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 Natural and Synthetic Rubbers NOR-MAN BEKKEDAHL AND ROBERT D. STIEHLER National Bureau of Standards, V’ashington 25, D . C .
 
 T
 
 HIS paper is the first of a series of annual reviews on analytical methods pertaining to natural and synthetic rubbers. It covers the period from 1944 to the present, in order to include practically all the publications in the relatively new field of s p thetic rubber. Articles appearing earlier than 1944 are mentioned only if they are very special ones or refer to some classical procedure. On the other hand there have been omitted from this review methods for the analysis of compounding ingredients and of raw materials used in the manufacture of synthetic rubbers, as well as physical tests applied to rubber vulcanizates and such physical tests on raw polymers as molecular weight determinations] sol-gel ratios, viscosities, and swelling. I t has been necessary to restrict the review to new methods that have been applied successfully in the analysis of rubbers. GENERAL
 
 In most countries there are standard procedures for the chemical analysis of rubbers and rubber products. In the United States three groups promulgate such standards, (1) Committee D-11 on Rubber and Rubberlike Materials of the American Society for Testing Materials (A.S.T.N.), (2) Federal Specification Board, and (3) Office of Rubber Reserve of the Reconstruction Finance Corporation (Rubber Reserve). The A.S.T.M. pub-
 
 lishes the latest revisions of its methods annually. Methods of the A.S.T.11. for the chemical analysis of rubber products ( 7 ) have not changed since 1943, but in 1946 there \vas added a method ( 8 ) for the identification and quantitative analysis of synthetic rubbers. ∈ A.S.T.M. method on natural latex will soon appear. The latest revision of the federal specification (216) on methods of test for rubber goods, promulgated in 1940, is out of date. I t is now being revised to include methods on synthetic rubber products and should be issued sometime in 1949. The specifications for government synthetic rubbers (156) include methods for the chemical analysis of synthetic rubbers and latices made in government plants. In England the British Standards Institution in 1940 published methods for the testing of lateu and crude rubber (44)and vulcanized products (45). I t is understood that both publications will appear soon in extensively revised and enlarged form. In France the Association Franqaise de Sormalisation ( 1 7 ) and in Germany the Deutscher Verband fur die Materialprufungen der Technik ( 6 4 ) promulgate methods for the chemical analysis of rubber. Other countries also have similar organizations. Basically, the chemical methods are in most cases the same in all countries. Summaries or abstracts of articles on the chemical analysis of
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 V O L U M E 2 1 , NO, 2, F E B R U A R Y 1 9 4 9 rubbers are included in several technical journals. Perhaps the most complete is the “Summary of Current Literature,” published since 1923 by the Research Association of the British Rubber Manufacturers. The French journal, Revue gknkrale d u caoutchouc, has more recently included a section, Documentation Analytique, covering the same field. The “Annual Report on the Progress of Rubber Technology,” published by the Institution of the Rubber Industry since 1937, briefly mentions all articles in connection with rubber. Chemical Abstracts, pubCHEwc.%L SOCIETY, and British Chemical lished by the AMERICAX Abstracts have sections devoted to abstracts of the rubber literature. Several excellent revien- articles have appeared in recent years. In 1944 the British Ministry of Supply published a booklet known as “Users’ Memorandum KO. U.9,” lyhich is generally considered the f i s t paper of its kind to give a systematic scheme of analysis of natural and synthetic rubbers. Stern (199) and Wyatt (943) in the same year wrote review articles which dealt chiefly with methods of identification of natural and synthetic rubbers. I n 1945 Wake ( 2 2 3 ) , in an excellent critical compilation of the methods used to determine the nature and amounts of rubber present, discussed a recommended analytical scheme in considerable detail for the analysis of vulcanized rubber. Tyler and Higuchi’s review (215) in 1947 covered the history of the methods of quantitative chemical analysis of synthetic rubber. Both of these latter reviews included much information not previously published. I n 1947 the British Ministry of Supply revised and brought up to date its users’ memorandum to give the latest detailed directions for the identification and estimation of natural and synthetic rubbers (43). Outlines for the identification and chemical analysis of rubber and rubber products are sometimes included in reference books (80, 195), but because books are usually not kept up to date it is suggested that -4.S.T.M. methods, Users’ Memorandum S o . U.9, or similar publications be consulted for the latest methods. Much of the work on synthetic rubber which was restricted during the war still remains unpublished, but it is hoped that this information mill appear in scientific journals during the next year or two. In the early part of the synthetic rubber program in this country the analytical procedures were the Same as for natural rubber. Because they were either not suitable or too slow for the rapidly moving synthetic rubber program, new or improved methods were developed. Research sponsored by Rubber Reserve in industrial, university, and government laboratories, on analytical methods and standardization of testing procedures in government synthetic rubber plants increased the precision and accuracy of rubber testing severalfold (149, 203). Many of the methods developed for synthetic rubber will undoubtedly also be found useful for the analysis of natural rubber. More and more the new analytical procedures employ the instruments of the physical chemist and physicist, such as the refractometer, polarograph, electron microscope, mass spectrometer, colorimeter, spectrometer, and x-ray diffraction apparatus. In these procedures the identity of the material is usually not destroyed during test, less sample is required, and results are obtained in a shorter time. RUBBER IN PLANT TISSUES
 
