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Solvent Recycling, Removal, and Degradation 22.1 ABSORPTIVE SOLVENT RECOVERY Klaus-Dirk Henning CarboTech Aktivkohlen GmbH, Essen, Germany



22.1.1 INTRODUCTION A variety of waste gas cleaning processes1-4 are commercially available. They are used to remove organic vapors (solvents) from air emissions from various industries and product lines. The main applications of solvents in various industries are given in Table 22.1.1. Table 22.1.1. Application of organic solvents. [After references 2-4] Application



Solvents



Coating plants: Adhesive tapes, Mag- Naphtha, toluene, alcohols, esters, ketones (cyclohexanone, methyl netic tapes, Adhesive films, Photo- ethyl ketone), dimethylformamide, tetrahydrofuran, chlorinated hydrographic papers, Adhesive labels carbons, xylene, dioxane Chemical, pharmaceutical, food in- Alcohols, aliphatic, aromatic and halogenated hydrocarbons, esters, kedustries tones, ethers, glycol ether, dichloromethane Fibre production Acetate fibers Viscose fibers Polyacrylonitrile



Acetone, ethanol, esters carbon disulfide dimethylformamide



Synthetic leather production



Acetone, alcohols, ethyl ether



Film manufacture



Alcohols, acetone, ether, dichloromethane



Painting shops: Cellophane, Plastic Amyl acetate, ethyl acetate, butyl acetate, dichloromethane, ketones (acfilms, Metal foils, Vehicles, Hard pa- etone, methyl ethyl ketone), butanol, ethanol, tetrahydrofuran, toluene, pers, Cardboard, Pencils benzene, methyl acetate Cosmetics industry



Alcohols, esters



Rotogravure printing shops



Toluene, xylene, heptane, hexane



Textile printing



Hydrocarbons



Drycleaning shops



Hydrocarbons, tetrachloroethane
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Application



Solvents



Sealing board manufacture



Hydrocarbons, toluene, trichloroethane



Powder and explosives production



Ether, alcohol, benzene



Degreasing and scouring applications Metal components Hydrocarbons, trichloroethylene, tetrachloroethylene, dichloromethane Leather Tetrachloroethylene Wool Tetrachloroethane Loading and reloading facilities (tank Gasoline, benzene, toluene, xylene venting gases)



The basic principles of some generally accepted gas cleaning processes for solvent removal are given in Table 22.1.2. For more than 70 years adsorption processes using activated carbon, in addition to absorption and condensation processes, have been used in adsorptive removal and recovery of solvents. The first solvent recovery plant for acetone was commissioned for economic reason in 1917 by Bayer. In the decades that followed solvent recovery plants were built and operated only if the value of the recovered solvents exceeded the operation costs and depreciation of the plant. Today such plants are used for adsorptive purification of exhaust air streams, even if the return is insufficient, to meet environmental and legal requirements. Table 22.1.2. Cleaning processes for the removal and recovering of solvents Process



Basic principle



Remarks



Incineration



The solvents are completely destroyed by: thermal oxidation (>10 g/m3) Only waste heat recovery possible catalytic oxidation (3-10 g/m3)



Condensation



High concentration of solvents (>50 g/m3) - Effective in reducing heavy emissions, are lowered by direct or indirect conden- - good quality of the recovered solvents, sation with refrigerated condensers - difficult to achieve low discharge levels



Absorption



Scrubbers using non-volatile organics as scrubbing medium for the solvent removal. Desorption of the spent scrubbing fluid



Advantageous if: - scrubbing fluid can be reused directly without desorption of the absorbed solvent - scrubbing with the subcooled solvent itself possible



Membrane permeation processes are principle suited for small volumes with high Membrane permeation concentrations e.g. to reduce hydrocarbon3 concentration from several hundred g/m down to 5-10 g/m3



To meet the environmental protection requirements a combination with other cleaning processes (e.g. activated carbon adsorber) is necessary



Biological treatment



Biological decomposition by means of Sensitive against temperature and solvent bacteria and using of bio-scrubber or concentration bio-filter



Adsorption



Adsorption of the solvents by passing the waste air through an adsorber filled with activated carbon. Solvent recovery by steam or hot gas desorption



By steam desorption the resulting desorbate has to be separated in a water and an organic phase using a gravity separator (or a rectification step)



