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 Recent developments in the chemistry of sulfur dioxide and of its derivatives are reviewed. Recovery from dilute smelter gases is now accomplished on this continent as well as in Europe. Other sources o f ' sulfur dioxide and sulfur from waste gases are surveyed. The uses of sulfur dioxide per se and as a raw material for other industrial products is discussed both from the standpoint of providing a market for the by-product gas and as a.cornerstone of the chemical industry. ~
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 CONSUMPTION OF SULFUR FROM
 
 ROADLY considered, the uses of sulfur dioxide are nearly as varied as those of sulfur itself. Eighty per cent of the brimstone consumed in the United States is converted into sulfur dioxide for use in producing sulfuric acid and heavy chemicals and for making wood pulp, as well as for use as solvent, refrigerant, and bleaching agent. Nearly a third of all the sulfur products used are derived from
 
 BY INDUSTRIES IN THE UNITED
 
 pyrites and sulfide minerals and all of these pass through the sulfur dioxide stage. The total quantity of sulfur dioxide produced as burner gas from these sources in the United States is in the neighborhood of 4,000,000 tons a year. Figure 1 represents the sources of sulfur and its industrial applications ( I ) , and shows the importance of sulfur dioxide as a secondary raw material. Table I gives the consumption of sulfur by various industries in the United States during recent years. I n this paper the uses of sulfur dioxide will be considered with pdrticular emphasis on the new developments in the industry, both as to the source of the gas and the potentialities of the products derived therefrom.
 
 Sources of Sulfur Dioxide The available sources of sulfur dioxide are: 1. 2.
 
 Burner gases from the combustion of brimstone and pyrites. Smelter gases from the roasting of zinc and'copper sulfide
 
 ores. 3. Hydrogen sulfide from coke oven, refinery, and natural gases: 4. Miscellaneous sources, including flue gases, sulfite pulp liquor, and the roasting of sulfates.
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 TYPICAL CONTACT SULFURIC ACIDPLANT
 
 Of the 1,500,000.tons of sulfur consumed annually in this country, 80 per cent comes from Texas and the remainder principally from Louisiana. Approximately 500,000 tons additional from these deposits are exported annually in normal times to foreign countries. This represents about two thirds of the total world production and about 30 per cent of the total sulfur consumed as brimstone and pyrites. The phenomenal development of the industry in the United States since the btginning of this century has been due en1017
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 States used for power generation; they freTABLE I. CONSUMPTION OF SULFUR (IN LONG TONS) BY VARIOUSINDUSTRIES quently contain between 5 and 6 per cent sulIN THE: UNITEDSTATES, 1929-39 (100) fur. The stack gases from these coals contain Use 1929 1931 1933 1935 1937 1939 from 0.3 to 0.6 -Der cent sulfur dioxide and 555,000 777,000 Chemicals 598,000 355,000 491,000 695,000 constitute an important source of pollution in Fertilizer and inseoti415,000 254,000 242,000 239,000 415,000 370,000 the densely populated industrial areas. It is cides 265,000 178,000 Pulp and paper 197,000 204,000 302,000 2:;:: estimated that in the Chicago district alone Explosives 67,000 39,000 37,000 42,000 68.000 Dyes and coal-tar prod47,000 39,000 40,000 39,000 49,000 40,000 a t least a thousand tons a day of sulfur dioxide ucts 49,000 would be available from this source. Efforts Rubber 43,000 23,000 24,000 33,000 37,000 5,000 4,000 4,000 Paint and varnish 48,000 64,000 to recover the gas, however, are faced with the 6,000 4,700 Food products 4,000 4,000 6,000 :;:;:4 Miscellaneous 72,000 75,000 68,500 82,000 82,000 difficulties of treating enormous quantities of _136,700 __--dust-laden gases a t high temperatures and 1,581,700 968,700 1,114,000 1,232,500 1,800,000 1,595,000 humidities. I n the research work in the Engineering Experiment Station a t the University of Illinois several possibilities of recovering the sulfur in some form have been investigated, both on the laboratirely to the ingenious Frasch process for recovering the sulfur from deep deposits which otherwise would be inaccessible tory and pilot-plant scale (66). I n general, it has been found that the over-all cost of these processes runs between twelve (18). The quantity of sulfur derived from pyrites, smelter gases, and twenty dollars per ton of sulfur dioxide. I n order for and other sources in the United States is shown in Table 11. the recovered product t o compete with sulfur from other Much of the pyrites is recovered as concentrates from the sources, therefore, some part of the cost must be assessed flotation of zinc and copper ores. The largest production against the removal of the nuisance. comes from Tennessee, where the largest sulfuric acid Another waste material, which has been the subject of plant in the world is located. The recent development much research and may be considered as a source of sulfur of the coal-cleaning operations in Illinois, Indiana, and dioxide, is the sulfite liquor from pulp mills. This liquor conMissouri is now providing pyrites for acid plants in these tains lignin complexes and other organic matter extracted states. from the wood in the cooking process, together with most of the calcium bisulfite used in the digestion. The recovery and utilization of the organic substances in the form of plastics, alcohol, and other byTABLE 11. SULFUR OBTAINED FROM SMELTER G.ksES, PYRITES, AND OTHER products have been and in a feIIT SOURCES IN THE UXITEDSTATES, 1929-39 (100) instances have been accomplished. Chemical Source 1929 1931 1933 1935 1937 1939 recovery, however, is costly because of the dilu60' BB. HiSO4, short tons, from 627 018 426 618 355 027 443 476 542,356 466,879 tion of the liquor. I n many instances it is more Zinc smelters Copper smelters 633:438 436:111 301:055 160:151' 291,638 249,569 economical to concentrate the material in Pyrites, long tons Imported 514,336 352,066 374,417 397,113 524,430 482,336 multiple-effect evaporators until it contains Produced 333,465 330,848 284,311 514,192 584,166 516,408 about 50 per cent solids, in which condition it HsS from fuel gases, recovered as may be burned as a fuel under the boilers. 4,307 Elemental S, long tons ... 2,500 . .. ... ... 60' BB. HrSOa, short tons ... ... ... ... .. . 57,200 Operating difficulties due to scaling and other troubles, while not insurmountable, make this process expensive. Recently it was demonstrated that the substitution of magnesia for I n this country most of the by-product sulfur dioxide from lime in the cooking process greatly simplifies the recovery smelter gases is converted into sulfuric acid. Originally the process, produces a pulp which is equal or superior t o calcium gas was recovered primarily for the purpose of preventing pulp, and permits recovery of 80 per cent of the sulfur dioxide atmospheric pollution caused by the gases but now the acid required (98). is in many cases one of the principal products of the smelters. I n Europe the production of sulfur dioxide from gypsum I n general, it has been considered economical to produce acid for sulfuric acid manufacture is accomplished by reduction from smelter gases only when the concentration of sulfur diwith coke. With the proper ratio of sulfate t o carbon, gases oxide is greater than 5 per cent. When the gases produced containing as much as 12 per cent sulfur dioxide are produced are weaker than this, they may be blended with rich gases with almost complete conversion of the gypsum t o lime ($5). from sulfur or pyrites burners. I n order to use the gas for acid making, it is necessary to conWhen the sulfur dioxide concentration of smelter gases is centrate a t least a part of it to pure sulfur dioxide to provide less than about 2 per cent, they are usually considered too the required oxygen ratio for the reaction. A similar treatment of other sulfates has been suggested and may be condilute for treatment and are frequently discharged to the atsidered as a possible way of recovering manganese oxide and mosphere through tall stacks. As a result of the damage caused in this way t o crops and vegetation, smelters have fresulfur dioxide from manganese sulfate, obtained by leaching quently been subjected to costly legal proceedings. An exof low-grade manganese ores with sulfuric acid. The recovery of sulfur dioxide and iron oxide in this way from ferrous sultensive survey of this subject was recently reported (69) by an international commission in connection with the smelter of fate is an established practice in this country ($7, 96). the Consolidated Mining and Smelting Company of Canada, Another source of sulfur and sulfur dioxide is hydrogen Ltd., at Trail, British Columbia. I n spite of the steps that sulfide from both by-product and natural gases. During the have been taken to recover the sulfur dioxide in smelter past decade, the recovery of sulfur as a useful by-product gases, Howat (46)indicates that the annual wastage of sulfur from coke-oven gas, water gas, refinery gas, natural gas, and from this source is over 2,500,000 tons. other fuel gases has been expanding in this country as a result of developments in various liquid purification processes. I n addition to sulfur dioxide available in smelter gases, Some of these produce elemental sulfur direct, the oxidation large quantities are discharged into the atmosphere in the of the hydrogen sulfide being accomplished by dissolved oxycombustion gases from high-sulfur coals. This is especially gen from the air (SO, 33). I n most cases, however, the abtrue for the coals from the midwestern section of the United
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 sorbent is regenerated by heating with the evolution of hydrogen sulfide, The solvents commonly used are the ethanolamines (IO, I I O ) , and aqueous solutions of sodium phenolate (83),and of potassium phosphate (87). The recovered hydrogen suEde may be converted into sulfuric acid or, in some dases, is simply burned as a fuel. Recently, attention has been given to the recovery of the hydrogen sulfide from natural gas, some of which contains as much as 8 to 10 per cent of the sulfide.
 
