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CHAPTER 4



Clean-up of Sulfur Dioxide 1



Introduction



Despite substantial clean up of feedstocks before processing, stringent legislation to control SO2 emissions and hence limit acid rain make SO2 removal prior to discharge of emissions into the atmosphere essential. Flue gases from the combustion of coal generally contain < 0.5% SO2. The largest source of SO2, however, is from stack gases from smelters handling sulfur ores which may have up to 8% SO2 in them.1 Generally, some SO3 is found in addition to the SO2 in the combustion gases. SO2 is more stable in excess air provided the temperature is kept above ca. 730 0C, but SO3 can be produced catalytically by traces of vanadium which is frequently found in oil residues2 and iron pyrites which are present in coal. Other sources of SO2 include emissions from car exhausts (where it is found together with nitrogen oxides), emissions from municipal refuse incineration and emissions from sulfur-containing fuel-fired boilers. A number of processes are described here for SO2 removal from gas feedstocks. They can be categorised as absorption in liquids and sorption by solids. One of the problems is that SO2 does not often occur in isolation, so it is necessary to design sorbents that can remove SO2 in the presence of other gases such as nitrogen oxides. The sorbents should ideally be regenerable, as this will lower operating costs. Although a large number of processes have been proposed for removing SO2 from gas streams, few have been used commercially. Most of the commercial processes are for flue gas desulfurisation (FGD),3 and absorption in a lime slurry is the main process used due to the fact that lime is cheap and readily available.
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Absorption in Liquids



Processes which involve removal of SO2 by absorption in a liquid include absorption into a soluble alkali, lime, aqueous aluminium sulfate or sodium citrate.
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Diagram of the Batter sea process for removal of sulfur dioxide from flue gas. (Adapted from ref. 1, p. 310. Used by permission. Adapted from Gas Purification © 1985, Gulf Publishing Company, Houston, Texas, 800-2316275. All rights reserved)



SO 2 Clean-up Using a Lime/Limestone Process The SO2 containing flue gas is passed into an aqueous slurry of lime or limestone in this process. The SO2 reacts with the lime/limestone to form calcium sulfite and calcium sulfate which can be collected for disposal. The purified gas is then discharged to the atmosphere. The process was originally formulated by Eschellman, and the earliest commercial application was at Battersea Power Station in London in 1931. A schematic diagram of the process is shown in Figure 4.1.1 Thames river water, which was naturally alkaline, was used and chalk was added to the water prior to passing it into the top of an absorber column. The sulfur-rich flue gas was passed into the bottom of the absorber at 1330C, flowed countercurrently to the chalk (CaCO3) slurry and emerged as purified gas from the top of the column. The river water from the bottom of the absorber was passed into a settling tank to remove the calcium sulfite and calcium sulfate sludge. The water was then passed into an oxidising tank. Air was bubbled into the oxidising tank to oxidise dissolved calcium sulfite to calcium sulfate. This reduced the amount of dissolved sulfite in the line which could be oxidised in situ and become deposited on the equipment. Modern plants for SO2 removal are based on this design. In the lime/limestone process the SO2 dissolves in water and a portion of it ionises: (4.1) (4.2) Lime (Ca(OH)2) or limestone (CaCO3) is then added to provide a source



of Ca 2+ . The lime dissolves and the limestone is dispersed in water. The limestone must be finely ground to give a reasonable rate of reaction. Ca 2+ then reacts with SO2~(aq) to form a precipitate of CaSO3^H2O and sulfate (formed from the oxidation of sulfite) to form the hydrated calcium sulfate, gypsum. (4.3) This process is most successful when the SO2 concentration in the gas phase is below 3000 ppm.



Alternative Absorbents for SO 2 Removal Other absorption processes include absorption into aqueous sodium carbonate or hydroxide to form sodium sulfite, absorption in ammonia solution to form ammonium sulfate and absorption in basic aluminium sulfate solution.1 The basic aluminium sulfate process is known as the Dowa process, and it was developed by the Dowa Mining Company in Japan.4 In this process, SO2 reacts with the basic aluminium sulfate to form aluminium sulfite. This is then oxidised in air to the sulfate. Limestone is then added to reform the basic aluminium sulfate solution and remove the excess sulfate as gypsum.1



Absorbents for the Removal of Both SO 2 and NO x As already stated, SO2 emissions are frequently accompanied by the emission of nitrogen oxides (NOx), and ideally both gases should be removed in one step. One process that has been evaluated is the oxidation of these gases using Ce(IV) in acid.5 The Ce(IV) flowed countercurrently to the waste gases in a column and could be regenerated at the anode of an electrochemical cell in a continuous cycle. The recovery of cerium-free nitric and sulfuric acids for further processing was also investigated. Another absorbent based process which is being developed by Dravo Lime Company for the removal of NOx and SO2 from flue gas is known as the ThioNOx process.6 The SO2 is removed in slaked lime [Ca(OH)2] to which MgO is added to increase the efficiency of SO2 removal. The NOx is removed by an iron(II) EDTA chelate which is added to the lime slurry. The SO2 is oxidised to calcium sulfite and the NO binds to the iron-EDTA chelate. Pilot plant trials showed that up to 60% of the NOx and greater than 99.5% of the SO2 could be removed from the flue gas. Bench scale studies showed that the iron(II) EDTA solution could be regenerated electrochemically.
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Sorption in Solids



