large-volume plants, and the breakthrough curve should be steep to maximize adsorbent utilization. A single-column system could be considered for the following reasons: if the breakthrough curve is steep; if the sorbent will last so long at the desired processing conditions that the cost of replacing or regenerating it represents only a minor part of the operating costs; or if the capital cost of additional columns cannot be justified because not enough adsorbent cost can be saved to pay for additional equipment. Comparing upflow and downflow columns provides advantages and disadvantages for each mode of operation, including the choice of gravity feed and pumped feed. With downflow operation, filtration is more effective and suspended solids will be trapped at the top of the bed. Pumps would be required to handle a significant pressure drop build-up, and backwashing facilities and pipe work are needed. Piping is simpler in upflow systems because the direction of flow is the same for adsorption and washing cycles. Pressure drops are lower because of bed expansion, and less downtime and wash water are required. Upflow systems would more commonly have gravity feed than downflow systems, but they are not as effective in the filtration of suspended solids.



FIGURE 15.23 Fixed-bed sorption columns in series and parallel operating downflow.
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FIGURE 15.24 Expanded upflow bed and downflow column.



Breakthrough Curve–Bed Depth Service Time (BDST) Model. In the operation of a fixedbed adsorption column, the service time, t, of the bed can be related to the bed depth, Z, for a given set of conditions by a model and equation called the bed depth service time model (BDST). The BDST offers a rapid method of designing fixed-bed columns. The influent solute concentration, C0, is fed to the column, and it is desired to reduce the solute concentration in the effluent to a value not exceeding Cb. At the beginning of the operation, when the adsorbent is still fresh, the effluent concentration is actually lower than the allowable concentration, Cb, but, as the operation proceeds and the sorbent reaches saturation, the effluent concentration reaches Cb. This condition is called the break point. Hutchins (1993) proposed a linear relation between the bed depth and service time, which can be written as: t⫽



冉



冊



1 C0 N0⌬ Z ⫺ ln ⫺1 C0F KaC0 Cb



(15.31)



N0 is the adsorption capacity, Ka is the adsorption rate parameter and F is the flow rate. The critical bed depth, Z0, is the theoretical depth of carbon sufficient to prevent the solute concentration from exceeding the Cb value at t ⫽ 0. By letting t ⫽ 0, Z0 is obtained by solving Eq. (15.31) for Z. The final result is: Z0 ⫽



冉



冊



F C0 ln ⫺1 (Ka N0) Cb



(15.32)



Equation (15.32) enables the service time, t, of an adsorption bed to be determined for a specific bed depth, Z, of adsorbent. The service time and bed depth are correlated with the process parameters; the initial pollutant concentration, solution flow rate, and adsorption capacity are the factors in the first term on the right-hand side of Eq. (15.31). The second term on the right-hand side of Eq. (15.31) represents the time required for the pollutant to establish its breakthrough curve; that is, it represents that part of the bed that is not saturated when the pollutant concentration in the solution leaving the bed is above the breakthrough concentration, Cb. t ⫽ mx Z ⫺ Xx and the intercept of this equation represents:



(15.33)
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The gradient of Eq. (15.33) may be used to predict the performance of the bed if there is a change in the initial solute concentration, C0, to a new value, C ⬘0. Hutchins (1993) proposed that the new gradient, M ⬘x, can be written as: mx⬘ ⫽ mx



C0 Cb



(15.35)



If the equation is developed for a standard chemical spill concentration C0, it can easily be modified for any spill concentration C⬘0, and the new intercept is: C ln X ⬘x ⫽ Xx 0 Cb ln



冢 冣 C ⬘0 ⫺1 Cb C0 ⫺1 Cb



(15.36)



The application of the model to predict design performance is shown in Fig. 15.25 for a parachlorophenol spill. The figure shows BDST results obtained by the theoretical lines, and these are compared with experimental points represented by the various symbols. It can be seen that the theoretical equations, derived from the BDST analysis, accurately predict experimental results for various possible spill concentrations of parachlorophenol. Agreement between theoretical lines and experimental points, represented by the symbols, is very good. Fixed-Bed Optimization Using the Empty Bed Residence Time Procedure. Many variables can influence the design of fixed-bed sorbers (FBDs), and it is advisable to use the most economical conditions. The empty bed residence time (EBRT), provides a simplified procedure for minimizing sorbent usage. Two types of variables are recognized as important in optimizing the sorption system. First, there are primary process variables that are mainly determined by sorbent exhaustion