This contribution deals with adsorptive solvent removal2,12,13 and recovery and some other hybrid processes using activated carbon in combination with other purification steps.
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Due to more stringent environmental protection requirements, further increases in the number of adsorption plants for exhaust air purification may be expected. 22.1.2 BASIC PRINCIPLES 22.1.2.1 Fundamentals of adsorption To understand the adsorptive solvent recovery we have to consider some of the fundamentals of adsorption and desorption1-9 (Figure 22.1.1). Adsorption is the term for the enrichment of gaseous or dissolved substances on the boundary surface of a solid (the adsorbent). The surfaces of adsorbents have what we call active sites where the binding forces between the individual atoms of the solid structure are not completely saturated by neighboring atoms. These active sites can bind foreign molecules which, Figure 22.1.1. Adsorption terms (after reference 2). when bound, are referred to as adsorpt. The overall interphase boundary is referred to as adsorbate. The term, desorption, designates the liberation of the adsorbed molecules, which is a reversal of the adsorption process. The desorption process generates desorbate which consists of the desorpt and the desorption medium.2 A distinction is made between two types of adsorption mechanisms: chemisorption and physisorption. One, physisorption, is reversible and involves exclusively physical interaction forces (van der Waals forces) between the component to be adsorbed and the adsorbent. The other, chemisorption, is characterized by greater interaction energies which result in a chemical modification of the component adsorbed along with its reversible or irreversible adsorption.2 Apart from diffusion through the gas-side boundary film, adsorption kinetics are predominantly determined by the diffusion rate through the pore structure. The diffusion coefficient is governed by both the ratio of pore diameter to the radius of the molecule being adsorbed and other characteristics of the component being adsorbed. The rate of adsorption is governed primarily by diffusional resistance. Pollutants must first diffuse from the bulk gas stream across the gas film to the exterior surface of the adsorbent (gas film resistance). Due to the highly porous nature of the adsorbent, its interior contains by far the majority of the free surface area. For this reason, the molecule to be adsorbed must diffuse into the pore (pore diffusion). After their diffusion into the pores, the molecules must then physically adhere to the surface, thus losing the bulk of their kinetic energy. Adsorption is an exothermic process. The adsorption enthalpy, decreases as the load of adsorbed molecules increases. In activated carbon adsorption systems for solvent recovery, the liberated adsorption enthalpy normally amounts to 1.5 times the evaporation enthalpy at the standard working capacities which can result in a 20 K or more temperature increase. In the process, exothermic adsorption mechanisms may coincide with endothermic desorption mechanisms.2
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22.1.2.2 Adsorption capacity The adsorption capacity (adsorptive power, loading) of an adsorbent resulting from the size and the structure of its inner surface area for a defined component is normally represented as a function of the component concentration c in the carrier gas for the equilibrium conditions at constant temperature. This is known as the adsorption isotherm x = f (c )T. There are variety of approaches proceeding from different model assumptions for the quantitative description of adsorption isotherms (Table 22.1.3) which are discussed in detail in the literature.2,9,11 Table 22.1.3. Overview of major isotherm equations (After reference 2) Adsorption isotherm by



Isotherm equation



Notes



Freundlich



x = K × pin



low partial pressures of the component to be adsorbed



Langmuir



x=



xmaxbpi 1 + bpi



homogeneous adsorbent surface, monolayer adsorption



Brunauer, Emmet, Teller (BET)



1 pi C − 1 pi = + V ( ps − pi ) VMBC VMBC ps



Dubinin, Raduskevic



 RT   p    log s  log V = log Vs − 2.3  pi  ε β  o 



homogeneous surface, multilayer adsorption, capillary condensation n



potential theory; n = 1,2,3; e.g., n = 2 for the adsorption of organic solvent vapors on micro-porous activated carbon grades



where: K, n - specific constant of the component to be adsorbed; x - adsorbed mass, g/100 g; xmax - saturation value of the isotherm with monomolecular coverage, g/100 g; b - coefficient for component to be adsorbed, Pa; C - constant; T - temperature, K; pi - partial pressure of component to be adsorbed, Pa; ps - saturation vapor pressure of component to be adsorbed, Pa; V - adsorpt volume, ml; VMB - adsorpt volume with monomolecular coverage, ml; Vs - adsorpt volume on saturation, ml; VM - molar volume of component to be adsorbed, l/mol; R - gas constant, J(kg K); εo - characteristic adsorption energy, J/kg; β - affinity coefficient



The isotherm equation developed by Freundlich on the basis of empirical data can often be helpful. According to the Freundlich isotherm, the logarithm of the adsorbent loading increases linearly with the concentration of the component to be adsorbed in the carrier gas. This is also the result of the Langmuir isotherm which assumes that the bonding energy rises exponentially as loading decreases. However, commercial adsorbents do not have a smooth surface but rather are highly porous solids with a very irregular and rugged inner surface. This fact is taken into account by the potential theory which forms the basis of the isotherm equation introduced by Dubinin. At adsorption temperatures below the critical temperature of the component to be adsorbed, the adsorbent pores may fill up with liquid adsorpt. This phenomenon is known as capillary condensation and enhances the adsorption capacity of the adsorbent. Assuming cylindrical pores, capillary condensation can be quantitatively described with the aid of the Kelvin equation, the degree of pore filling being inversely proportional to the pore radius. If several compounds are contained in a gas stream the substances compete for the adsorption area available. In that case compounds with large interacting forces may displace less readily adsorbed compounds from the internal surface of the activated carbon.
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Figure 22.1.2. Idealized breakthrough curve of a fixed bed adsorber.