 Production of Pure Sulfur Dioxide Sulfur dioxide is produced in concentrated form from burner gases. For many years efforts have been made to develop a suitable process for treating dilute gases to obtain the pure gas. Some of them have been successful, and, especially in foreign countries, large quantities of sulfur dioxide are available from this source either for liquefaction or for reduction to elemental sulfur. The conventional method of making pure sulfur dioxide is that developed in Germany during the last century by Hiinish and Schroder. This consists in absorbing the gas in cold water and stripping the solution with steam. At the partial pressures prevailing in burner gases the solubility is only 1 to 2 per cent by weight. Absorption is accomplished in a series of packed towers in which counterflow of water and gases is maintained (42). Stripping also takes place in a packed tower, operating under a vacuum of about 26 inches of mercury and a t about 38" C. The wet gas is sent through a condenser for removing a part of the water and is then compressed. Two or three stages of compression are used to provide for intercooling and removal of most of the remaining water. The technical-grade liquid sulfur dioxide contains less than 0.1 per cent water. Further purification and drying may be accomplished to yield a product containing not over 15 parts per million which is suitable for mechanical refrigerators. For the recovery of sulfur dioxide from dilute gases, an absorbent having a greater capacity than water is desirable. Of the large number of solvents suggested in the literature, the three that have proved suitable for application on a commercial scale are: (a) solutions of basic aluminum sulfate, ( b ) solutions of arylamines, particularly xylidine and toluidine, and ( c ) solutions of ammonium sulfite and bisulfite. With any of these, a cyclic method of sulfur dioxide recovery is employed, consisting of absorption at a relatively low temperature followed by regeneration near the boiling point of the solution. A method of regenerating sodium sulfite-bisulfite solutions chemically by the precipitation of zinc sulfite which is later decomposed in a flash calciner at moderate temperatures to yield pure sulfur dioxide has been described (66). The zinc oxide from the calcination is returned to the regeneration cycle. The basic aluminum sulfate process was developed for treating smelter gases by Imperial Chemical Industries, Ltd. ( 3 , 4 ) . The process was first eqnployed on a commercial scale a t the Imatra smelter in Finland. The absorbent is readily prepared by precipitating the sulfate from a solution of aluminum sulfate by means of ground limestone. The recommended composition of the solution is 9 to 10 grams total alumina per 100 ml. The amount of limestone used is sufficient to precipitate about 40 per cent of the sulfate. Solutions prepared in this way are buffered, and the p H remains approximately constant a t 3.5 while absorbing a large amount of sulfur dioxide. When the temperature of the solution is raised, however, the vapor pressure of sulfur dioxide increases rapidly so that regeneration is accomplished without excessive use of steam. A theoretical study (55) of the hydrolytic equilibria involved in these recovery processes has shown that the p H at which the solution is buffered must be higher when
 
