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 Foaming in Wet Flue Gas Desulfurization Plants: The Influence of Particles, Electrolytes, and Buffers Brian B. Hansen, Søren Kiil,* Jan E. Johnsson, and Klaus B. Sønder Department of Chemical and Biochemical Engineering, Technical UniVersity of Denmark Building 229, DK-2800 Kgs. Lyngby, Denmark
 
 The objective of this work is to study the influence of particles, electrolytes, and buffers on the foaming ability of wet flue gas desulfurization (FGD) slurries. Foaming within this industrial process has been associated with a range of operational problems, as well as an increased degree of absorption. The foaminess of selected process parameters has been assessed, systematically, using laboratory-scale Bikerman experiments. Adipic acid alone, as well as a combination of small particles and an electrolyte, have been demonstrated to generate weak transient foams (with a Bikerman coefficient (Σ) of e7 s), that potentially can interfere with process monitoring equipment. Additional experiments with a wet FGD pilot plant showed an increased absorption efficiency of sulfur dioxide (SO2) by a tap water solution with small quartz particles and calcium chloride (CaCl2), compared to a solution of pure tap water. 1. Introduction A wide range of products contain a foam structure. Examples include firefighting chemicals, polymeric insulation materials, shaving cream, and meringues/cakes. The presence of foam may also affect the customer’s perception of the efficiency of a product, such as in the case of detergents, or provide an aesthetic appeal, such as in the case of personal care products and beer. Within industrial processes, foaming can be both beneficial and harmful. It can provide an increased interfacial area for absorption, protect melts from the atmosphere, or provide separation of different minerals by flotation. In other cases, foaming is associated with problems such as overflow to subsequent piping/reactors. Foaming within industrial processes can be identified by sight glasses, the withdrawal of samples, or via density measurements (radioactive scanning).1 One such industrial process is the wet flue gas desulfurization (FGD) process, in which SO2 and other acidic compounds are removed from flue gases generated by fossil fuel (coal and oil) combustion. A range of different desulfurization technologies exists, but the wet FGD process covers the majority of the installed capacity worldwide.2 The wet FGD process consists of an absorber that brings a flue gas that contains acidic species (sulfur dioxide (SO2) and hydrochloric acid (HCl)) into contact with an alkaline slurry. Finely ground limestone particles (CaCO3) are often used to generate the alkaline slurry. The mass transfer of SO2, and thereby the degree of desulfurization, may be influenced by both gas-film resistance and liquid-film resistance, depending on the SO2 concentration in the flue gas, the ratio of liquid to gas (L/G), and the reactant used. The influence of the liquid-film diffusion can be reduced by the presence of organic buffers in the slurry. The slurry leaving the absorber is collected in a holding/reaction tank, which often is an integrated part of the absorber. The SO2 absorbed dissociates to hydrogen sulfite (HSO3-), and if additional oxidation air is supplied to the holding tank, it will be converted to sulfate (SO42-). The sulfate will crystallize as gypsum (CaSO4‚2H2O; see eq 1) while the absorbed chloride remains in solution. * To whom correspondence should be addressed. Tel.: +45 45252827. Fax +45 45882258. E-mail address: [email protected].
 
 1 CaCO3(s) + SO2(g) + 2H2O(l) + O2(g) f CaSO4‚2H2O(s) + 2 CO2(g) (1)
 
 The gypsum produced is withdrawn, washed, and dewatered using technologies such as hydrocyclones, centrifuges, and belt filters, until a commercial product is obtained. After the flue gas has been brought into contact with the slurry, it usually passes a demister to remove entrained droplets. The wet FGD process can be subdivided according to the way the gas-slurry contact is obtained. In the jet bubbling reactor (JBR), the flue gas is bubbled through a tank that contains the slurry, while the counter-current spray tower and the co-current packed tower distribute the slurry as droplets, using atomizing nozzles, or as a liquid film across the grid elements. In the two latter cases, the oxidation air will be bubbled through the liquid phase and stirrers will be present to keep the slurry well-mixed. Because of this difference in design, the superficial gas velocity of the gas phase that is passing through the slurry will be of a magnitude of 1 m/s in a JBR setup, compared to 0.01 m/s in the other two designs. The stirring in the holding tank, as well as the splash from the falling slurry, will provide an additional incentive for foaming in the two latter cases. Within the Danish power-plant sector, foaming in wet FGD plants has been linked to problems such as interference with the online density and slurry level measurements, gypsum scaling in the demister, cavitation in recycle pumps, and overflow of the slurry tank. However, foaming may also provide an increased interfacial area for absorption of SO2. The higher gas flow through the slurry in the JBR design generates a pronounced foaming. An increased degree of desulfurization is observed when the flue gas stream passes through the foam layer on top of the slurry.3 The literature contains a few observations of foaming during wet FGD experiments,3,4 but no systematic investigation of its source has been reported. However, a systematic investigation of foaming within another industrial process (sour water stripping) has been reported.5 Foaming in the presence of 25 g Cl-/L has been reported for wet FGD pilot scale experiments with a falling-film column4 as well as the JBR3 design. The falling-film experiments showed a minor increase in the degree of desulfurization (from 80% to 83%), whereas a significant
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 Ind. Eng. Chem. Res., Vol. 47, No. 9, 2008 Table 1. Parameters Selected for Further Investigation parameter
 