FIGURE 15.25 Theoretically predicted lines for different p-chlorophenol concentrations on carbon–predicted from solid line of concentration 400 ⫻ 10⫺3 kgm⫺3.
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rates. Second, there are those process variables that affect the operating costs as a result of changes in the required level of effluent purity, influent liquid purity, temperature and viscosity, as well as sorbent particle size. For a given system, in which the liquid flow rate, impurity concentrations, and sorbent characteristics are fixed, the capital and operating costs are almost entirely dependent on the following two primary variables: sorbent exhaustion rate, which is usually expressed as kilograms of adsorbent used per volume of liquid treated, and superficial liquid retention time, empty bed contact time, EBCT, sometimes referred to as empty bed residence time, which is the time that the liquid would take to fill the volume of the sorbent beds sand and is a direct function of liquid flow rate and adsorbent volume. For a given system, the total capital cost is established primarily by the volume of the adsorbent beds and, usually to a lesser extent, by the size of an adsorbent reactivation furnace, if one is to be used. The operating costs are determined by the sorbent exhaustion rate since the large variable is usually the cost of the makeup sorbent. The relation between these variables can be established by tests and plotted as shown in Fig. 15.26. For a given system to achieve a given performance, there is a single line relating these two variables, called the operating line. The operating line concept can be used to optimize the basic design to achieve the lowest cost. The operating line approaches a minimum on both axes in Fig. 15.26. The minimum exhaustion rate for a given sorption duty is that which is achieved when the exhausted adsorbent is in equilibrium with the influent liquid, and the minimum retention time represents the minimum time for solution to pass through the minimum volume of carbon necessary to achieve the desired level of purity at infinitely high sorbent exhaustion rates. The arrangement of the sorber vessel influences the operating line, as shown in Fig. 15.27. Data for use in the EBRT process are obtained from the BDST analysis. A specified percentage breakthrough concentration is selected and plotted as a BDST equation using experimental / pilot plant results. From the plots at various sorbent bed heights, the EBRT and the adsorbent exhaustion rate are obtained. The points are then plotted on a graph and the ‘‘best’’ asymptotes are drawn to the curves, as shown in Fig. 15.27. The optimum minimum values for EBRT and sorbent exhaustion rate are obtained from the intercept of these curves with axes. Figures 15.28 and 15.29 show how the fixed-bed breakthrough curves were employed to obtain data for plotting the operating line. This involves fixing the defined breakthrough



FIGURE 15.26 Example of EBRT operating line plot.
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FIGURE 15.27 Effect of sorber vessel on the EBRT operating line.



value, e.g., 10% for parachlorophenol and 50% for cadmium ions, by drawing a horizontal line to cut the curves at a fixed percentage breakthrough. The volume of effluent treated at each bed height then yields the sorbent exhaustion rate. The operating line always approaches a constant value of sorbent exhaustion rate as the EBRT increases, so it is possible to predict the minimum sorbent exhaustion rate. Typical operating line plots are shown in Fig. 15.30 and 15.31. The optimum conditions are obtained from the figures and used to obtain the lowest cost design. Since both capital and operating costs are involved, these must be reduced to a common annual cost (Allen et al., 1967). The annual capital value varies from 5 to 40% of total cost depending on the application and the relation to EBRT as shown in Fig. 15.32. Other cost data based on operating fixed-bed GAC adsorption systems are available (Adams and Clark, 1991).



Fraction Breakthrough



Volume treated (V dm3) FIGURE 15.28 Adsorption of p-chlorophenol onto activated carbon.
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♦ 5 cm, ■10 cm, ▲ 15 cm, X 20 cm, ● 25 cm FIGURE 15.29 Breakthrough curves for bone char column (500–710 m) with 4 mmol / L cadmium ions in solution flowing at 50 mL / min.



FIGURE 15.30 Effect of flowrate on bone char exhaustion rate for cadmium ion removal. C0 ⫽ 3 mmol / L; average Dp ⫽ 605 m; at 50% breakthrough.
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FIGURE 15.31 Effect of percentage breakthrough on carbon exhaustion rate for p-chlorophenol removal. C0 ⫽ 200 ⫻ 10⫺3 kg m⫺3, dp ⫽ 605 ⫻ 10⫺6 m.