 Courtesy. Chemical Construction Corporation
 
 TRAY CONVERTERS IN A CONTACT SULFURIC ACID PLANT
 
 treating more dilute gases. Consequently, a solution of basic aluminum sulfate is not suitable for gases containing less than one per cent of sulfur dioxide. Some difficulty is experienced with this absorbent, due to instability after prolonged heating, which causes the formation of an insoluble basic sulfate. For this reason a special type of film heater is employed for the regenerator, An insoluble precipitate is also formed when alkali salts are present. This prohibits the use of soda ash instead of limestone for the preparation of the solution. The accumulation of sulfate due to oxidation of the sulfite or to the absorption of sulfuric acid vapor causes no difficulty since this may be removed by limestone in a side stream. The Sulphidine process for recovery of sulfur dioxide employes the arylamines as absorbents. It was developed in Germany before the war by the Metallgesellschaft A.-G. (105). It operates on the same principle as the Imperial Chemical Industries process. I n this case, however, the accumulation of sulfate causes precipitation of the organic base sulfates which presents considerable difficulty. The presence of elementary sulfur also causes trouble due to the tendency to increase autoxidation of the amine sulfites, especially a t high acidities. To protect the solution, a small amount of sodium carbonate or hydroxide is usually added as an aqueous layer. Sodium sulfate is removed by cooling the effluent liquor from the absorption towers to about 2" C. It may be noted that, in treating most combustion gases for the removal of sulfur dioxide by an aqueous solution, the wet-bulb temperature establishes the temperature of absorption. This ordinarily lies between 45" and 60" C. The ammonium sulfite-bisulfite process has been the subject of a number of patents (32, 37, 52). It was developed by the American Smelting and Refining Company, but the largest commercial application is a t the Trail smelter of the Consolidated Mining and Smelter Company, Ltd. (&). The
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 recovered gas is converted into elemental sulTABLE111. IMPORTAKT CHEMICALS COKTAININGSULFURPRODUCED fur by a process to be described later. The (OR IMPORTED) IN THE CXITED STATES, 1929-39 (99) company states that the proportion of the sulProduct 1929 1931 1933 1935 1937 1939 fur dioxide recovered from its dilute gases is Alutninum sulfate 309,133 344,962 322,478 348,030 393,411 now approximately 70 per cent. The solution, 416,108 Ammonium sulfate .... .... .... 96,229 102,248 .... which is circulated through the absorber and Ammonium alum 5,720 4,472 4,022 5,188 5,390 5,065 Barium sulfate 13,025 9,335 4,338 3,904 5,198 6,141 the regenerator, becomes saturated with amCarbon disulfide 35,505 41,522 45,089 58,878 77,618 80,262 Copper sulfate 30,491 28,035 27,379 39,446 39,334 monium sulfate from partial oxidation of the .... Iron sulfate (copperas) 56,047 30,669 47,860 31,852 43,916 35,214 sulfite. Consequently, after the removal of Magnesium sulfate 34,340 37,364 38,489 41,369 36,983 47,689 (Epsom salt) the sulfur dioxide in the regenerator, a porManganese sulfate .... .... 2,310 3,105 6,259 5,787 Nickel sulfate .... 3,792 tion of the liquor is cooled sufficiently to crys.... .... 4,218 .... Potassium sulfate plus tallize out the sulfate. Sufficient ammonia is Chrome alum 3,447 2,596 1,951 2,666 3,227 2,683 Sodium alum 15,944 14,947 .... .... 18,946 .... then added t o make up the original concentraSodium sulfate Refined (anhydrous) .... .... .... 42,498 23,609 21,797 tion. Crude salt cake I n another process, formerly used by the For sale only 170,176 98,727 114,610 169,842 241,347 226,151 Total domestic 119,399 143,148 192,384 269,177 206,612 .... same company, the sulfur dioxide was abproduction Inrported .... 196,586 .... .... .... 132,852 sorbed in a solution containing ammonium sulGlauber salt 48,899 39,804 39,861 31,934 61.953 34,493 fite and bisulfite (69). Sulfuric acid was added Niter cake 111.522 35,680 30,558 28,252 22,983 34,101 Sodium formaldehyde to the absorbent to release the gas and form and zinc hydrosulfite ammonium sulfate. The latter was then crysProduced .... .... 6.241 7,538 8,016 11,726 tallized by evaporation and recovered. I n Imported .... .... .... 455 558 Sodium sulfide (6033 032 23,268 30,732 24,884 27,266 31,481 this way the recovery of sulfur dioxide was 62%) Sodium sulfite normal 5,970 6,437 12,491 3,371 6,840 11,213 simply an intermediate step in the production (anhydrous i n d crystan of ammonium sulfate from ammonia and sulSoXh thiosulfate 33,093 25,020 23,512 18,211 24,477 25,714 ' furic acid. This is undoubtedly the simplest (hyposulfite) Sulfated fatty acids .... .... .... .... ... 6,263 and least expensive method of recovering sul(alcohols etc ) fur dioxide from dilute gases, but its use is Sulfonated bastor oil .... .... .... 9,194 12,836 .. Sulfonated cod liver oil .... .... .... 3,806 4,833 .. handicapped by a limited market for ammoSulfonated olive oil .... .... 2,532 .... 4,054 ... . . Sulfonated tallow .... .... .... 4,362 8,511 . nium sulfate. Sulfur refined . . . . .... .... 75,919 .... 95,804 From the discussion above it is evident that Sulfur'chloride 11,397 33,298 8,913 22,998 29,558 1,877 Sulfur dioxide 8,052 8,800 9,779 14,358 12,314 13,480 several processes have been developed for the Sulfuric acid (50' Be.) 5,816,165 4,019,815 3,847,889 6 ,432,127 7,946,695 7,711,487 12,452 Zinc sulfate 18,696 18,732 14,898 18,765 14,534 recovery of sulfur dioxide from dilute gases containing between 0.25 and 2.0 per cent. The economic justification of any of these deDends on several factors. I n general, sulfur tion of petroleum fractions with liquid sulfur dioxide. It is &oxide cannot be recovered atsufficiently low cost for it t o estimated that these plants are charging about 40,000 barrels compete with brimstone or pyrites as a source of sulfur. of light oils and 10,000 barrels of lubricating oils a day. The Consequently, in order for the recovery process to be feasconsumption of sulfur dioxide in these Edeleanu plants is only ible, the product must be used either as a pure gas or as about 6 tons a day. For the extraction of light oils, certain a liquid. I n the latter case, transportation and storage costs advantages are claimed for liquid sulfur dioxide which other become serious if large quantities are involved. Reduction solvents do not have. The high specific gravity and low visto elemental sulfur is feasible o n l y in countries where sulfur cosity of the solvent make separation of the phases easy. is not available or in localities for which the freight charges Recovery of the solvent from both raffinate and extract is from the sulfur mines are high. This means that developaccomplished by raising the temperature to 65-76' C. The ment of the recovery processes on a large scale will come in consumption of sulfur dioxide in some plants runs as low as this country only as new uses are found for the product. 0.1 per cent by weight of the oil treated. The extract is Some of these possibilities will now be considered. characterized by the absence of a sludge which is often produced by other methods of refining. Since it is rich in aroUses of Liquid Sulfur Dioxide matics, which can be separated by fractional distillation, the process is particularly interesting a t present as a means ,of As Table I11 shows, the annual consumption of liquid sulfur producing toluene directly from petroleum distillates. Liquid dioxide in the United States amounts to approximately 13,000 sulfur dioxide gives some degree of separation between naphtons. The current quoted prices in tank car quantities are thenes and paraffin hydrocarbons, but the selectivity in this from $80 to $120 a ton (79),but contract prices for carload respect is inferior to aniline and other solvents (70). The lots run as low as $65. liquid is also a solvent for sulfur and nitrogen-containing orProbSELECTIVE SOLVENT FOR PETROLEUM FRACTIONS. ganic compounds; it is used for desulfurizing kerosene and ably the largest single use for liquid sulfur dioxide is as a selecespecially for removing cyclic sulfur compounds such as tive solvent in treating light oils and lubricating fractions from thiophenes. petroleum (11, 22, 36). The aromatic and unsaturated hyThe Edeleanu process is also used for treatment of lubricatdrocarbons are completely miscible with the liquid, but the ing oils. For this purpose, however, it is necessary t o use higher boiling paraffins and naphthenes are only partially either higher temperatures or a mixture of liquid sulfur dimiscible a t low temperatures. On this basis an excellent oxide and another solvent such as benzene to increase the separation of the aromatics and unsaturates from kerosene solubility of the high-molecular-weight aromatics. Some deand light oils can be secured. The process was discovered by gree of selectivity is lost in this way and there are other solEdeleanu in 1907 and is the forerunner of all the solvent exvents that have superior properties; therefore in this field traction processes now in use. It was first installed in this the process has not been so widely used nor has it so great a country by the Union Oil Company of California in 1930 for future as in the treatment of the kerosene and light oil fractreating 7000 barrels a day of kerosene distillate. There are tions. now twelve installations in the United States for the extrac. . I .
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 TREATMENT OF SEMIDRYING OILS. The use of liquid sulfur dioxide has been suggested for extracting vegetable oils and fats (24),and for separating mixtures of fatty acids and glycerides of fatty acids into an extract portion consisting essentially of unsaturated compounds and a raffinate consisting essentially of saturated or slightly unsaturated compounds (28, 34). The possibility of producing a drying oil from the so-called semidrying oils, such as soybean and cottonseed, by such an extraction process is of particular interest. Another type of action of sulfur dioxide on these oils was recently announced by Waterman and co-workers (103); they showed that, when peroxide-free linseed oil is treated
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 with sulfur dioxide under high pressure a t 160” to 220” C., it is converted into “activated oil”, characterized by lorn viscosity and almost complete distillability under high vacuum. The iodine number of the oil was decreased to 150 while the diene number was increased from 13 to 25.5. The product polymerized rapidly on heating, and the drying rate was more rapid than that of the original oil, indicating that the treatment caused conjugation of the double bonds. A similar treatment of semidrying oils yielded products resembling activated linseed oil. If the oils were treated with sulfur dioxide a t higher temperatures and lower pressures,,polymerization took place. The linseed oil yielded a fraction resembling stand oil, while the more unsaturated oils yielded a solid product without drying power and a liquid fraction with increased iodine value. SYNTHETIC RESINS. A promising outlet for liquid sulfur dioxide which, if developed, would consume a large quantity of this raw material, is in the form of synthetic resins. During the past decade there has been much scientific interest in the reaction between sulfur dioxide and the olefins (76, 90, 94, 96). I n many cases the products are polymers having thermoplastic properties from which coherent moldings may be produced; in some cases they are colorless and transparent. Unfortunately, most of the resins produced up t o the present time decompose slowly a t room temperature and evolve sulfur dioxide, so that they tend to discolor with age. They decompose readily when heated above the softening points. Some of the materials have excellent mechanical properties and high dielectric strengths. The reaction is not limited to hydrocarbons but takes place readily with many unsaturated organic compounds, including acrylic acid, allyl alcohol, and other compounds with functional groups. A feature of these materials is that the quality of the resin can be modified by other reactions after polymerization (31). SOLVENTFOR INORGANIC COMPOUNDS. The chemistry of inorganic substances in liquid sulfur dioxide was investigated by Shatenshtein (91)in Russia, and by Jander and co-workers (49, 109) in Germany. The anhydrous liquid is an excellent solvent for many organic and inorganic substances. The solutions are good conductors of electricity while the pure solvent is a poor conductor. It has been shown that the solutes are more or less dissociated and that a “sulfito” system can be developed according to the Bronsted theory. The solvent is considered to be weakly dissociated as follows: 2s02
 