 Figure 1. Plateau border at the intersection of three bubbles; the curvature at point A causes a lower pressure of the liquid than that at point B, thereby inducing capillary flow toward the Plateau border.9 Reprinted with the permission of Elsevier.
 
 increase was observed in the JBR experiments (from 80% to >99%). Foaming was observed in falling-film column experiments4 with 0.5 × 10-2 and 10-2 M adipic acid but not in the presence of 10-2 M citric acid. These organic acids provide an increased degree of desulfurization (from 83% to 90%-92%), because of their pH buffering effect; however, the slight difference in the degree of desulfurization in the presence of 10-2 M adipic acid (92%) and 10-2 M citric acid (90%) may be the result of the observed foaming. An investigation of foaming in a packed tower for sour water stripping, which is classified as a heavy foaming system,6 has furthermore been reported in the literature.5 Based on Bikerman column experiments and gas chromatography-mass spectroscopy (GC-MS) measurements, the foaming compounds were identified as impurities (phenol and p-cresol) that were present in the feed, which were further enriched within the packed tower. These impurities contained both hydrophilic and hydrophobic parts, making them surface-active. This work will focus on the foaming problems that occasionally occur in wet FGD scrubbers. Because the combustion of fossil fuels supplies a substantial part of the world’s present energy demand, and is expected to continue to do so in the coming years,7 an increased understanding of the various aspects of the FGD technologies is important to the power-plant industry. 2. Foam Theory Bubbles in a liquid may form as a result of injected air, stirring, or the flow conditions that are present. The balance between the arrival of new bubbles to the surface and their persistence (lifetime) determines if an accumulation of bubbles, and thereby foam formation, will occur. Kitchener8 classified foams into the following three categories, according to their persistence and composition: (1) Temporary dispersions, which involve spherical bubbles in a foam layer with an air content of 90°), the particles may act as air bridges through the lamella,10 thereby destabilizing the froth. The stabilizing effect of particles, consequently, will be dependent on their size, shape, and hydrophobicity/ wettability.10,11 Electrolytes may promote the adhesion of particles to the gas/liquid interface, through a reduction of the electrostatic repulsion between the particles and the bubbles (a thinner electrostatic double layer) and interactions that increase the hydrophobicity of the particle surface.10,11 A thinner electrostatic double layer may also destabilize the dispersion and lead to particle flocculation. The thickness of the electrostatic double layer (κ-1), as expressed by eq 2, will be dependent on the type, charge, and concentration of the electrolyte.
 
 κ-1 )
 
 x
 
 Naq
 
 0rkT 2
 
 ∑i Ci,bzi
 
 (2) 2
 
 3. Strategy of Investigation
 
 This investigation of the occurrence of foaming in wet FGD plants consists of laboratory as well as pilot-scale experiments. The purpose is to explore, systematically, the effect on foaming for several relevant compounds present in FGD slurries. These compounds, which are presented in Table 1, have been selected based on knowledge of the wet FGD process as well as the overview provided in the Introduction. The concentration ranges provided represent realistic conditions that prevail in full-scale wet FGD plants. Calcium chloride (CaCl2‚2H2O) is used to simulate the presence of Ca2+ and Cl- ions in full-scale wet FGD plants. The Cl- ions originate from gaseous HCl that has been absorbed in the slurry.12 In addition to additives, ions, and particles, the microbiology present within full-scale wet FGD plants may also be a potential source of foaming. The carboxylic acids used as organic buffers within a wet FGD plant may provide a carbon source for bacteria present in the warm (∼50 °C) slurry.13 This biomass will release macromolecules and proteins during its degradation, thereby introducing foaming agents to the system. Foaming, as seen along the shores of lakes and oceans during autumn, may be the consequence. However, this aspect will not be addressed in this investigation, because of the absence of microbiological activity in the pilot plant.
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 A Bikerman column has been used for the initial laboratoryscale screening of the different parameters in solutions of demineralized water at room temperature. Based on the results of this screening, further experiments and surface tension measurements (using a Wilhelmy plate) have been performed to identify the mechanisms that cause foam and their concentration dependence. Selected foaming mixtures have then been used in a falling-film pilot plant to investigate the influence of foaming on SO2 absorption. Finally, considerations regarding the transfer of the result to industrial scale have been performed. 4. Experimental Setup and Procedure 4.1. The Bikerman Method. The Bikerman method belongs to the dynamic type of foam measurement techniques, in which the foam height is determined by a dynamic equilibrium between the rate of bubble formation and the rate of bubble collapse. This type of technique is especially useful in the case of solutions with a low foamability.5 The experimental setup consists of a glass column (with an inner diameter of di ) 0.07 m) that has been equipped with a porous glass disc in the bottom. Bubbles are generated by a flow of nitrogen through the porous glass disc. The experiments were performed at room temperature using 0.1 L of the different solutions. The foam height (h), as a function of gas flow rate (Vs), is recorded and used to calculate a Bikerman/foaminess coefficient of the solution (Σ):
 