Pulsed Beds. A moving or pulsed-bed system may be used in which some carbon is removed at intervals from the bottom of the column and replaced at the top by fresh adsorbent. The rate at which the adsorbent is replenished should be balanced by the rate at which the adsorbent is used; in practice, the mass transfer zone should be held at a constant position within this bed. Pulsed beds are normally operated with the columns completely full of adsorbent so there is no free board to allow bed expansion during operation. This prevents mixing, which would disturb the sorption zone and reduce the adsorption efficiency. Usually, the adsorbent is maintained in ‘‘plug’’ flow so that a sharp adsorption zone will be retained. The pulsed bed



FIGURE 15.32 Annual cost to remove ABS from water.
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FIGURE 15.33 Schematic diagram of pulsedbed sorption unit.



can be operated and designed to come closest to completely exhausting the bed with a minimal capital investment. A schematic diagram of a pulsed bed sorption unit is shown is Fig. 15.33. Fluidized Beds. In wastewater treatment systems, it is advantageous to keep the particle size as small as possible so that high rates of sorption may be achieved. Columnar operation, in which the solution to be treated flows upward through an expanded bed of the particular adsorbent, is one method of taking advantage of small particle size. The main problems with the use of small particles in fixed beds are excessive head loss, air binding, entrainment of fine particles in the effluent carryover, and fouling with particulate matter. The design of a continuously operating countercurrent fluidized bed is relatively simple (Kunii and Levenspiel, 1969), although the solution of the design equations can become quite complex (McKay and Alexander, 1977).



15.3.2



Adsorbent Cost Considerations



The full economic analysis of using sorption for chemical spill treatment is highly complex for large spills that can be pumped to storage and treatment systems. The costs of the optimized treatment plant (considering adsorbent capacity optimization and minimizing contact time–to minimize equipment size), the cost of adsorbent regeneration or disposal, and the cost of purchasing the adsorbent must all be analyzed and correlated. In order to demonstrate the adsorbent cost-capacity relationship, a simple model was developed for the removal of dye from a dye solution spill (Allen, 1995). A series of experiments were undertaken using similar conditions and using Basic Blue 3 (Astrazone Blue) to compare adsorbent costs using several materials. A uniform range of adsorbent particle size, between 150 m and 250 m, was selected for all materials. Various masses of adsorbent were agitated with a constant volume and constant concentration of dye solution. The isotherms for the various dyes on different adsorbents were determined and plotted as q against C, where q is milligrams of dye adsorbed per gram adsorbent and C is the concentration of dye at equilibrium in solution. Operating conditions were selected so that the isotherms reached a plateau in order that the saturation value of the adsorption
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capacity, q, could be determined. The values were used to assess the quantity of adsorbent required to remove 1 kg of dye. These quantities have been used as a basis for costing the sorption process. The relative costs of the sorbents for the two basic dye systems are shown in Table 15.11 together with the sorption costs of removing 1 kg of dye. Carbon was taken as the standard, having a comparative unit cost per kilogram, and the relative costs of the other adsorbents are shown in the third column of Table 15.11. The mass (kg) of adsorbent required to remove 1 kg of dye is obtained from the dye isotherms and consequently, using columns 3 and 5, a comparative cost of different adsorbents to remove 1 kg of dye may be obtained; this is shown in column 4. The benefits of using peat, based on this simple analysis, are apparent. 15.3.3



Adsorbent Regeneration and Disposal



The fate of the spent adsorbent after being used for treating a chemical is an important economic issue. For large-scale spill cleanup, substantial quantities of adsorbent are required, and this is costly if expensive adsorbents are used and the material goes directly to disposal (landfill or incineration) without the possibility of adsorbent regeneration and / or chemical recovery of the spill contaminant material. For chemical plants in which adsorption processes are a routine part of daily process operations, economic usage rates are well established. For example, in the case of expensive adsorbents like active carbons and zeolites, if the usage rates are over 100 to 200 kg per day, then it is uneconomical to use for landfill. For cheaper adsorbents, such as wood, peat, and straw, usage rates can be at least five times greater. Since chemical spills are not regular process operations, these operating costs are not as critical for one-off chemical spills, although the concept of using the most economic adsorption process and cheap adsorbent is always applicable. Spent adsorbent treatments fall into two main categories: disposal and regeneration systems. Disposal Methods Landfill. Spent adsorbents from chemical spills are frequently landfilled, although legislation in recent years has made this option more difficult and more controlled. The type of landfill (lined or unlined) depends on the type of adsorbent, types of contaminants ad-