As previously stated, the theories of adsorption are complex, with many empirically determined constants. For this reason, pilot data should always be obtained on the specific pollutant adsorbent combination prior to full-scale engineering design. 22.1.2.3 Dynamic adsorption in adsorber beds For commercial adsorption processes such as solvent recovery not only the equilibrium load, but also the rate at which it is achieved (adsorption kinetics) is of decisive importance.9-15 The adsorption kinetics is determined by the rates of the following series of individual steps: • transfer of molecules to the external surface of the adsorbent (border layer film diffusion) • diffusion into the particle • adsorption The adsorbent is generally in a fixed adsorber bed and the contaminated air is passed through the adsorber bed (Figure 22.1.2). When the contaminated air first enters through the adsorber bed most of the adsorbate is initially adsorbed at the inlet of the bed and the air passes on with little further adsorption taking place. Later, when the inlet of the absorber becomes saturated, adsorption takes place deeper in the bed. After a short working time the activated carbon bed becomes divided into three zones: • the inlet zone where the equilibrium load corresponds to the inlet concentration, co • the adsorption or mass transfer zone, MTZ, where the adsorbate concentration in the air stream is reduced • the outlet zone where the adsorbent remains incompletely loaded In time the adsorption zone moves through the activated carbon bed.18-21 When the MTZ reaches the adsorber outlet zone, breakthrough occurs. The adsorption process must be stopped if a pre-determined solvent concentration in the exhaust gas is exceeded. At this
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point the activated carbon bed has to be regenerated. If, instead the flow of contaminated air is continued on, the exit concentration continues to rise until it becomes the same as the inlet concentration. It is extremely important that the adsorber bed should be at least as long as the mass transfer zone of the component to be adsorbed. The following are key factors in dynamic adsorption and help determine the length and shape of the MTZ: • the type of adsorbent • the particle size of the adsorbent (may depend on maximum allowable pressure drop) • the depth of the adsorbent bed • the gas velocity • the temperature of the gas stream and the adsorbent • the concentration of the contaminants to be removed • the concentration of the contaminants not to be removed, including moisture • the pressure of the system • the removal efficiency required • possible decomposition or polymerization of contaminants on the adsorbent 22.1.2.4 Regeneration of the loaded adsorbents In the great majority of adsorptive waste gas cleaning processes, the adsorpt is desorbed after the breakthrough loading has been attained and the adsorbent reused for pollutant removal. Several aspects must be considered when establishing the conditions of regeneration for an adsorber system.2-4,6,13-16 Very often, the main factor is an economic one, to establish that an in-place regeneration is or is not preferred to the replacement of the entire adsorbent charge. Aside from this factor, it is important to determine if the recovery of the contaminant is worthwhile, or if only regeneration of the adsorbent is required. The process steps required for this purpose normally dictate the overall concept of the adsorption unit. Regeneration, or desorption, is usually achieved by changing the conditions in the adsorber to bring about a lower equilibrium-loading capacity. This is done by either increasing the temperature or decreasing the partial pressure. For regeneration of spent activated carbon from waste air cleaning processes the following regeneration methods are available (Table 22.1.4). Table 22.1.4. Activated carbon regeneration processes (After references 2,16) Regeneration method



Pressure-swing process



Temperature-swing process: Desorption



Reactivation



Principle Alternating between elevated pressure during adsorption and pressure reduction during desorption



Steam desorption or inert gas desorption at temperatures of < 500°C Partial gasification at 800 to 900°C with steam or other suitable oxidants



Application examples Gas separation, e.g., N2 from air, CH4 from biogas, CH4 from hydrogen



Special features Raw gas compression; lean gas stream in addition to the product gas stream



Solvent recovery, process Reprocessing of desorbate waste gas cleanup All organic compounds Post-combustion, if readsorbed in gas cleaning quired scrubbing of flue applications gas generated



22.1 Absorptive solvent recovery



Regeneration method Extraction with: Organic solvents



Caustic soda solution Supercritical gases



Principle
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Application examples



Extraction with carbon Sulphur extraction disulfide or other solvents Sulfosorbon process Percolation with caustic Phenol-loads activated carbon soda e.g. extraction with super- Organic compounds critical CO2



Special features Desorbate treatment by distillation, steam desorption of solvent Phenol separation with subsequent purging Separation of CO2/organic compounds