 ∑ ) Vs h
 
 (3)
 
 This coefficient expresses the average bubble lifetime in the foam before it bursts. Σ is reported to be independent of gas flow rate, the shape, and dimensions of the column and the amount of solution present, provided that evaporation (low gas velocities) or rupture of the lamella (high gas velocities) is not significant.14 4.2. Pilot Plant. The wet FGD pilot plant simulates a single vertical channel of the packing zone in a co-current full-scale wet FGD grid absorber. The basic outline of the pilot plant is illustrated in Figure 2. A 110-kW natural gas burner generates a feed flue gas to which pure SO2 is subsequently added. The absorber is a 7-m poly(vinyl chloride) (PVC) pipe (di ) 0.033 m) with multiple sampling sites. In the absorber, the flue gas is brought into contact with slurry recycled from the holding tank (di ) 0.4 m). The slurry leaving the absorber is collected in the holding tank, where air injection and reactant addition occur. The pH of the holding tank is kept constant, using an on/off control of the feed stream. A timer-controlled pump removes the slurry that exceeds a given level, which ensures a constant slurry level in the tank. Further details concerning the pilot plant can be found in a previous publication.15 Note that the absorber length has been increased from 5 m to 7 m, to obtain higher degrees of desulfurization. During normal desulfurization operation, the additives, ions, and particles mentioned in Table 1 will be present simultaneously. To investigate the influence of individual parameters, the degree of absorption will be investigated by absorbing SO2 from a 500 ppm(v) flue gas stream, using tap water solutions of salts and/or particles at an L/G ratio of 13.1-13.5 L/m3 (STP). Before an experiment was started, the holding tank was filled with a 30-L batch of tap water (Eastern Zeeland-Denmark) that contained a carbonate buffer. During the experiments, neither the addition of an alkaline feed stream nor the withdrawal of a product stream was performed. As the buffering effect from
 
 Figure 2. Outline of wet flue gas desulfurization (FGD) pilot plant.
 
 the bicarbonate (HCO3-)/carbonic acid (H2CO3) equilibrium is being used up by the SO2 that is absorbed, the pH of the holding tank will decline from ∼7 until the experiment is stopped at pH 6.2, after ∼20-30 min. In this pH range, the buffering effect from the carbonate (CO32-)/bicarbonate (HCO3-) equilibrium will be negligible (pKa ) 10.33).16 Based on the amount of SO2 supplied (eq 4) and the amount that absorbs and reacts with bicarbonate (eqs 5-8), the average absorption efficiency can be calculated (eq 9). nSO2in )
 
 ∆tGySO2,in
 
 (4)
 
 Vm,SO2
 
 nSO2,a ) Vl∆CHCO3pH ) pKa + log
 
 (5)
 
 ( ) CHCO3-
 
 (6)
 
 CH2CO3
 
 Rearranging leads to CHCO3f
 
 CHCO3- + CH2CO3
 
 [(
 
 ∆CHCO3- ) CHCO3-,in
 
 )
 
 10pH-pKa 1 + 10pH-pKa
 
 ) (
 
 10pHin-pKa 10pHf-pKa 1 + 10pHin-pKa 1 + 10pHf-pKa ηa )
 
 nSO2,a nSO2,in
 
 × 100
 
 (7)
 
 )]
 
 (8)
 
 (9)
 
 Foaming within the pilot plant may be initiated by the oxidation air that is introduced (Vs ) 0.002 m/s (STP)), from the stirring and from the splash caused by the falling film onto the slurry surface in the holding tank. The degree of hardness of the tap water used (19°dH)17 corresponds to a bicarbonate (HCO3-) concentration of 6.78 × 10-3 M. 5. Results and Discussion 5.1. Initial Bikerman Screening. The foamability of the selected process parameters will be evaluated based on the
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 Figure 3. Foaming behavior illustrated by 10-2 M adipic acid solution (left) and the bubble transition layer formed in the absence of foaming illustrated by demineralized water (right). Both have a velocity of Vs ) 0.01 m/s.
 