TABLE 15.11 Adsorption Costs of C.I. Basic Blue 3



Comparative cost (relative to activated carbon)



Absorbent material



Units (q)



Per kg of adsorbent



To remove 1 kg of BB3



Activated carbon Peat Silica Pith Lignite activated carbon Char Lignite Fuller’s earth



448 375 87.5 62.0 560 125 392 500



1.00 0.04 1.50 0.04 0.85 0.25 0.15 0.66



1.000 0.048 7.682 0.286 0.674 0.896 0.171 0.600



Mass of adsorbent required to remove 1 kg of dye 2.232 2.667 11.43 16.00 1.770 8.000 2.551 2.000
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sorbed, and particularly the leachate characteristics of the sorbent-sorbate system. There are severe penalties if metals or organic compounds can leach into natural watercourses, and if leaching is a problem, it may be necessary to consider encapsulation of the spent adsorbent. Incineration. For carbonaceous or cellulosic-based sorbents loaded with certain classes of contaminants, incineration provides an opportunity to destroy the contaminants / adsorbent and generate waste heat. For certain organics, such as chlorinated solvents or amines, special incineration and treatment systems should be employed due to the potential formation of NOX, hydrogen chlorine, dioxins, and furans. Regeneration Systems Thermal Regeneration. Various types of furnace are used for thermal regeneration, including rotary kilns and multiple hearth furnaces. Hot gases pass through the furnace and may burn off or simply vaporize the sorbed contaminants. Burn-off processes usually result in a 10 to 15% weight loss of active carbons but this still gives a six- to tenfold usage capacity. If the contaminant sorbates are relatively, i.e., with boiling points less than 200⬚C, quite effective regeneration can be achieved using steam. This process can be carried out either in situ, using the fixed bed column system, or by removing the spent adsorbent (for example, after batch adsorber filtration) to a furnace-type regeneration system. The contaminant-laden steam can then be condensed at a suitable temperature to condense and recover the volatiles from the chemical spill. Further separation can be applied if necessary, such as distillation. Regeneration by pH Change. Gosset et al. (1986) observed that, except for nickel, which seems so strongly complexed on peat that at pH 1.2–2.0 half of the maximum sorption capacity is attained, metals may be easily removed from peat by acid treatment. Aho and Tummavuori (1984) studied the effect of the repeated use of peat columns on the structure of the peat, its capacity to remove metals, acid elution profiles, and the maximum column flow rate. After several cycles of sorption, elution and washing with distilled water it was found that the ion-exchange capacity of the peat remained within narrow limits during repeated Cu2⫹ sorptions, thus the cations sorbed can be released with a small volume of acid and the peat sorber repeatedly used. However, the release of bound ions is strongly dependent on the chemical composition of the stripping solution. Infrared Regeneration. A number of infrared furnaces have been developed for adsorbent regeneration and which are similar in principle to thermal regeneration. The spent adsorbent is fed into the furnace and falls onto a woven-wire mesh conveyor belt and is formed into a layer 1.5 to 2.5 cm thick. The layer of adsorbent moves through the furnace under the infrared heat sources. During this process, the adsorbent undergoes drying, pyrolysis, and reactivation. In the final stage, water quenching is applied prior to transport to storage or directly to the adsorption system. Biological Regeneration. The use of biosorption and biological filters for the destruction of many organic pollutants is well established. Biological solutions can be used to digest and regenerate adsorbed organics from chemical spills by pumping these solutions through the fixed beds. The advantage is that this method can also be used in situ (Cheremisinoff and Cheremisinoff, 1993; Clark and Lykins, 1989). Supercritical Fluid Extraction. The properties of cryogenic fluids under supercritical conditions give them considerable potential for regenerating spent adsorbents. The solution characteristics of the fluid should be compatible with the adsorbed components and, when the fluid is pumped through the adsorbent bed, it will dissolve the adsorbed spill components. The supercritical fluid can be evaporated easily due to its volatility, and in some cases both the solvent and the contaminant from the spill can be recovered. The high solvation character of the supercritical fluids is due to low intermolecular distances between the solvent molecules. This novel process is expensive at present and therefore the spilled material should be high value added and recoverable, such as pharmaceutical products.
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