• Pressure-swing process • Temperature-swing process • Extraction process In solvent recovery plants, temperature-swing processes are most frequently used. The loaded adsorbent is direct heated by steam or hot inert gas, which at the same time serves as a transport medium to discharge the desorbed vapor and reduce the partial pressure of the gas-phase desorpt. As complete desorption of the adsorpt cannot be accomplished in a reasonable time in commercial-scale systems, there is always heel remaining which reduces the adsorbent working capacity. Oxidic adsorbents offer the advantage that their adsorptive power can be restored by controlled oxidation with air or oxygen at high temperatures. 22.1.3 COMMERCIALLY AVAILABLE ADSORBENTS Adsorbers used for air pollution control and solvent recovery predominantly employ activated carbon. Molecular sieve zeolites are also used. Polymeric adsorbents can be used but are seldom seen. 22.1.3.1 Activated carbon Activated carbon1-8 is the trade name for a carbonaceous adsorbent which is defined as follows: Activated carbons5 are non-hazardous, processed, carbonaceous products, having a porous structure and a large internal surface area. These materials can adsorb a wide variety of substances, i.e., they are able to attract molecules to their internal surface, and are therefore called adsorbents. The volume of pores of the activated carbons is generally greater than 0.2 mlg-1. The internal surface area is generally greater than 400 m2g-1. The width of the pores ranges from 0.3 to several thousand nm. All activated carbons are characterized by their ramified pore system within which various mesopores (r = 1-25 nm), micropores (r = 0.4-1.0 nm) and submicropores (r < 0.4 nm) each of which branch off from macropores (r > 25 nm). Figure 22.1.3. shows schematically the pore system important for adsorption and desorption.17 The large specific surfaces are created predominantly by the micropores. Activated carbon is commercially available in shaped (cylindrical pellets), granular, or powdered form. Due to its predominantly hydrophobic surface properties, activated carbon preferentially adsorbs organic substances and other non-polar compounds from gas and liquid phases. Activated alumina, silica gel and molecular sieves will adsorb water preferentially from a gas-phase mixture of water vapor and an organic contaminant. In Europe cylindrically-shaped activated carbon pellets with a diameter of 3 or 4 mm are used for solvent recovery, because they assure a low pressure drop across the adsorber system. Physical and
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Figure 22.1.3. Schematic activated carbon model (After reference 17).



chemical properties of three typical activated carbon types used for solvent recovery are given in Table 22.1.5. Table 22.1.5 Activated carbon types for waste air cleaning (After reference 2) Applications (typiAdsorbent cal examples)



Compacted density, 3 kg/m



Pore volume for pore size d < 20 nm, ml/g



Pore volume for pore size d > 20 nm, ml/g



Specific surface 2 area, m /g



Specific heat capacity, J/kgK



Activated carbon, fine-pore



Intake air and exhaust air cleanup, odor control, Adsorption of low-boiling hydrocarbons



400 - 500



0.5 - 0.7



0.3 - 0.5



1000-1200



850



Activated carbon, mediumpore



Solvent recovery, Adsorption of medium-high boiling hydrocarbons



350 - 450



0.4 - 0.6



0.5 - 0.7



1200-1400



850



Activated carbon, wide-pore



Adsorption and recovery of high-boiling hydrocarbons



300 - 400



0.3 - 0.5



0.5 - 1.1



1000-1500



850



22.1.3.2 Molecular sieve zeolites Molecular sieve zeolites2,10,11 are hydrated, crystalline aluminosilicates which give off their crystal water without changing their crystal structure so that the original water sites are free for the adsorption of other compounds. Activation of zeolites is a dehydration process accomplished by the application of heat in a high vacuum. Some zeolite crystals show behavior opposite to that of activated carbon in that they selectively adsorb water in the presence of nonpolar solvents. Zeolites can be made to have specific pore sizes that impose limits on the size and orientation of molecules that can be adsorbed. Molecules above a specific size cannot enter the pores and therefore cannot be adsorbed (steric separation effect).
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Substitution of the greater part of the Al2O3 by SiO2 yields zeolites suitable for the selective adsorption of organic compounds from high-moisture waste gases. 22.1.3.3 Polymeric adsorbents The spectrum of commercial adsorbents2 for use in air pollution control also includes beaded, hydrophobic adsorber resins consisting of nonpolar, macroporous polymers produced for the specific application by polymerizing styrene in the presence of a crosslinking agent. Crosslinked styrene divinylbenzene resins are available on the market under different trade names. Their structure-inherent fast kinetics offers the advantage of relatively low desorption temperatures. They are insoluble in water, acids, lye and a large number of organic solvents. 22.1.4 ADSORPTIVE SOLVENT RECOVERY SYSTEMS Stricter regulations regarding air pollution control, water pollution control and waste management have forced companies to remove volatile organics from atmospheric emissions and workplace environments. But apart from compliance with these requirements, economic factors are decisive in solvent recovery. Reuse of solvent in production not only reduces operating cost drastically but may even allow profitable operation of a recovery system. 22.1.4.1 Basic arrangement of adsorptive solvent recovery with steam desorption Adsorptive solvent recovery units have at least two, but usually three or four parallel-connected fix-bed adsorbers which pass successively through the four stages of the operation cycle.1-4,18-23 • Adsorption • Desorption • Drying • Cooling Whilst adsorption takes place in one or more of them, desorption, drying and cooling takes place in the others. The most common adsorbent is activated carbon in the shape of 3 or 4 mm pellets or as granular type with a particle size of 2 to 5 mm (4 x 10 mesh). A schematic flow sheet of a two adsorber system for the removal of water-insoluble solvents is shown in Fig 22.1.4. The adsorber feed is pre-treated if necessary to remove Figure 22.1.4. Flow sheet of a solvent recovery system with steam solids (dust), liquids (droplets or desorption.