The use of solid sorbents for the removal of SO2 from feedstocks such as flue gases offers many processing advantages. The plant will be less complex and



thus cheaper to construct, requiring less maintenance and simplifying operational procedures. Regeneration of spent sorbents will also generally be easier. Activated carbon is probably one of the most widely used sorbents for SO 2 recovery.1'7 A copper oxide based process has also been developed by Shell.8 As in the case of the absorbents, attention is now focusing on the development of sorbents for removal of both SO2 and NO x and analysis of the interaction of these gases with the sorbent has provided an insight into how the sorbents function. As in the case of sorbents for H 2 S removal, however, further fundamental studies are needed to investigate the interactions of SO2, NO x and other emissions such as CO 2 and water in order to design sorbents that are effective for a wide range of applications. A representative sample of some of the sorbents that are either being developed or are currently in use is described here.



Activated Carbon Process Activated carbon has been used commercially for SO 2 recovery.1'7 It is an example of a process in which SO 2 can also be removed from gas effluent by adsorption onto a solid without reaction. This has the advantage that regeneration of the sorbent should be much easier. The carbon catalyses the oxidation of adsorbed SO 2 in excess oxygen at low temperature (ca. 110-18O0C). Water is required for the reaction to proceed at a reasonable rate. SO 2 + 1O2 + H 2 O a c t i v a t e d c a r T H 2 SO 4



(4.4)



The adsorbent can be regenerated in one of two ways: (i) washing with water to remove the sulfate as dilute sulfuric acid; (ii) heating the adsorbent to ca. 420 0 C to reduce the sulfate to SO 2 . In (ii) the carbon acts as the reducing agent, i.e.: 2H 2 SO 4 + C -> 2SO 2 + 2H 2 O + CO 2



(4.5)



An inexpensive adsorbent such as coke must be used if the adsorbent is regenerated by heating as part of the adsorbent is lost in the regeneration step.



Copper Oxide Regenerable Sorbent CuO supported on a porous alumina has been used as a dry sorbent for SO2 removal that can be regenerated once spent.1 A laboratory scale process was developed by the US Bureau of Mines in ca. 1970.9 The SO 2 reacts with the CuO at ca. 400 - 450 0 C in air to form copper sulfate. (4.6) Regeneration can be carried out by treatment in reducing gases. Methane was



found to be preferable to hydrogen as a reduction gas since some over reduction of the sulfate to sulfide occurred in hydrogen at low temperatures. 4CuSO 4 + CH 4 -• 4SO2 + 4CuO + CO 2 + 2H 2 O



(4.7)



The major problem with operating this system commercially is that the rate of uptake of SO 2 on CuO is slow so a large reactor would be required on scale up. Regeneration would also be expensive. A copper oxide based process has also been developed by Shell.8 This process has been developed commercially and is called the Shell Flue Gas Desulfurisation Process (SFGD). It has the advantage that the absorption and regeneration steps are carried out in the same vessel at ca. 400 0 C.



Alkali Salt Promoted CuOZyAl2O3 The sorption capacity for SO2 has been determined for 3 x 3 mm alumina pellets impregnated with Cu(NO 3 ) 2 # 3H 2 O with and without an alkali salt to give 8 wt% CuO or 8 wt% CuO and 5 wt% LiCl, NaCl, KCl, LiBr, LiF or NaF after calcination at 600 0 C in air.10 The sorption capacities of the materials were determined at 500 0 C using a feed of 1.5 vol% SO 2 in air at a total flow rate of 0.9 1/min. The alkali salt promoters both lowered the temperature at which bulk sulfation of the sorbents occurred and increased the SO2 sorption capacity of the CuO/Al 2 O 3 sorbent. The best promoter was LiCl which increased the sorption capacity of CuO/Al 2 O 3 threefold after treatment with SO2 for 150 min at 50O0C and bulk sulfation could occur at ca. 420 0 C compared with 500 0 C in the unpromoted sorbent. This was interpreted as being due to the alkali promoted decomposition of CuSO 4 formed by the the sulfation of the CuO in air. The decomposition reaction results in the formation of SO 3 which can react with the Al 2 O 3 to form A12(SO4)3 at the reaction temperature. CuSO 4 ^ CuO + SO 3



(4.8)



Al 2 O 3 + 3SO3 - A12(SO4)3



(4.9)



The CuO is then available for further reaction with SO 2 . After sulfation, the sorbent could be regenerated by reduction in 5% H 2 in N 2 at 50O0C. The LiCl promoted material retained its enhanced sorption capacity compared with the unpromoted supported CuO for up to 30 sulfation and regeneration cycles.10