 Because of the great shortage of natural rubber during the Rar extensive work n.as done on methods of identification and analysis of rubber in plant material. The regional laboratories of the U. S. Department of Agriculture studied the possibilities of obtaining rubber from home-grown plants, chiefly the goldenrod, cryptostegia, kok-saghyz, and guayule. By means of staining and microscopical techniques Rollins, Bailey, and deGruy (180) were able to demonstrate the location of the rubber in the chlorophyllous cells of the goldenrod leaf. Whittenberger and his co-workers (299, 231, 232) studied sections of both fresh and
 
 preserved stem and leaf tissues of cryptostegia under a microscope, and were able to identify the rubber by methods of staining, solubility behavior, micromanipulation, x-ray diffract,ion, and chemical analysis. By micromanipulation they could also stretch the rubber globules as much as tenfold. Fernindez and Shiiez (72, 7 3 ) , in determining the rubber content of a great number of rubber-bearing plants growing in Spain, found the old nitrosite precipitation method (130) very satisfactory. They also developed a modification (166) of the original Stolbin method (205) for estimating the amount of rubber in the roots of kok-saghyz. The nevi method is still empirical, as the amount of rubber is not measured directly. Most of the work on kok-saghyz, however, has been done by the Russians. Filippov ( 7 7 ) estimates the amount of rubber in the roots by noting t,he thickness of the latex film in a transverse section of the root. Another procedure (1.53), which is good only for rough field work, is to place a drop of lates from the live roots in a test tube containing a known amount of water, and then estimate t’he turbidity. h much more reliable procedure (196) disintegrates the plant tissue in an alkaline solution which separates it from the rubber. Bennett ( 2 9 ) determined the composition of rubber obtained from various botanical sources. The percentage of rubber hydrocarbon, the quantity and nature of the acetone extract, and the amount, of “insolubles” in nitrobenzene have proved especially useful in characterizing the natural rubbers. Cryptostegia grandiJEora was studied by Stewart, Bonner, and Hummer (200) t,o determine yield, composition, and other characteristics of its latex. Van der Bie (31) published a method for determining the rubber content of Hevea leaves, in which the dried leaves are first extracted with acetone or alcohol, and then extracted ryith benzene to remove the rubber, which is subsequently refluxed with 0.5 S alcoholic potassium hydroxide. The classical method of Spence and Caldwell ( 1 S 7 ) for the determination of quantity of rubber in rubber-bearing plants, especially guayule, has been made more rapid by Holmes and Robbins (99) and by Willits and co-workers (63.5). They boil the ground plant tissues in a stronger acid solution for a shorter period of time, heat in an autoclave for a shorter period of time, and then give a shorter acetone estraction previous to the benzene extraction. The newer procedure does not require the addition of an antioxidant to the rubber because of the decreased drying time and a lower drying temperature. Holmes and Robbins seemed to have been worried about the process, in that the rubber estract would include gutta-percha if present in the plant. However, Hendricks, Wildman, and Jones (96) have shown by means of x-ray diffraction analyses on rubbers from a large number of plants that nature does not produce both the cis and trans isomers of polyisoprene in the same plant. Traub ( 2 1 4 ) has developed a rapid photometric semimicro method for determining rubber and resins in guayule tissue. The procedures are adaptable not only to other plants but also to the determination of rubber in uncured crude-rubber products, and may be valuable in the analysis of synthetic rubbers. Solution of the rubber is accomplished by means of osygenated solvents with relatively high boiling points (115’ to 230” C.) which permit solution in 20 to 30 minutes. After the addit,ion of a protective colloid the rubher is precipitated by acidified alcohol, and the degree of turbidity is measured by means of a photometer. The quantity of resins is determined in a similar manner but precipitation is made by acidified viater. The author claims an accuracy of about 4% for the method. LATEX
 