1516



Klaus-Dirk Henning



Figure 22.1.5. Principle of steam desorption.



aerosols) or high-boiling components as these can hamper performance. Frequently, the exhaust air requires cooling. To prevent an excessive temperature increase across the bed due to the heat of adsorption, inlet solvent concentrations are usually limited to about 50 g/m3. In most systems the solvent-laden air stream is directed upwards through a fixed carbon bed. As soon as the maximum permissible breakthrough concentration is attained in the discharge clean air stream, the loaded adsorber is switched to regeneration. To reverse the adsorption of the solvent, the equilibrium must be reversed by increasing the temperature and decreasing the solvent concentration by purging. For solvent desorption direct steaming of the activated carbon bed is the most widely used regeneration technique because it is cheap and simple. Steam (110-130°C) is very effective in raising the bed temperature quickly and is easily condensed to recover the solvent as a liquid. A certain flow is also required to reduce the partial pressure of the adsorbate and carry the solvent out of the activated carbon bed. A flow diagram for steam desorption for toluene recovery is given in Figure 22.1.5. First, the temperature of the activated carbon is increased to approx. 100°C. This temperature increase reduces the equilibrium load of the activated carbon. Further reduction of the residual load is obtained by the flushing effect of the steam and the declining toluene partial pressure. The load difference between spent and regenerated activated carbon - the “working capacity” - is then available for the next adsorption cycle. The counter-current pattern of adsorption and desorption favors high removal efficiencies. Desorption of the adsorbed solvents starts after the delay required to heat the activated carbon bed. The specific steam consumption increases as the residual load of the activated carbon decreases (Figure 22.1.6). For cost reasons, desorption is not run to completion. The desorption time is optimized to obtain the acceptable residual load with a minimum specific steam consumption. The amount of steam required depends on the interaction forces between the solvent and the activated carbon. The mixture of steam and solvent vapor from the adsorber is condensed in a condenser. If the solvent is immiscible with water the condensate is led to a gravity separator (making use of the density differential) where it is separated into a aqueous and solvent fraction.
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Figure 22.1.6. Desorption efficiency and steam consumption.



Figure 22.1.7. Options for solvent recovery by steam desorption (After references 2, 3,12).



If the solvents are partly or completely miscible with water, additional special processes are necessary for solvent separation and treatment (Figure 22.1.7). For partly miscible solvents the desorpt steam/solvent mixture is separated by enrichment condensation, rectification or by a membrane processes. The separation of completely water-soluble solvents requires a rectification column.2 After steam regeneration, the hot and wet carbon bed will not remove organics from air effectively, because high temperature and humidity do not favor complete adsorption. The activated carbon is therefore dried by a hot air stream. Before starting the next adsorption cycle the activated carbon bed is cooled to ambient temperature with air. Typical operating data for solvent recovery plants and design ranges are given in Table 22.1.6.
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Table 22.1.6. Typical operating data for solvent recovery plants Operating data



Range of design



Air velocity (m/s): Air temperature (°C): Bed height (m): Steam velocity (m/s): Time cycle for each adsorber Adsorption (h): Steaming (h): Drying (hot air, h): Cooling (cold air, h):



0.2-0.4 20-40 0.8-2 0.1-0.2 2-6 0.5-1 0.2-0.5 0.2-0.5



Solvent concentration (g/m3): Solvent adsorbed by activated carbon per cycle (% weight): Steam/solvent ratio: Energy (kWh/t solvent): Cooling water (m3/t solvent): Activated carbon (kg/t solvent):



1-20 10-20 2-5:1 50-600 30-100 0.5-1



22.1.4.2 Designing solvent recovery systems 22.1.4.2.1 Design basis1-3,18-23 Designing an activated carbon system should be based on pilot data for the particular system and information obtained from the activated carbon producer. The basic engineering and the erection of the system should be done by an experienced engineering company. Solvent recovery systems would also necessitate the specification of condenser duties, distillation tower sizes, holding tanks and piping and valves. Designing of a solvent recovery system requires the following information (Table 22.1.7). Table 22.1.7. Design basis for adsorption systems by the example of solvent recovery (After references 1-3)