 Figure 5. Foam layer height of particle mixtures (h), as a function of the superficial gas velocity (Vs). Figure 4. Foam layer height of single parameters (h), as a function of the superficial gas velocity (Vs).
 
 additional height (∆h) that a foaming solution generates, compared to the foaming height of demineralized water.
 
 ∆h ) hfo - hw
 
 (10)
 
 This quantity will be investigated for superficial gas velocities in the range of 0.002-0.070 m/s, thereby covering the average superficial gas velocity of oxidation air (0.01 m/s) in gypsumproducing wet FGD plants. Furthermore, it will be noted whether a given solution generates a foam layer or not. However, a nonfoaming solution may still generate a small transition zone where individual bubbles burst. The difference, in terms of bubble size and structure, between a foaming and a non-foaming solution is illustrated by Figure 3. Figures 4 and 5 show the foam height, as a function of superficial gas velocity, of single-process-parameter solutions and particle mixtures, respectively. Furthermore, Table 2 summarizes the outcome of the Bikerman experiments, in terms of whether a foam layer is formed or not and the corresponding Bikerman coefficient, in the case of foaming mixtures. The only single parameter that caused foaming was the 10-2 M adipic acid solution; no foaming was observed in the solutions that contained only limestone, sodium sulfate, gypsum, or calcium chloride. The mixtures that contained adipic acid and sodium sulfate/calcium chloride caused foaming to an extent similar to that generated by adipic acid itself (Σ ) 6-7 s). Particle mixtures (limestone and gypsum) that contained a high
 
 Table 2. Foamability of the Examined Process Parameters single-component mixtures demineralized water limestone sulfate gypsum chloride adipic acid: Σ ) 6.0 s
 
 a
 
 multiple-component mixtures Non-foaming adipic acid + limestone gypsum (∼5 wt % limestone) chloride + sulfate sulfate + limestone
 
 Foaming - Σ [s]a adipic acid + sulfate: Σ ) 7.0 s adipic acid + chloride: Σ ) 6.0 s chloride + limestone: Σ ) 3.2 s chloride + gypsum: Σ ) 3.5 s
 
 At Vs ) 0.032 m/s.
 
 electrolyte concentration (25 g Cl-/L) also generated foaming, but to a lesser extent than observed with the adipic acid foams. The Bikerman coefficient of the adipic acid solution was slightly higher (Σ ) 6.0-7.0 s) than that for the particle mixtures (Σ ) 3.2-3.5 s), but both cases must be classified as relatively weak transient foams. The foaming solutions all began foaming above a superficial gas velocity of 0.01-0.02 m/s. No foaming was observed for mixtures of adipic acid and limestone, gypsum and limestone, calcium chloride and sodium sulfate, and limestone and sodium sulfate. The absence of foaming by the adipic acid and limestone mixture is surprising, but it may be related to the fact that an excess of limestone is present. The limestone can react with the adipic acid, yielding its conjugated base, which apparently may remain in solution instead of orienting itself toward the gas/liquid interface.
 
 Ind. Eng. Chem. Res., Vol. 47, No. 9, 2008 3243 Table 4. Surface Tension and Bikerman Index of SDS Solutionsa SDS concentration [M]
 
 average surface tensionb [mN/m]
 
 10-2 5 × 10-3 2 × 10-3 10-3 5 × 10-4 3 × 10-4 10-4 7 × 10-5
 
 32.3 (0.3) 28.1 (0.8) 36.4 (2.3) 43.6 (0.5) 55.1 (0.3) 62.3 (0.7) 68.5 (1.1) 71.6 (0.8)
 
 Σc [s] d d d d d
 
 4.7 3.8 1.3
 
 a All concentration levels resulted in foaming. b Standard deviation given in parentheses. c At Vs ) 0.032 m/s. d No Bikerman coefficient determined.
 
 Figure 6. Repeatability of the observed foam layer height (h), illustrated here with three gypsum and 25 g Cl-/L experiments. Table 3. Surface Tension of Solutions parameter
 
 concentration
 
 average surface tensiona (mN/m)
 
 demineralized water adipic acid sulfate chloride
 
 10-2 M 1.2 g/L 25 g/L
 
 72.8b 71.7 (0.9) 70.7 (0.8) 72.0 (1.2)
 
 a Standard deviation given in parentheses. b Reference value taken from the literature (ref 16).
 