Removal OfNOx and SO 2 NO x and SO 2 can be removed using a Co/Mg/Al mixed oxide prepared by calcining its hydrotalcite-like precursor at 750 0 C in air.11 The mixed oxide has the molar composition 7MgO: IAl 2 O 3 : ICoO. The hydrotalcite-like precursor



has a layered structure similar to that of the mineral hydrotalcite. Its structure is discussed in detail in Chapter 5. The Co/Mg/Al mixed oxide was activated in H2 at 5300C prior to use in NOx removal. The activated mixed oxide proved effective at removing NOx (300-400 ppm NO in N2) by reduction at 7500C in the presence of propane. It was proposed that the active sites for NO removal were reduced cobalt species and their formation was favoured at high temperatures and using reducing conditions. The sorbent could be regenerated by heating in hydrogen at 530 0C for half an hour. It was necessary to add an oxidant such as cerium(IV) oxide to the Co/Mg/Al mixed oxide for the removal OfSO2 (1400 ppm) from 3% O2 in N2 at 750 0C. The CeO2 was required in order to oxidise the SO2 to SO3. The SO3 can then further react with the mixed oxides to form the sulfate. The sorbent could then be regenerated at 5300C in hydrogen.11 Although NOx can be removed from feedstocks most effectively from a nitrogen stream, the sorbents are effective at up to 1 % O2, which should enable NOx and SO2 to be removed simultaneously. A laboratory scale powder-particle fluidised bed reactor has been used to remove both SO2 and NOx from simulated flue gases.12 A fluidised bed of particles can be obtained when a gas stream flows up through the bed at sufficient velocity for the individual particles to become separated and supported by the gas phase. In the powder-particle fluidised bed a combination of coarse particles 300-700 /mi and fine particles ca. 50 /xm in size are fluidised. The coarse particles are retained in the reactor whereas the fine particles are continuously fed into the bottom and removed from the top of the bed. A diagram of a typical powder-particle fluidised bed for use in the removal of SO2 and NOx is shown in Figure 4.2.12 In the laboratory reactor study, a WO3/TiO2 catalyst was used for the coarse particles, and either a dust sorbent from a steel plant comprised mainly of iron(II) oxide, or a copper(II) oxide sorbent, was used as the fine particles. WO3/TiO2 is a catalyst suitable for the removal of NOx by reduction with NH3 and it was found to also catalyse the oxidation of SO2 to SO3 in the presence of oxygen at 500-6000C.12 SO2 and SO3 was converted to sulfate on the sorbent particles. The sorption capacity for the fine particles in a feed of 500 ppm SO2 in air and a sorbent/S ratio of three increased with increasing temperature, giving ca. 80% conversion at 600 °C. Greater than 90% of the NOx could be removed from the feedstream at a NOx concentration of 500 ppm using a NH3/NO mole ratio of one over the temperature range 500-600 0C. Scanning electron microscopy combined with electron imaging techniques showed that the sulfate was distributed only on the outside of the CuO sorbent particles indicating that the reaction was diffusion limited, whereas the more porous steel plant dust particles were sulfated throughout. However, the CuO was more efficient at removing SO2 from the feedstock. There would be considerable economic advantages if combined SO2 and NOx removal could be carried out at lower temperatures. Further studies identified a CuO on a V2O5/Al2O3 support as an active sorbent for the removal of 60-70% SO2 from a feedstock containing 500 ppm of SO2 over the temperature range 300-400 °C.13
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4



NH3



Conceptual illustration of a powder-particle fluidised bed (simultaneous removal of SO2INOx process). (Reprinted from CataL Today, 29, S. Gao, N. Nakagawa, K. Kato, M. Inomata and F. Tsuchiya, p. 166. © 1996, with permission from Elsevier Science)



Conclusions



It has now been recognised that sulfur and nitrogen emissions cannot be considered in isolation but as contributors to the total emissions which define the global environment. Thus, for example, emissions of volatile organic compounds (VOCs) and nitrogen oxides are concentrated in urban and industrial areas and generate ozone at ground level;3 ozone is a respiratory irritant and thus adds to the respiratory problems caused by sulfur dioxide and small soot particles originating from the VOCs (see Chapter 1). Emissions of CO2 from flue gas cleaning, power plants and other sources are much greater than emissions of sulfur and nitrogen oxides, VOCs, HCFCs, etc. and are causing global warming. The carbon dioxide traps radiation in the earth's atmosphere causing the temperature to rise. Many of the processes used to clean up sulfur-containing emissions actually increase CO2 emissions, either directly if they involve oxidation, or indirectly if energy is required for SO2 extraction or sorbent regeneration.3 Power demands are now met by oil feedstocks in many parts of the world and this limits sulfur emissions from this source as most of the sulfur is removed by hydrotreating processes. This reduction in the use of fossil fuels in power plants and also in the domestic market with the conversion of



household heating to natural gas and oil-fired central heating has led to a lowering of sulfur emissions and, aided by the development of efficient absorbents and sorbents for SO2 removal, can currently control emissions at an acceptable level. However, as oil reserves diminish we may once again return to fossil fuels as an energy source and more effective means will be needed to limit sulfur emissions. It is therefore vital that we look towards developing other energy sources with lower emissions of sulfur, nitrogen and VOC emissions, such as nuclear power and wind generators.
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