 Relatively little work seems to have been done during the past several years to change or improve the older routine chemical test methods such as total solids, dry rubber content, ammonia content, and pH, on natural-rubber latex (44, 59, 78, 219). Ferrand ( 7 4 ) developed a micromethod by which it is possible to determine the total solids of latices, using alcohol as a coagulant.
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 268 Compagnon and Le Conte (58)reduced the time required for the procedure from 24 hours to 2 or 3 hours and modified it so as to give dry rubber content instead of total solid.. The method is claimed to have a precision of about 2%. Because of the viscosity of latex, Smith (193) states that a hydrometer cannot be used with great precision in the determination of total solids or dry rubber content in undiluted lateu. By diluting the latex 1 to 2 the error is decreaqed, but corrections must be made for variations in temperature of the latex. For an approximation of the dry rubber content of Mangabeira lateu it n ds found ( 2 7 ) that when density measurements are used the density-dry rubber content tables used for Hevea latex can be applied. Brass and Slovin (42)developed a “latex strainability test” which measures the amount of latex that passes through a filter medium before clogging. Baker (18)and Boucher ( 3 9 )have discussed the stability tests of latex, and state that the high-speed stirring should be performed on latex after an addition of zinc oxide in order to determine ionic stability as well as mrchanical stability. Whittenberger and Brice ( 2 3 0 ) developed a rapid method for estimation of the quantity of rubber in guayule latex dispersions. They make use of a microscopic count on one drop of latex. The method requires standardization against a known procedure. Hessels ( 9 7 ) studied tlie dispersoid analysis of Hevea latex by both the photomicrographic and the sedimentation techniques. The latter method proved to be the most suitable for the separation of the latex into a series of fractions. Altman (4-6)developed and described in detail a general scheme for the analysis of the organic constituents of Hevea latex. He isolated and identified various groups of organic compounds such as proteins, lecithins, amino acids, alkaloids, and sterols. A.S.T.M. Committee D-11 on Rubber and Rubberlike Alaterials has recently appointed a subcommittee to study test methods for determining the quality of latex. This subcommittee is now revising older methods and will soon offer a set of tentative procedures to the A.S.T.M. The detailed procedures for the chemical testing of GR-S synthetic rubber latices, made public by Rubber Reserve (156, $%I), include methods for total solids, reaidual styrene, soaps, pH, surface tension, turbidity, viscosity, coagulum, and filterability. Three publications (100, 144, 234) have described devices for the sampling of synthetic rubber latices during the polymerization reactions that take place under positive gage pressure. Sampling of the mixture while undergoing reaction is necessary in order to study induction periods, rates of polymerization, etc. EXTRACTS
 
 If rubber is from a “wild” source rather than from a plantation it is probably contaminated with sand, bark, etc. By washing on a mill most of this foreign material is removed, and the percentage loss of weight in this washing process is called “shrinkage” (26, 60). Because the rubber is dried only after and not before the washing, the shrinkage includes original moisture in the sample. Some of the water-soluble constituents of the rubber, including a portion of the natural antioxidants, are also removed from the rubber. The better grades of natural rubber and the synthetic rubbers do not require this shrinkage test. Acetone extraction has long been the procedure by which most of the organic nonhydrocarbon constituents of natural rubber are removed ( 7 , 45, 216). The application of this method to synthetic rubber for the removal of fatty acid, etc., in GR-S has not proved to be satisfactory, chiefly because the soap in the rubber tends to polymerize the acetone, and cause erroneous results. It was discovered in 1943 by Baker and Heiss (79) that the ethanol-toluene azeotrope (commonly known as E-T-A), which is composed of 70 parts by volume of ethanol and 30 of toluene, is a very good swelling agent for the rubber and a good solvent for the nonrubber organic constituents including soap. This ex-
 