 Courtesy, E . B. Badger & Sons Colppany
 
 EDELEANU EXTRACTION PLANT (above) AND SULFURDIOXIDECOMPRESSORS USEDIN A N EDELEANU PLANT (below)
 
 so+++ 0.soz-- * so+++ so3--
 
 Reactions of such types as double decomposition, solvation, solvolysis, oxidationreduction, and complex formation take place in the solutions. The strongest acid in the Sulfito system is SO(SCN),. By this concept, thionyl chloride (SOClz) is an acid when dissolved in sulfur dioxide and the sulfites are bases. Neutralization resulting from interaction of thionyl chloride
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 and dissolved sulfites produces metallic chlorides and sulfur dioxide. Shatenslitein concludes that substances with ionic lattices are only slightly soluble in sulfur dioxide, while covalent compounds with molecular lattices are quite soluble. Recent work has shown the advantage of using liquid sulfur dioxide as a medium for the Friedel-Crafts reaction (88). The liquid is a good solvent for both anhydrous aluminum chloride and ferric chloride, as well as many organic compounds, and the reaction proceeds smoothly. Brominations with solutions of bromine and sulfonations with solutions of chlorosulfonic acid in sulfur dioxide have also been reported. Water and liquid sulfur dioxide form two immiscible pairs at room temperature, the sulfur dioxide phase containing 2.3 grams water per 100 grams sulfur dioxide and the water phase containing 49.1 grams sulfur dioxide per 100 grams water (108). The monohydrate separates from the sulfur dioxide solution of water as a crystalline mass a t 0' and is stable up to 12" C. Ionization of this compound in liquid sulfur dioxide is supposed t o occur as follows: SOz.Hz0 e SO++
 
 + 20H-
 
 Electrolysis of the solution yields sulfur a t the cathode and oxygen a t the anode. The water-sulfur dioxide system has industrial interest because of its bearing on corrosion during the storage and use of the liquid. Wyld (111) states that anhydrous sulfur dioxide does not act on iron a t temperatures up to 100" C. The technical product has a slight action, owing to the presence of a small amount of water. The temperature a t which the action takes place increases with the purity of the liquid. It is about 70" C. for sulfur dioxide containing 0.7 per cent water. Because of the limited solubility of water in the liquid and because of the formation of a protective film of iron sulfite and thiosulfate even the more impure liquid sulfur dioxide does not corrode iron severely a t ordinary temperature. I n refrigeration machines where the temperature may rise considerably, only the anhydrous liquid can be used. Johnston (50) states that in this case a moisture content below 50 p. p. m. is desirable in order t o avoid corrosion and to reduce the action of the oil to a minimum. The second most important use for liquid REFRIGERANT. sulfur dioxide is in refrigeration. For this purpose it is considered the most stable of all the materials employed, a property which makes it particularly suitable for household refrigerators (26). It is inexpensive, nonflammable, and nonexplosive, and its irritating properties make it easy to detect when a leak occurs. The thermodynamic properties also make it ideally suited for this use.
 