 Figure 6 shows the foam height of multiple experiments with gypsum and chloride mixtures, demonstrating a good repeatability between the individual experiments. 5.2. Adipic Acid Mechanism. Adipic acid (HOOC-(CH2)4COOH) consists of both hydrophilic (two acid groups) and hydrophobic parts (a hydrocarbon backbone), so its behavior, in terms of foaming, is expected to be similar to that of simple carboxylic acids. In an overview of the foaming behavior of different compounds, Bikerman14 has presented dynamic as well as static data for the foamability of several monoprotic carboxylic acids. The maximal foaminess coefficient of a given solution (eq 3) increased from formic acid (2.9 s) to hexanoic acid (37 s), whereas the concentration (mass percentage) at which this occurred decreased from 8.8% to 0.035%. The time of collapse of a foam after shaking (static method) showed a similar behavior through the series of formic acid to heptanoic acid, after which it declined. Note that the foaminess of fatty acids is dependent on their ionization and, thereby, the pH. The maximal foamability is obtained at high pH values, but even below the pKa, some foamability may remain, as in the case of heptanoic acid.18 The foaminess coefficient obtained for adipic acid in this investigation (Σ ) 6.0 s at 1460 ppm) is somewhat less than the value reported for its monoprotic counterpart, hexanoic acid: Σ ) 37 s at 350 ppm. This difference is expected, because of the difference in concentration and hydrophobicity of the two compounds. If the adipic acid is positioning itself at the interface between air and water, as a surfactant, a decrease in surface tension is expected. Typical surfactants can form micelles and consist of a long hydrocarbon tail, as opposed to the short hydrocarbon backbone (four C atoms) of adipic acid. To verify if this positioning was occurring, surface tension measurements using the Wilhelmy plate method were performed for the particlefree mixtures. The results obtained are presented in Table 3. However, no significant difference in surface tension could be detected in any of the samples. An additional Bikerman
 
 Figure 7. Foam layer height (h) for different sodium dodecyl sulfate (SDS) solutions, as a function of the superficial gas velocity (Vs).
 
 experiment with 10-2 M citric acid (a triprotic carboxylic acid) did not generate any foaming. This indicates that differences in hydrophility influence foaming, possibly because of differences in the affinity for positioning at the air/water interface. To investigate whether the absence of a decrease in surface tension was due to the limitations of the measuring technique, additional surface tension measurements (Table 4), as well as Bikerman experiments (Figure 7), have been performed for solutions of sodium dodecyl sulfate (SDS), which is a classical anionic surfactant. The surface tension of a 7 × 10-5 M solution of SDS surfactant could not be distinguished from that of pure water, despite the fact that the solution did generate a foam layer of limited average bubble lifetime (Σ ) 1.3 s), compared to the more-concentrated (10-2 M) adipic acid solution (Σ ) 6.0 s). The 10-4 M SDS solution produced a significant foam layer (Σ ) 3.8 s) and did show a decrease in surface tension. Therefore, changes in surface tension that were too small to be detected by the Wilhelmy plate setup may still facilitate foaming. The foaming potential of adipic acid may consequently be the result of a surfactant-like behavior of the adipic acid molecules, causing a small decrease in surface tension, an increased elasticity of the lamella, and/or an increased interfacial viscosity. 5.3. Particle and Electrolyte Mechanism. The foaming mechanism for the Cl- and particle mixtures (limestone and gypsum) has been investigated by additional Bikerman experiments, using two different sizes of quartz particles and various electrolytes. Because quartz has been reported to be a strongly hydrophilic mineral,9 which is completely wettable by water, no foamability is expected from the particles themselves. This was confirmed by experiments with quartz particles in demineralized water. Figure 8 shows a comparison of the particle
 
 3244
 
 Ind. Eng. Chem. Res., Vol. 47, No. 9, 2008
 
 Figure 8. Cumulative volumetric particle size distribution of the quartz, limestone, and gypsum.
 
 Figure 10. Foam layer height (h), as a function of quartz concentration (25 g Cl-/L). Table 5. Influence of Selected Electrolytes on the Foamability of Small Quartz Particles concentration
 
 electrolyte
 
 foam?
 
 Σa [s]
 
 Small Quartz Particles 30 g/L
 
 no
 
 Small Quartz Particles + Chloride 30 g/L + 25 g Cl-/L CaCl2 yes 30 g/L + 25 g Cl-/L KCl yes BaCl2 yes 30 g/L + 25 g Cl-/L 30 g/L + 25 g Cl-/L HCl no Small Quartz Particles + Bromide 30 g/L + 25 g Br-/L CaBr2 yes a
 
 Figure 9. Foam layer height (h) for quartz mixtures, as a function of the superficial gas velocity (Vs).
 