Site-specific conditions



Emission sources: Production process(es), continuous/shift operation Suction system: Fully enclosed system, negative pressure control Available drawings: Building plan, machine arrangement, available space, neighborhood Operating permit as per BimSchG (German Federal Immission Control Act)



Exhaust air data (max., min., normal)



- Temperature (°C) - Volumetric flow rate (m3/h) - Relative humidity (%) - Pressure (mbar) - Solvent concentration by components (g/m3) - Concentration of other pollutants and condition (fibers, dust)



Characterization of solvents



- Molecular weight, density - Boiling point, boiling range - Critical temperature - Explosion limits - Water solubility - Corrosiveness - Stability (chemical, thermal) - Maximum exposure limits (MEL) - Safety instructions as per German Hazardous Substances Regulations (description of hazards, safety instructions, safety data sheets) - Physiological effects: irritating, allergenic, toxic, cancerogenic



Utilities (type and availability)



- Electric power - Cooling brine



Waste streams (avoidance, recycling, disposal)



- Solvent



- Steam - Cooling water - Compressed air, instrument air - Inert gas



- Steam condensate



- Adsorbent



- Filter dust
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Guaranteed performance data at rated load
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- Emission levels: pollutants, sound pressure level (dB(A)) - Utility consumption, materials- Availability



After this information has been obtained, the cycle time of the system must be determined. The overall size of the unit is determined primarily by economic considerations, balancing low operating costs against the capital costs (smaller system → shorter cycle time; bigger adsorber → long cycle time). The limiting factor for the adsorber diameter is normally the maximum allowable flow velocity under continuous operating conditions. The latter is related to the free vessel cross-section and, taking into account fluctuations in the gas throughput, selected such (0.1 to 0.5 m/s) that it is sufficiently below the disengagement point, i.e., the point at which the adsorbent particles in the upper bed area are set into motion. Once the adsorber diameter has been selected, the adsorber height can be determined from the required adsorbent volume plus the support tray and the free flow cross-sections to be provided above and below the adsorbent bed. The required adsorbent volume is dictated by the pollutant concentration to be removed per hour and the achievable adsorbent working capacity. From the view point of adsorption theory, it is important that the bed be deeper than the length of the transfer zone which is unsaturated. Any multiplication of the minimum bed depth gives more than proportional increase in capacity. In general, it is advantageous to size the adsorbent bed to the maximum length allowed by pressure drop considerations. Usually fixed-bed adsorber has a bed thickness of 0.8 - 2 m. 22.1.4.2.2 Adsorber types Adsorbers for solvent recovery1-3 units (Figure 22.1.8) are build in several configurations: • vertical cylindrical fixed-bed adsorber • horizontal cylindrical fixed-bed adsorber • vertical annular bed adsorber • moving-bed adsorber • rotor adsorber (axial or radial) For the cleanup of high volume waste gas streams, multi adsorber systems are preferred. Vertical adsorbers are most common. Horizontal adsorbers, which require less overhead space, are used mainly for large units. The activated carbon is supported on a cast-iron grid which is sometimes covered by a mesh. Beneath the bed, a 100 mm layer of 5 - 50 mm size gravel (or Al2O3 pellets) is placed which acts as a heat accumulator and its store part of the desorption energy input for the subsequent drying step. The depth of the carbon bed, chosen in accordance with the process conditions, is from 0.8 to 2 m. Adsorbers with an annular bed of activated carbon are less common. The carbon in the adsorber is contained between vertical, cylindrical screens. The solvent laden air passes from the outer annulus through the outer screen, the carbon bed and the inner screen, then exhausts to atmosphere through the inner annulus. The steam for regeneration of the carbon flows in the opposite direction to the airstream. Figure 22.1.8 illustrates the operating principle of a counter-current flow vertical moving bed adsorber. The waste gas is routed in counter-current to the moving adsorbent and such adsorption systems have a large number of single moving beds. The discharge system ensures an uniform discharge (mass flow) of the loaded adsorbent. In this moving bed system adsorption and desorption are performed in a separate column or column sections. The process relies on an abrasion resistant adsorbent with good flow proper-
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Figure 22.1.8. Adsorber construction forms.