 Uses of Gaseous Sulfur Dioxide REDUCTION TO ELEMENTAL SULFUR. Since the market for large quantities of liquid sulfur dioxide is a t present limited, and because its storage and transporation present difficulties, most of the smelters recovering pure sulfur dioxide from roaster gases find it necessary to convert the product to elemental sulfur by some reduction process. This condition will prevail until new uses for the pure gas are developed to consume larger quantities. Reduction may be accomplished by reaction with coke or with any of the reducing gases, such as producer gas, natural gas, or hydrogen. The reduction of sulfur dioxide with carbon has been thoroughly investigated by the chemists of Imperial Chemical Industries (4) and of the Consolidated Mining and Smelting Company of Canada (67). It is generally believed that the following reactions occur in the coke bed:
 
 so2 + c .--f cos + 1/2 sz COZ + c +2co
 
 Vol. 34, No. 9
 
 The reduction of sulfur dioxide by carbon is strongly exothermic, whereas the reduction of carbon dioxide is endothermic. Both reactions occur simultaneously, but the rate of the reaction of sulfur dioxide with carbon is much faster than that of carbon dioxide so that the temperature gradually increases to a maximum of about 1300" C. when about 80 per cent of the sulfur dioxide has been reduced. I n order to carry the reaction to completion, it is necessary to use two steps for the process. First, a portion of the sulfur dioxide is mixed with air and passed into the coke bed in an apparatus similar to a gas producer. At the lower temperatures prevailing in the upper part of the bed, carbonyl sulfide is formed as the result of the reaction of carbon monoxide with sulfur:
 
 co + ' / z s --+ cos The gases leave the producer a t 700" to 900" C. Advantage is taken of this reaction t o maintain all of the sulfur in the gaseous phase so that the products of the first step of reduction may be carefully cleaned of dust before they enter the second stage which consists of reduction in the presence of a contact catalyst. Here the remainder of the sulfur dioxide is mixed with the gases from the producer. The reactions which take place are:
 
 so2 + 2cos +2coz + 3 / z s2 so2 + 2co --f 2c02 + '/2 sz SOz + 2H2S ----f 2H20+ Sz so2 + csz +coz + "2 S2 The hydrogen sulfide and carbon disulfide are present as minor constituents in the reactants from the coke bed. The catalyst consists of a sintered mixture of alumina and fireclay, The temperature in the catalyst bed is maintained between 250" and 500" C. After the reduction, the gases are passed through a waste heat boiler in which separation of the liquid sulfur begins. The remainder is carried along as mist, which is finally separated in Cottrell precipitators. The success of the reduction process depends largely on the close control of the operating conditions. This is accomplished by the use of automatic instruments for proportioning and maintaining temperature. The processes are not confined t o the reduction of pure sulfur dioxide since the gas entering the producer may be roaster gas, provided it contains the correct amount of oxygen. I n the second step the absence of oxygen is desirable, but even here producer gas may be used if the oxygen content is low. The conversion of smelter gases directly t o elemental sulfur with a process similar to that developed by Imperial Chemical Industries is being used by the Bolidens Mining Company a t Ronnskar in northern Sweden. Here an annual output of 25,000 tons of sulfur is being produced. As might be expected from the discussion above, the reduction of sulfur dioxide with hydrocarbon gases is easily accomplished ( 1 6 ) . The Dry Thiogen process, invented by Young (112) in 1912, used hydrocarbons from cracking petroleum oils for producing sulfur direct from smelter gases. The catalyst was calcium sulfate which was assumed to undergo successive reduction to calcium sulfide with the hydrocarbons and reoxidation to calcium sulfate and sulfur with the sulfur dioxide. The process was not commercially satisfactory because oxygen in the gases caused excessive losses of the hydrocarbon and also because, under the conditions used, the carbon was converted only to carbon monoxide. Yushkevitch (114) found that methane and sulfur dioxide react readily a t 900" C. in the presence of bauxite catalyst to form sulfur, hydrogen sulfide, and carbon monoxide. At lower temperatures the equilibrium is unfavorable t o the completion of the reactions. Zawadski (115) showed that be-
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 SULFITE MILLO F THE ABITIBI P O W E R AND PULP COMPANY, WITH ONE OF TEE WORLD'S LARGEST SPHERICAL HOTACIDACCUMULATORS SHOWN IN PROCESS OF ERECTION
 
 tween 800" and 850" C. large quantities of carbonyl sulfide and carbon disulfide are formed. The mechanism of the reaction between the various gases has been studied by Yushkevitch (113) and Avdeeva (7). The possibility of controlling the catalytic reactions to produce one or both of these materials is a subject of considerable interest. As Table I11 shows, approximately 80,000 tons of carbon disulfide are consumed in the United States a year. The chemistry and uses of carbonyl sulfide have not been fully investigated, but it should have unusual properties due t o its structural configuration. The possibility of the direct conversion of dissolved sulfur dioxide to elemental sulfur is also of interest. If this could be accomplished in alkaline or neutral solutions, it would provide a method of regenerating the absorbent when the sulfur dioxide is removed from dilute gases. Young's Wet Thiogen process (129) accomplished essentially this result when dealing with smelter fumes for which the effluent solution from the scrubbers was strongly acidic. The process consisted in treating the sulfurous acid solution with barium sulfide, which produced a mixed precipitate of sulfur, barium sulfite, and barium thiosulfate. The solids were filtered, dried, and calcined with coke. The free sulfur and half of the sulfur in the thiosulfate were volatilized and recovered. The barium sulfite was reconverted to barium sulfide and recycled. The process was thoroughly studied by the Bureau of Mines (107) and was shown to be applicable to the treatment of smelter fumes a t an over-all cost of about $6.50 per ton of sulfur dioxide. REACTIONS WITH SALT. A promising use of cheap sulfur dioxide is in the heavy chemical industry where the production of salt cake, chlorine, hydrogen chloride, and anhydrous metal chlorides and sulfates is of interest. A review of these possibilities and a study of the conditions under which the reactions take place was recently made by Darbyshire (20). The Hargreaves-Robinson process (66) for producing saIt cake and hydrogen chloride by the reaction of sulfur dioxide, air, and water vapor on sodium chloride was used extensively
 
 in Europe during the latter part of the nineteenth century, Operating difficulties made the labor cost high so that the process has now become outmoded, except in localities in which the raw materials are immediately available. I n the absence of steam, the reaction of sulfur dioxide and air on salt produces sodium sulfate and chlorine (8, 16, 69, 81,86). The sulfur dioxide itself may act as a source of oxygen in the absence of air, yielding chlorine, sulfur, and sodium sulfate (78, 104). I n the presence of metallic oxides the opportunities for diversified products is greatly increased. Many of the oxides act as catalysts for the production of chlorine (19, 65, 62). Others are themselves chlorinated to produce anhydrous chlorides (65). The reactions have been studied extensively in connection with the process of chloridization of ores (14, 17, 40, 41, 77). The direct chemical production of chlorine from sodium chloride appears t o be a possibility either through the reaction mentioned above or by first forming the anhydrous sulfates which liberate chlorine from salt when the two are heated together in air (68, 60, 61, 79,106).
 