 size distributions of the two types of quartz particles, as well as the limestone and the FGD gypsum. The measured foam height of quartz and electrolyte mixtures, as illustrated by Figure 9, shows the importance of particle size on the foaming ability of a solution. Although the small quartz particles in the presence of an electrolyte are able to produce a weak transient foam layer, the corresponding large particles are unable to generate foam. The concentration ranges used for the two quartz types have been selected to simulate the concentration ranges of limestone and gypsum particles in wet FGD plants, respectively. This is in agreement with the literature, which states that the stabilizing effect of particles will increase as the particle size decreases, among other factors.10 Table 5 summarizes the foaming behavior for a range of small-quartz-particle slurries in the presence of different electrolytes. The hydrophilic quartz particles do not show any foaming behavior by themselves; however, in the presence of the various electrolytes, a weak transient foam (Σ ) 1.3-2.8 s) was observed. The only notable exception to this is the absence of foaming in the presence of HCl. The foaming is believed to be the result of a reduction of the electrostatic repulsion between particles and bubbles (a thinner electrostatic double layer), as well as surface modifications, facilitated by
 
 2.5 1.6 2.8
 
 1.3
 
 At Vs ) 0.032 m/s.
 
 the electrolytes, which generates more hydrophobic particles, as it has been reported in the literature for experiments that involve modified silica particles.11 The particles can then adsorb at the liquid/air interface, because of their increased hydrophobicity, and thereby provide a strengthening effect to the bubbles as well as a decreased drainage rate. A reduced foamability in the presence of HCl (pH 2-3) has been reported in the literature for experiments that involve modified anatase (titanium dioxde) particles.19 Particle flocculation that is due to a weaker surface charge and a thinner electrostatic double layer is used to explain the decrease in foamability. Therefore, the absence of foaming in the quartz and HCl experiment may be the consequence of the flocculation of particles that is due to a weaker surface charge and a thinner electrostatic double layer at the low pH of the solution. 5.4. Influence of Particle and Electrolyte Concentration. A parameter analysis of the influence of the particle and electrolyte concentrations on the foamability has been performed using a series of Bikerman experiments. Figures 10 and 11 show the foam height h, as a function of quartz and chloride concentration (Vs ) 0.010-0.044 m/s), and Tables 6 and 7 summarize whether foaming was observed, as well as the corresponding Bikerman coefficient (Vs ) 0.032 m/s). Only marginal or no foaming was observed below a particle concentration of 5 g/L and a chloride concentration of 5 g/L. The effect of the particle/chloride concentration was most pronounced at the highest superficial gas velocities. Above a chloride concentration of 10 g/L, no additional positive effect on the foam height was observed. 5.5. Pilot-Plant Experiments. To investigate the influence of foaming on the SO2 absorption in tap water, experiments
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 Figure 11. Foam layer height (h), as a function of chloride concentration (using a small quartz particle concentration of 30 g/L). Table 6. Effect of Quartz Concentration (Small Particles) on the Foamability quartz concentration (g/L)
 
 chloride concentration (g/L)
 
 foam?
 
 30 20 10 5
 
 25 25 25 25
 
 yes yes yes no
 
 a
 
 Σa [s] 2.5 1.6 1.3
 
 At Vs ) 0.032 m/s.
 
 Table 7. Effect of Chloride Concentration on the Foamability quartz concentration (g/L)
 
 chloride concentration (g/L)
 
 foam?
 
 30 30 30 30 30 30 30 30
 
 25 20 15 10 5 2.5 1.2 0.15
 
 yes yes yes yes yes yes yes no
 
 a
 
 Σa [s] 1.9 1.9 1.7 1.7 1.4 1.1 0.6
 
 At Vs ) 0.032 m/s.
 
 with a foaming mixture of small quartz particles and CaCl2 have been performed in the pilot plant. Figure 12 shows the pilotplant SO2 absorption efficiencies of tap water in the presence of quartz particles and an electrolyte, calculated based on the observed rate of pH decline. An enhanced mass transfer is obtained in the presence of either small quartz particles (at a concentration of 30 g/L) or Cl- (at a concentration of 1 g/L); however, no additional effect is observed for a mixture of these components. This corresponds well with the fact that only a marginal foaming has been observed for this mixture in the Bikerman column. The higher absorption efficiency of the particle solution may be the consequence of an increased gas/ liquid interfacial area of the falling film, as has been reported for gas-liquid slurry reactors.20 The slightly increased absorption efficiency in the presence of the electrolyte (1 g Cl-/L) is rather surprising, because neither the activity coefficients nor the SO2 solubility21 are expected to change significantly. It has not been possible to find an explanation for this observation. In the case of small quartz particles and 30 g Cl-/L, foaming occurred in the Bikerman column and an increased average absorption degree was observed in the pilot plant, possibly because of foaming.
 