ties (beaded carbon or adsorber resins). After the adsorption stage of a multi-stage fluidized-bed system, the loaded adsorbent is regenerated by means of steam or hot inert gas in a moving-bed regenerator and pneumatically conveyed back to the adsorption section.2 When using polymeric adsorbents in a comparable system, desorption can be carried out with heated air because the structure-inherent faster kinetics of these adsorbents require desorption temperatures of only 80 to 100°C. Rotor adsorbers allow simultaneous adsorption and desorption in different zones of the same vessel without the need for adsorbent transport and the associated mechanical stresses. Rotor adsorbers can be arranged vertically or horizontally and can be designed for
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axial or radial gas flow, so that they offer great flexibility in the design of the adsorption system. The choice of the rotor design2,27,33 depends on the type of adsorbent employed. Rotor adsorbers accommodating pellets or granular carbon beds come as wheel type baskets divided into segments to separate the adsorption zone from the regeneration zone. Alternatively, they may be equipped with a structured carrier (e.g., ceramics, cellulose) coated with or incorporating different adsorbents such as • activated carbon fibers • beaded activated carbon • activated carbon particles • particles of hydrophobic zeolite The faster changeover from adsorption to desorption compared with fixed-bed adsorbers normally translates into a smaller bed volume and hence, in a reduced pressure loss. Hot air desorption is also the preferred method for rotor adsorbers. Hot air rates are about one tenth of the exhaust air rate. The desorbed solvents can either be condensed by chilling or disposed of by high-temperature or catalytic combustion. In some cases, removal of the concentrated solvents from the desorption air in a conventional adsorption system and subsequent recovery for reuse may be a viable option. The structural design of the adsorber is normally governed by the operating conditions during the desorption cycle when elevated temperatures may cause pressure loads on the materials. Some solvents when adsorbed on activated carbon, or in the presence of steam, oxidize or hydrolyze to a small extent and produce small amounts of corrosive materials. As a general rule, hydrocarbons and alcohols are unaffected and carbon steel can be used. In the case of ketones and esters, stainless steel or other corrosion resistant materials are required for the solvent-wetted parts of the adsorbers, pipework and condensers, etc. For carbon tetrachloride and 1,1,1-trichloroethane and other chlorinated solvents, titanium has a high degree of resistance to the traces of acidity formed during recovery. 22.1.4.2.3 Regeneration The key to the effectiveness of solvent recovery is the residual adsorption capacity (working capacity) after in-place regeneration. The basic principles of regeneration are given in Sections 22.1.2.4 and 22.1.4.1. After the adsorption step has concentrated the solvent, the design of the regeneration system1-3,13-16 depends on the application and the downstream use of the desorbed solvents whether it be collection and reuse or destruction.Table 22.1.8 may give some indications for choosing a suitable regeneration step. Table 22.1.8 Basic principle of regeneration Regeneration step



Off-site reactivation



Basic principle Transportation of the spent carbon to a reactivation plant. Partial gasification at 800-900°C with steam in a reactivation reactor. Reuse of the regenerated activated carbon



Typical application - low inlet concentration - odor control application - solvents with boiling points above 200 °C - polymerization of solvents
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Regeneration step
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Basic principle



Typical application



Steam desorption



Increasing the bed temperature by direct Most widely used regeneration technique steaming and desorption of solvent. The for solvent recovery plants. steam is condensed and solvent recovConcentration range from 1-50 g/m3 ered.



Hot air desorption



Rotor adsorber are often desorbed by hot Concentration by adsorption and incinerair ation of the high calorific value desorbate



Recovery of partly or completely water Desorption by means of an hot inert gas soluble solvents. Hot inert gas desorption recirculation. Solvent recovery can be Recovery of reactive solvents (ketones) achieved with refrigerated condenser or solvents which react with hot steam (chlorinated hydrocarbons) Atmospheric pressure adsorption and Pressure swing adsorp- heatless vacuum regeneration. tion/vacuum regenera- The revaporized and desorbed vapor is tion transported from the adsorption bed via a vacuum pump.



Low-boiling and medium-boiling hydrocarbon vapor mixes from highly concentrated tank venting or displacement gases in large tank farms. Recovery of monomers in the polymer industry.



Recovery of reactive solvents of the Reduced pressure and Steam desorption at low temperature and ketone-type. low temperature steam reduced pressure. Minimizing of side-reactions like oxidizdesorption ing, decomposing or polymerizing.