 I n Darbyshire's work (65), carried out a t low space velocities in order to study the reaction mechanism, it was found that chlorine could be liberated from sodium chloride by means of sulfur dioxide and air a t temperatures as low as 500" C. in the presence of a catalyst, such as rutile, beryl, and other oxides. Studies are now being made to determine if the reaction can be carried out a t high space velocities with favorable yields using molten mixtures. In order to produce pure chlorine, it would be necessary to use oxygen rather than air. On the other hand, many chemical processes can be adapted t o dilute chlorine mixtures containing small amounts of either sulfur dioxide or oxygen. It may be noted from the equation, NazSOc (21% 2NaC1 SOZ 0 2
 
 +
 
 +
 
 +
 
 that the use of sulfur dioxide and oxygen to produce chlorine has an advantage over the use of sulfur trioxide in that it is not necessary to separate the chlorine from sulfur dioxide,
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 United States is shovin in Table IV. I n the three major industries in which sulfuric acid is used, the general technical trend during the last ten years has been to decrease the use of sulfuric acid. The development of the met'aphosphate process for making high-grade fertilizer by the Tennessee Valley Authority and the production of phosphoric acid in the blast furnace and in the electric furnace rather than by the wet process has threatened the use of sulfuric acid in that industry. The increased use of solvent refining in the oil industry and the recovery of used acid from sludges has had a similar effect. On the other hand, the recently developed alkylaSO2 c1, +S02C1, tion process which employs sulfuric acid as a catalyst may reverse this trend. Thionyl chloride is made by the reaction of phosphorus Even in the steel industry attention is being given to new pentachloride or phosgene with sulfur dioxide (92) according methods of pickling lT-hich do not require sulfuric acid (89)and to the reactions: also to recovery of the acid in some form from the waste pickle liquors (44). This has been brought about by increased so, PCl5 -----f PQCI, SOCl, public attentmionto the pollution of streams from this source. so, + coc1, +soc1, co, I n spite of these trends, the consumption of sulfuric acid was about the same in 1939 as it was in 1929, having recovered The latter reaction is catalyzed by wood charcoal a t temperafrom the minimum reached in 1933 during the depression. tures above 200' C. A mixture of carbon monoxide and chloIt is of interest to predict the effect of the war program on rine may be substituted for the phosgene. Sulfur trioxide the sulfuric acid industry and what may be expected in the and sulfur chloride may also be used: consumption of acid due t o the v-ar, The principal use of the acid undoubtedly is in the manufacture of munitions. HowSO3 SZC1, +soc1, so, s ever, the recent announcement ($) t'l-iat a t one plant alone a million cubic feet of chlorine a day will be replaced with hyChlorine is added continuously with the sulfur to give more drochloric acid, which will be produced by treating salt with sulfur chloride. I n this may a theoretical yield is obtained sulfuric acid, indicates that the acid consumption may be inand the inconvenience of the other chloride is avoided. Mercreased beyond expectations based on the product,ion of excuric and antimony chlorides act as catalysts. plosives alone. A new process being developed by the TenBoth sulfuryl chloride and thionyl chloride are used for nessee Valley Authority for the recovery of alumina from organic chlorinations (36), the former t o introduce chlorine clays uses sulfuric acid as the leaching agent. Other developinto aromatic rings or side chains, and the latter as a milder ments, Tvhich are noted in the next sect'ion, confirm the belief agent for replacing hydroxyl groups in alcohols or carboxylic that the consumption of sulfuric acid may be much greater acids by chlorine. after the emergency than it was before. Thionyl chloride with alcohols produces alkyl sulfites SELFURTRIOXIDE.Sulfur trioxide may be considered one (71, 92, 101). The lower members of the acids are stable of the important products made from sulfur dioxide. Most liquids (13) and should have unusual solvent properties ( 6 ) . of it appears as sulfuric acid or oleum. At present very little Silberrad (92) reviewed the general uses of thionyl chloride in of the pure compound is recovered, although it could be oborganic chemistry. Besides the reactions mentioned, it is tained readily from contact plants. In this caw the gas from used for replacement of -0,-H, -SH, -NO2, and --S03H the catalyst unit)s is absorbed in concentrated acid and the with C1, introduction of S alone or in combination with 0 to oleum distilled to produce 100 per cent sulfur trioxide. The form an -SO group, dehydrogenation by removal of H, decost of these operations is not great so that the value of the hydration by removal of HOH, condensations, and catalytic product is only slightly more than that of concentrated sulreactions such as absorption of CzH4 by SZClz. furic acid. Liquid sulfur trioxide has some unusual properties. It Sulfur Dioxide as a Burner Gas undergoes polymerization, which causes it to exist in the solid SULFURICACID. By far the largest portion of sulfur distate a t temperatures considerably above the melting point oxide made as burner gas is converted to sulfuric acid. The of the pure monomer. This property makes the material technology and economics of the production of this important difficult to transport and handle. Some work has been done chemical have been well presented in two recent books (27, on stabilizing the liquid to prevent polymerization. Several 63). Only brief consideration will be given here to present investigations now in progress indicate that other uses may trends. The consumption of acid by various industries in the be found for this material. Sulfur trioxide, either as a pure gas or as the fuming acid, is used for the productmionof chlorosulfonic acid and the chlorosulfonates. A revieTv of the chemistry of chlorosulfonic acid was OF 50" Bk. SULFURIC ACID ( I N SHORT Tom) BY TABLEIV. DISTRIBUTIOX given recently by Jackson (48). The acid is IKDUSTRIES, 1929-39 (107) made commercially by the direct action of dry Industry 1929 1931 1933 1935 1937 1939 hydrogen chloride gas on contact sulfuric gas Fertilizer 2,446,000 1,351,000 1,206,000 1,720,000 2,230,000 2,ino,ooo Petroleum refining (19). It is an excellent sulfonating agent in 1,570,000 1,384,000 1,150,000 980,000 1,100,000 i,91o,oon Chemical 890,000 760,000 725,000 940,ono 1,020,000 975,000 organic chemistry; for this purpose it is freC o d products 935,000 570,090 468,000 625,000 865,000 740,000 Iron and steel 800,000 4 80,00 0 390,000 630,000 1,100,000 980,000 quently used in admixture with sulfur trioxide Other metallurgical 676,000 4 10,000 360,000 520,000 623,000 570,000 itself. The acid is readily decomposed into Paints and pigment 225,000 180,000 170,000 400,000 825,000 500,000 Explosive 196,900 175,000 140,000 175,000 180,000 190,000 sulfuryl chloride and sulfuric acid simply by Rayon and cellulose 150,000 183,000 242,000 303,000 380,000 400,000 film boiling in the presence of the salts of mercury, Textile 90,000 81,000 90,000 90,000 112,000 116,000 antimony, and tin, which act as catalysts 3Iiscellaneous 390,000 2G2,000 233,000 342.000 460,000 400,000
 
 provided the reaction can be carried to completion in respect to the latter gas. This should be possible by using a n excess of oxygen. Thermodynamic calculations shov that the equilibrium becomes unfavorable above 800" C. CHLORINEDERIVATIVES.Two important oxychlorine compounds of sulfur are produced commercially from sulfur dioxide. These are sulfuryl chloride and thionyl chloride. The former is readily made by the reaction of sulfur dioxide and chlorine in the presence of a catalyst, such as activated charcoal or camphor ( 7 4 , 7 6 ) ,by means of the reaction:
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 effects of impurities such as free sulfur, sulfur trioxide, and selenium could be eliminated by the use of liquefied sulfur dioxide. McGovern showed that the high concentrations of cooking liquor available in this way are especially satisfactory in producing semipulps from the southern pines. Finally, authorities point to the increased capacity of the acid plant in the sulfite mill without increased capital outlay.
 