 Figure 12. Average absorption efficiency in the wet FGD pilot plant (standard deviation indicated by error bars). Quartz experiments have been performed with the small quartz particles, using a concentration of 30 g/L.
 
 5.6. Discussion. The Bikerman screening showed that solutions of adipic acid or a combination of small particles and an electrolyte are able to generate weak transient foams (Σ ) 1.07.0 s). The adipic acid may adhere at the gas/liquid interface that surrounds the bubbles, because of the presence of both hydrophobic and hydrophilic parts within the molecule. Adhesion at the gas/liquid interface can provide a slight reduction in the surface tension, as well as increased elasticity of the lamella, thereby providing a stabilizing effect on the foam. However, surface tension measurements were unable to confirm this theory. The foamability of adipic acid under industrial conditions may be somewhat lower than the result in this investigation, because of the operation at pH values close to the pKa of adipic acid (5.41 and 4.41).16 The foaming in the presence of small particles and electrolytes is believed to originate from the adhesion of particles at the liquid/air interface, where they provide a strengthening effect, as well as a decreased drainage rate. The adhesion can be facilitated by an increased hydrophobicity of the particles, through an increased screening of the electrostatic repulsion between particles, as well as modifications of the particle surface, by electrolytes present in the solution. Foaming has been observed at and above superficial gas velocities of 0.01 m/s. This corresponds to the average superficial gas velocity of oxidation air in forced-oxidation wet FGD plants. Depending on the design and the operating conditions of the plant, however, higher superficial gas velocities may be present, thereby providing an increased foaming potential. The observed weak transient foams might very well interfere with the on-line density and slurry-level measurements within a full-scale wet FGD plant. More-persistent foams, which cause the overflow of storage tanks and scaling at the demister, are more likely to originate from microbiology within the plant, rather than particles, electrolytes, or buffers. 6. Conclusions This systematic investigation of foaming in wet flue gas desulfurization (FGD) plants has demonstrated that solutions of adipic acid, or a combination of small particles and an electrolyte, are able to generate weak transient foams (with a Bikerman coefficient of Σ ) 1.0-7.0 s). The foaming has been observed at an adipic acid concentration of 10-2 M, particle concentrations of g5 g/L, and electrolyte concentrations of g5 g Cl-/L. These two foaming mechanisms might explain the pilot-plant observations of foaming that have been reported in the literature.3,4
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 Foaming in a full-scale wet FGD plant may be caused by the two described mechanisms, as well as microbiology. All three possible mechanisms must be considered when a foaming problem is encountered. Apart from the addition of foam breakers, such as oils, the operator should consider whether the level of organic buffers, small particles, or electrolytes could be changed. A decrease in the level of organic buffers would, apart from the reduced foamability, also decrease the carbon source available to any microbiology present. The level of small particles could be decreased by an increased performance of the preceding particulate control device, as well as the withdrawal of fly ash and other small particles from the plant. An increased withdrawal of wastewater can be used to decrease the electrolyte concentration in a plant, but one should be aware that a decreasing chloride concentration could enhance microbiological growth. Weak transient foams, such as the two mechanisms observed in this investigation, can provide an increased surface area for absorption processes, thereby improving their overall performance. A foaming solution of small quartz particles and CaCl2 showed an increased absorption efficiency of SO2 during wet FGD pilot-scale experiments with tap water. This may be of interest to industrial absorption processes other than the wet FGD process. Acknowledgment The authors thank Carsten Nørby, Karin Petersen, and Duc Thuong Vu for technical assistance. The work presented in this article was performed within the Combustion and Harmful Emission Control (CHEC) Research Center, funded among others by the Technical University of Denmark, the Danish Technical Research Council, the European Union, the Nordic Energy Research, Dong Energy A/S, Vattenfall A.B., F L Smidth A/S, and Public Service Obligation funds from Energinet.dk and the Danish Energy Research Program. Nomenclature Ci ) concentration of species i [M] di ) inner diameter [m] dp ) particle diameter [µm] Fv ) cumulative volumetric particle distribution [%] G ) flue gas flow at STP [Nm3/s] h ) foam height [m] k ) Boltzmann’s constant; k ) 8.62 × 10-5 V/K n ) molar amount of a substance [mol] Na ) Avogadro’s number; Na ) 6.02 × 1023 mol-1 p ) pressure [Pa] pKa ) acid dissociation constant q ) elementary charge; q ) 1.6 × 10-19 C R ) radius [m] STP ) standard temperature and pressure, i.e., 273.15 K and 101.3 kPa t ) time [s] T ) temperature [K] V ) gas velocity [m/s] V ) volume [L] Vm ) molar volume at STP [Nm3/mol] y ) mole fraction z ) ionic charge Greek Letters 0 ) permittivity of free space; 0 ) 8.85 × 10-12 C2 N-1 m-2 r ) dielectric constant
 