22.1.4.2.4 Safety requirements Adsorption systems including all the auxiliary and ancillary equipment needed for their operation are subject to the applicable safety legislation and the safety requirements of the trade associations and have to be operated in accordance with the respective regulations.2,19 Moreover, the manufacturer’s instructions have to be observed to minimize safety risks. Activated carbon or its impurities catalyze the decomposition of some organics, such as ketones, aldehydes and esters. These exothermic decomposition reactions25,26 can generate localized hot spots and/or bed fires within an adsorber if the heat is allowed to build up. These hazards will crop up if the flow is low and the inlet concentrations are high, or if an adsorber is left dormant without being completely regenerated. To reduce the hazard of bed fires, the following procedures are usually recommended: • Adsorption of readily oxidizing solvents (e.g., cyclohexanone) require increased safety precautions. Instrumentation, including alarms, should be installed to monitor the temperature change across the adsorber bed and the outlet CO/CO2 concentrations. The instrumentation should signal the first signs of decomposition, so that any acceleration leading to a bed fire can be forestalled. Design parameters should be set so as to avoid high inlet concentrations and low flow. A minimum gas velocity of approximately 0.2 m/s should be maintained in the fixed-bed adsorber at all times to ensure proper heat dissipation. • A virgin bed should be steamed before the first adsorption cycle. Residual condensate will remove heat.



22.1 Absorptive solvent recovery
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• Loaded activated carbon beds require constant observation because of the risk of hot spot formation. The bed should never be left dormant unless it has been thoroughly regenerated. • After each desorption cycle, the activated carbon should be properly cooled before starting a new adsorption cycle. • Accumulation of carbon fines should be avoided due to the risk of local bed plugging which may lead to heat build up even with weakly exothermic reactions. • CO and temperature monitors with alarm function should be provided at the clean gas outlet. • The design should also minimize the possibility of explosion hazard • Measurement of the internal adsorber pressure during the desorption cycle is useful for monitoring the valve positions. • Measurement of the pressure loss across the adsorber provides information on particle abrasion and blockages in the support tray. • Adsorption systems must be electrically grounded. 22.1.4.3 Special process conditions 22.1.4.3.1 Selection of the adsorbent The adsorption of solvents on activated carbon1-4 is controlled by the properties of both the carbon and the solvent and the contacting conditions. Generally, the following factors, which characterize the solvent-containing waste air stream, are to be considered when selecting the most well suited activated carbon quality for waste air cleaning: for solvent/waste air: • solvent type (aliphatic/aromatic/polar solvents) • concentration, partial pressure • molecular weight • density • boiling point, boiling range • critical temperature • desorbability • explosion limits • thermal and chemical stability • water solubility • adsorption temperature • adsorption pressure • solvent mixture composition • solvent concentration by components • humidity • impurities (e.g., dust) in the gas stream for the activated carbon type: General properties: • apparent density • particle size distribution • hardness • surface area
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• activity for CCl4/benzene • the pore volume distribution curve For the selected solvent recovery task:



• the form of the adsorption isotherm • the working capacity • and the steam consumption The surface area and the pore size distribution are factors of primary importance in the adsorption process. In general, the greater the surface area, the higher the adsorption capacity will be. However, that surface area within the activated carbon must be accessible. At low concentration (small molecules), the surface area in the smallest pores, into which the solvent can enter, is the most efficient surface. With higher concentrations (larger molecules) the larger pores become more efficient. At higher concentrations, capillary condensation will take place within the pores and the total micropore volume will become the limiting factor. These molecules are retained at the surface in the liquid state, because of intermolecular or van der Waals forces. Figure 22.1.9 shows the relationship between maximum effective pore size and concentration for the adsorption of toluene according to the Kelvin theory. It is evident that the most valuable information concerning the adsorption capacity of a given activated carbon is its adsorption isotherm for the solvent being adsorbed and its pore volume distribution curve. Figure 22.1.10 presents idealized toluene adsorption isotherms for three carbon types: • large pores predominant • medium pores predominant • small pores predominant The adsorption lines intersect at different concentrations, depending on the pore size distribution of the carbon. The following applies to all types of activated carbon: As the toluene concentration in the exhaust air increases, the activated carbon load increases.



Figure 22.1.9. Relationship between maximum effective pore diameter and toluene concentration.
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Figure 22.1.10. Idealized toluene adsorption isotherms.



Figure 22.1.11. Adsorption isotherm of five typical solvents (After reference 13).



From the viewpoint of adsorption technology, high toluene concentration in the exhaust air is more economic than a low concentration. But to ensure safe operation, the toluene concentration should not exceed 40% of the lower explosive limit. There is, however, an optimum activated carbon type for each toluene concentration (Figure 21.1.10). The pore structure of the activated carbon must be matched to the solvent and the solvent concentration for each waste air cleaning problem. Figure 22.1.11 shows Freundlich



1526



Klaus-Dirk Henning



adsorption isotherms of five typical solvents as a function of the solvent concentrations in the gas stream. It is clear that different solvents are adsorbed at different rates according to the intensity of the interacting forces between solvent and activated carbon. Physical-chemical properties of three typical activated carbons used in solvent recovery appear in Table 22.1.9. Table 22.1.9. Activated carbon pellets for solvent recovery (After reference 13) AC-Type



C 38/4



Appearance



C 40/4



D 43/4



cylindrically shaped 3



380±20



400±20



430±20



Moisture content, wt%
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