 Aqueous Solutions of Sulfur Dioxide I n aqueous solutions, sulfur dioxide may act either as a reducing or an oxidizing agent. There is apparently an equilibrium SO2 H2O (H0)zSO 2
 
 +
 
 Courtesy, Chernipulp Process, Inc.
 
 SO-+
 
 + 20H-
 
 which is shifted to the right in strong acid solutions (10%). The SO++ ion has a high oxidation potential and is capable of oxidizing such ions as ferrous and stannous. I n weak acids the sulfite ion is a reducing agent and consequently converts ferric ions to ferrous. Aqueous solutions of sulfur dioxide readily oxidize hydrogen sulfide to form elemental sulfur. The reaction mechanism is complicated and proceeds best in the presence of a catalyst such as arsenic oxide. Sulfur dioxide reacts with solutions of the thiosulfates to form the polythionates. This is the basis of the Feld polythionate process for the removal of hydrogen sulfide and the recovery of elemental sulfur from fuel gases, which was developed in Germany (97). An interesting example of catalytic oxidation in the presence of dissolved sulfur dioxide, which evidently depends upon its oxidation-reduction potential in strongly acid solutions, is the ferric sulfate-sulfuric acid process. This has been studied by Ralston, Leaver, and others a t the Bureau of Mines (86). When a mixture of sulfur dioxide and air containing less than 3 per cent sulfur dioxide is passed into a solution of ferrous sulfate, oxidation of the iron takes place with the simultaneous formation of sulfuric acid according to the following equations:
 
 RELIEFLINESAND CONNECTION INTO EDUCTOR WHERE HOT SULFUR DIOXIDEAND LIQUOR RELIEFFROM THE DIGESTOR ARE CONTACTED WITH FRESH LIQUOR FROM THE ACID SYSTEM AND ARE THEN CONDUCTED TO THE HOTACIDACCUMULATOR, IN THE ABITIBI POWER TOP
 
 AND
 
 PULPCOMPANY'S SULFITEMILL
 
 The reaction of sulfur trioxide with sodium chloride to produce salt cake and chlorine has recently received renewed attention. Hixson and Tenney (43) showed that the complex formed by the reaction a t low temperatures is a mixture of addition compounds consisting of 1, 2, or perhaps 3 moles of sulfur trioxide per mole of sodium chloride. Above 115" C. the compound NaC1.2SOs decomposes to sulfur trioxide and sodium chlorosulfonate. Between 225" and 300" C. 3 moles of the sodium chlorosulfonate liberate 1 mole each of chlorine and sulfur dioxide. The solid residue of this reaction is empirically an equal molar mixture of sodium pyrosulfate and sodium chloride, which reacts to form sodium sulfate, chlorine, and sulfur dioxide above 330" C. The kinetics of the decomposition of the addition compounds was investigated by these authors. Iler (47) used liquid sulfur trioxide to provide more complete conversion of the salt to the chlorosulfonate. I n a recent patent Laury (66) proposed adding oxygen t o the mixture of sulfur dioxide and chlorine and, by means of a contact mass, converting this to sulfur trioxide and chlorine, The sulfur trioxide is removed from this mixture by reaction with sodium chloride, leaving chlorine alone with the fixed gases. The chlorosulfonate is then decomposed by heating in the presence of oxygen or air. Sodium chlorosulfonate itself has an important use in the production of alkyl sulfonates from unsaturated alcohols. PAPER INDUSTRY. The consumption of sulfur by the paper industry in the United States is shown in Table I. It is estimated that the sulfite pulp mills in the United States and Canada could consume approximately 1500 tons of liquid sulfur dioxide daily, although sulfur and pyrite burners are now used almost exclusively as a source of the gas in the mills. The advantages t o be derived from using liquefied sulfur dioxide have been described by several paper technologists (26,58, 7 3 ) . It is obvious that a stronger cooking acid can be made by using the pure gas. This is believed to yield a greater penetration of the wood, require a shorter time of cooking, and reduce the cost of bleaching. The deleterious
 
 ++ ++
 
 2FeS04 SO2 0 2 +Fe2(SOa)3 Hs0 SO2 '/z 02 +Has04
 
 When the initial concentration of the acid is over one per cent, oxidation of the ferrous iron is repressed, although it is possible to maintain a high ratio of ferric to ferrous ions by starting a t low acid concentrations. I n this case the conversion of the sulfur dioxide proceeds rapidly even a t acid concentrations above 10 per cent. The process is a convenient means for oxidizing leaching solutions for the hydrometallurgy of copper ores. Both ferric and manganese ions are active catalysts for the oxidation of sulfur dioxide in acid solutions (61). The catalytic action, however, is inhibited by organic substances such as phenols, and by metallic ions such as copper and tin. Aqueous solutions of the sulfites are readily oxidized by dissolved oxygen. The reaction is catalyzed by copper ions.
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 SULFITE MILLOF KENORA PAPERMILLS,LTD. The Jenssen acid system is shown a t right of the digestor building as well as the housing for the hot acid accumulator a t the lower left alongside one of the acid storage tanks.
 
 Solutions of the bisulfites are subject to autoxidation with the formation of elemental sulfur and the sulfate. The decomposition of ammonium bisulfite in this way is rapid and, in an autoclave above 100" C., actually takes place with explosive violence (9). The reaction has been used commercially for the production of ammonium sulfate. At the Trail smelter a simple continuous process, operating at 135" C. and 40 pounds per square inch pressure, has been used to produce 30 tons of ammonium sulfate and 4 tons of elemental sulfur a day (68).
 