 Σ ) Bikerman coefficient [s] κ-1 ) Debye length/thickness of electrostatic double layer [m] ηa ) absorption efficiency [%] Subscripts a ) absorbed b ) bulk f ) final fo ) foaming solution in ) initial l ) liquid s ) superficial w ) demineralized water Literature Cited (1) Sloley, A. Is foam the culprit?. Chem. Process. 2006, 69 (3), 62. (2) Soud, H. N. DeVelopments in FGD; IEA Coal Research: London, 2000. (3) Zheng, Y.; Kiil, S.; Johnsson, J. E. Experimental investigation of a pilot-scale jet bubbling reactor for wet flue gas desulphurization. Chem. Eng. Sci. 2003, 58 (20), 4695-4703. (4) Frandsen, J. B. W.; Kiil, S.; Johnsson, J. E. Optimisation of a wet FGD pilot plant usng fine limestone and organic acids. Chem. Eng. Sci. 2001, 56 (10), 3275-3287. (5) Thiele, R.; Brettschneider, O.; Repke, J.; Thielert, H.; Wozny, G. Experimental Investigation of Foaming in a Packed Tower for Sour Water Stripping. Ind. Eng. Chem. Res. 2003, 42 (7), 1426-1432. (6) Kister, H. Z. Distillation Design; McGraw-Hill: New York, 1992. (7) World Energy Outlook; International Energy Agency (IEA) & Organisation for Economic Co-operation and Development (OECD): Paris, 2004. (8) Kitchener, J. A. Foams and Free Liquid Films. Recent Progress Surf. Sci. 1964, 1, 51-93. (9) Shaw, D. J. Introduction to Colloid and Surface Chemistry, 4th Edition; Butterworth-Heinemann, Ltd.: Boston, MA, 1992. (10) Lu, S.; Pugh, R. P.; Forssberg, E. Interfacial Separation of Particles, 1st Edition; Elsevier: Amsterdam, 2005. (11) Kostakis, T.; Ettelaie, R.; Murray, B. S. Effect of High Salt Concentrations on the Stabilization of Bubbles by Silica Particles. Langmuir 2006, 22 (3), 1273-1280. (12) Kiil, S.; Nygaard, H.; Johnsson, J. Simulation studies of the influence of HCl absorption on the performance of a wet flue gas desulphurisation pilot plant. Chem. Eng. Sci. 2002, 57 (3), 347-354. (13) Buchardt, C. N.; Johnsson, J. E.; Kiil, S. Experimental investigation of the degradation rate of adipic acid in wet flue gas desulphurisation plants. Fuel 2006, 85 (5-6), 725-735. (14) Bikerman, J. J. Foams; Springer-Verlag: New York, 1973. (15) Kiil, S.; Michelsen, M. L.; Dam-Johansen, K. Experimental Investigation and Modelling of a Wet Flue Gas Desulfurization Pilot Plant. Ind. Eng. Chem. Res. 1998, 37 (7), 2792-2806. (16) Lide, D. R., Ed. CRC Handbook of Chemistry and Physics, Internet version 2007 (87th Edition); Taylor and Francis: Boca Raton, FL, 2007 (available via the Internet at http:/www.hbcpnetbase.com). (17) Kiil, S. Experiments and theoretical investigations of wet flue gas desulphurization. Ph.D. Thesis, Department of Chemical Engineering, Technical University of Denmark, Lyngby, Denmark, 1998. (18) Alvarez Nunez, F. A.; Yalkowsky, S. H. Foaming activity and pKa of some surface active compounds. Int. J. Pharm. 1997, 151 (2), 193199. (19) Pugh, R. J. Foaming in Chemical Surfactant Free Aqueous Dispersions of Anatase (Titanium Dioxide) Particles. Langmuir 2007, 23 (15), 7972-7980. (20) Beenackers, A. A. C. M.; Van Swaaij, W. P. M. Mass Transfer in Gas-Liquid Slurry Reactors. Chem. Eng. Sci. 1993, 48 (18), 3109-3139. (21) Millero, F. J.; Hershey, J. P.; Johnsson, G.; Zhang, J.-Z. The solubility of SO2 and the dissociation of H2SO3 in NaCl solutions. J. Atmos. Chem. 1989, 8 (4), 377-389.
 
 ReceiVed for reView December 5, 2007 ReVised manuscript receiVed February 11, 2008 Accepted February 11, 2008 IE071660G
 















Copyright © 2024 DATAPDF.COM. All rights reserved.

About Us |
Privacy Policy |
Terms of Service |
Copyright |
Contact Us










×
Sign In






Email




Password







 Remember me

Forgot password?




Sign In




 Login with Facebook
