 Fine Chemicals Sulfur dioxide is used for producing many fine inorganic chemicals. The most important are the sulfites, thiosulfates, and hydrosulfites. The anhydrous sulfites and bisulfites are prepared commercially by absorbing sulfur dioxide from burner gases in a solution of soda ash. Usually a series of two packed towers is used for the absorption, and the liquor is circulated countercurrent to the gas. The bisulfite is more soluble than the sulfite so that the latter may be crystallized from solutions in which the ratio of sulfur dioxide to sodium is much greater than 0.5. The solubility of sodium sulfite decreases with increase in temperature ($9) so that the crystallization is carried out near the boiling point. Below 33.4" C. the hydrate NazSOa.7Hz0is a stable form. The Monsanto Chemical Company recovers sodium sulfite as a by-product in the production of phenols by the caustization of sodium arylsulfonates. The product is used extensively for the removal of traces of dissolved oxygen from boiler feed water. Sodium pyrosulfite, Na2S205,is produced from soda ash solutions when the sulfur dioxide content of the liquor is increased. Crystallization is carried out at a lower temperature than that of the sulfite. The bisulfite, NaHS03, does not exis stable below ist as a solid. A heptahydrate, SazSzOs.7Hz0, 5" C. Crystals of the hydrate are less suitable for packaging because of their high vapor pressure of water, which causes efflorescence and rapid oxidation in air. Sodium sulfite and pyrosulfite find extensive use as reducing
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 agents in photography, in copper and brass plating, for the bleaching of delicate textiles, as antichlor, as mordants for dyes, and as preservatives and antiseptics. Solutions of the salts are readily oxidized by air, but the dry product may be packaged without deterioration. Moist crystals of the pyrosulfite decompose slowly, even in the absence of air, t o form the sulfate and sulfur. At high temperatures the solutions undergo autodecomposition to form the sulfate and sulfide (67). The sulfite solutions are used for the production of the thiosulfates by the reaction with sulfur. The amount of sodium thiosulfate used in photography and in textile mills is nearly 30,000 tons a year. The relative solubilities of potassium sulfite and pyrosulfite are the reverse of those of the sodium salts (29). Because of the high solubility of potassium sulfite and the small effect of temperature on its solubility, this salt is prepared by the addition of an equivalent amount of potassium hydroxide to a hot concentrated solution of the pyrosulfite. The pyrosulfite is precipitated when a concentrated solution of potassium hydroxide is saturated with sulfur dioxide and cooled t o room temperature. The solubility of this compound has a large temperature coefficient. For this reason it crystallizes from solutions containing as little as 0.6 mole of sulfur dioxide per mole of potassium. These differences in the solubility relationships of the sodium and potassium salts suggest that they may have different uses. Another important reducing agent, used in the dyeing and printing of textiles and for leaching, is sodium hyposulfite, NazSz04,also called sodium hydrosulfite and sodium dithionite. This salt is made by first forming zinc hyposulfite through the addition of powdered zinc to a strong solution of sulfur dioxide (84). The zinc salt is converted to the sodium salt by sodium carbonate. A hydrate may be separated by concentrating the dilute solution and salting out with sodium chloride. The hyposulfite is also produced in anhydrous form by crystallization from alcohol. A compound with formaldehyde is used for bleaching in the textile industry. I n solution the salt is a powerful reducing agent, one of the few available for use in the alkaline range. Because of this property its use has recently been suggested for the bleaching of vegetable proteins, such as those made from soybean meal (93).
 
 Much work has been reported on the complex oxy acids of sulfur and their salts. The analytical methods developed by Kurtenacker (64) have done much to remove the confusion which formerly existed in the chemistry of these compounds. A part of the interest in this subject has been due to the development of the polythionate process (mentioned above) for removal of hydrogen sulfide from gases.
 
 Miscellaneous Uses SuLfur dioxide has many miscellaneous uses for which large amounts are consumed either as burner gas or as the pure gas. Many of these are due to the acidic properties of its solutions which are fairly highly ionized. The ionization constant of the acid a t 25" C. is 0.013 (.54), which places it in the same class as phosphoric acid and bisulfate salts. The solutions, therefore, may be used for replacing weaker acids from their salts. The production of boric acid from colemanite and tartaric acid from wine residues are examples of this use. The acid is also employed to precipitate casein from milk in the production of lactose and for producing dicalcium phosphate from bones. Several attempts have been made t o use sulfurous acid solutions or liquid sulfur dioxide under pressure for releasing phosphoric acid from phosphate rock. Cameron (46)showed that saturated aqueous solutions of sulfur dioxide a t 3 t o 10 atmospheres pressure converts all of the phosphorus in phosphate rock into soluble form. Dry treatment
 
 I N D U S T R I A L A N D E N G I N E E R I N G CHEMISTRY
 
 September, 1942
 
 with sulfur dioxide a t elevated temperatures renders about two thirds of the P206available as fertilizer. Part of the sulfur dioxide decomposes to liberate elemental sulfur. The general conclusion from all of this work is that the methods give no promise of economy over the standard practice using sulfuric acid. The antiseptic properties of solutions of sulfur dioxide are well known. Large quantities are used as preservatives, disinfectants, fumigants, and insecticides. I n the starch industry a concentration of about 0.2 per cent is maintained in the steep water t o prevent bacterial action. Grains and fruits are often treated with the gas for the same purpose. The taste and odor of soybeans may be improved with aqueous solutions of sulfur dioxide. The bleaching properties of sulfur dioxide have already been mentioned. The action of the free acid is undoubtedly due to its reducing properties. Neutral sulfites, as distinct from the acid salt or the free acid, however, are used to decolorize the dyes of the triphenylmethane series, such as fuchsine and malachite green. The color is restored by aldehydes. In dyeing, the acid forms soluble compounds with the insoluble ketone dyes, such as alizarin blue S and alizarin green S. Solutions are used as stripping agents in dyed goods, The application of liquid sulfur dioxide and sulfites in textile chemistry was discussed by Hattinger (39). Large quantities of sulfur dioxide are used as burner gases for bleaching straw and for decolorizing cane juice in the sulfitation process. I n the manufacture of starch from sweet potatoes the solution has been used for bleaching and as an antichlor (80). Solutions of sulfur dioxide are also used for softening and deliming hides and skins, in stoving wool, and to prevent coagulation of rubber latex. In metallurgy, many metallic oxides may be extracted by leaching with sulfurous acid solution. The Bureau of Mines has made extensive studies on the use of sulfur dioxide in the hydrometallurgy of manganese (11). Sulfur dioxide gas is used in ceramics as a reagent in glazing with gold. Its use has been proposed as a fire extinguisher in deep mines.
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 Turpentine and its related terpenes are the raw materials for a number of industrial chemicals. The manufacture of the better known products, such as terpineol and camphor, is reviewed. A number of new developments are described. These include the chemical separation of steam-distilled pine oil into its principal components anethole, camphor, fenchone, and terpineol, as well as the synthesis of pine oil from turpentine. Terpene hydrocarbons are the raw m a terials for valuable resins. The monocyclic terpene hydrocarbons are also converted to p-cymene and p-menthane. Cymene is further processed to yield a-me thyl-pmethylstyrene or its parent, carbinol, and the corresponding ketone. Cumic acid is a by-product. Isoprene w-ill also bc produced commercially from terpenes.
 
 Newport Industries, Inc., Pensacola, Fla
 
 T
 
 HE fact that the chemical literature on terpenes is
 
 voluminous is shown by t’he classical works of Semmler, Wallach, Gildermeister and Hoffman, the more modern books of Brooks or Parry, or, more recently and probably most comprehensive of all, Simonsen’s two volumes and the numerous papers in current scientific journals of the world. The astonishing thing is that in this era of industrial cbemistry the applied chemical reactions involving terpenes have been almost insignificant in relation to the data available. There has been considerable speculation regarding the actual original chemical from which the terpenes are derived in plants. Read’s theory (16) advanced in 1929 that geraniol, an unsaturated acyclic alcohol, is the plant parent of all terpenes is often quoted. Hall (10) elaborated on this a few years later and ingeniously showed that many of the exceptions to Read’s theory could be explained if four theoretically possible glycols of geraniol were formed; he argued for this theory by counting the actual number of occurrences together in plants of the various groups that could be derived from any one of these glycols. The most widely distributed of all the terpenes is a-pinene, and it is the one most abundantly recovered for industrial use as oil of turpentine. It is found in the wood of many conifer-
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