 traction has since become the official procedure of Rubber Reserve (156). Instead of using the Soxhlet type of extraction the sample is allowed to reflux directly with the ethanol-toluene azeotrope in the flask, and the time of extraction is thereby decreased from an overnight procedure to one requiring a couple of hours. The per cent of extract is not measured directly but is calculated from the loss in weight of the rubber after removing the solvent. The ethanol-toluene azeotrope extract is used for determining the soap and fatty acid in the rubber (156, 203, 215). Kolthoff, Carr, and Carr (116) recommended the addition of 10 volumes of water to 100 volumes of the ethanol-toluene azeotrope extraction mixture. They claim that the addition of water to the mixture has no deleterious effects on the rate of eutrsction, and has the advantage of preventing the solution of the low molecular weight polymer. Both the azeotrope and acetone dissolve these low polymers which occur in synthetic rubber to the extent of 1 to 3% but are practically nonexistent in natural rubber. The official procedure of Rubber Reserve (156), however, requires the use of anhydrous ethanol-toluene azeotrope except for alumcoagulated GR-S rubber for which the azeotrope containing 5% of water is used to hydrolyze the aluminum soaps and permit the fatty acids to be eutracted. -4 method often used for extracting the rubber hydrocarbon from an unvulcanized acetone-extracted sample of rubber by chloroform or benzene is not always quantitative if run the usual short period of time. In some cases the extraction must continue for 100 hours or more before the rubber hydrocarbon is completely extracted (6B). The general methods for extractions by chloroform, acetonechloroform mixture, and alcoholic potassium hydroxide have undergone no significant changes the past few years. Several notes, however, have described improvements in extraction apparatus. Boyd ( 4 0 ) uses a crucible holder in the rubber apparatus which eliminates the necessity of attaching the sintered-glass crucibles to the condensers by means of wires. He also (41) has a scheme for the recovery of chloroform by means of a takeoff from the rubber evtraction apparatus. Messenger (148) suggests a modification in the all-glass extraction apparatus ofteri used in England. I n the modified form it can be connected to a condenser after extraction and the solvent distilled off. Kemp and Straitiff (112) have deqigned a drying apparatus which involves a high temperature and a moving inert gas at lorn pressures. I t is used for the efficient removal of water, acetone, benzene, etc., from unstable polymeric materials. In determining the “insolubles” in an organic solvent such as toluene ( 2 6 ) it has never been understood definitely whether the proteins remain with the insoluble portion or become dissolved along with the rubber in the solvent. Sitrogen determinations on both soluble and insoluble portions (170) showed that some of the proteins were distributed in each of these fractions, but that about 80 to 90% of them were present in the soluble portion. This finding will be a surprise to many chemists, who have been under the impression that most or all proteins are insoluble in toluene or benzene. Solvents for vulcanized rubber often become useful in analysis, especially when certain fillers are present which decompose easily on heating, in which case the organic material cannot be burned from the fillers. The extraction of the vulcanized rubber is discussed in later sections where this dissolution process will be applied. NATURAL-RUBBER HYDROCARBON
 
 Until recently the rubber hydrocarbon content of natural rubber has been found by difference, by subtracting the sum of the nonhydrocarbon constituents from 100% ( 7 , 45, 216, 242) because there was no reliable method for determining the hydrocarbon by direct means. The method, while none too good for natural rubber, becomes more complicated with synthetic rubbers
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 V O L U M E 2 1 , NO. 2, F E B R U A R Y 1 9 4 9 and their mixtures. Weither is the method very satisfactory when applied to non-Hevea rubbers whose compositions are often low in rubber hydrocarbon content and high in nonrubber constituents. Natural rubber hydrocarbon can be estimated from the amount of unsaturation in a sample of natural rubber determined by means of the well-known Kemp-Wijs procedure (110). Bloomfield (34) was able to make bromine react additively with ruhber, but he found that a correction must be applied when the rubber is in the vulcanized state (55). More is said below about similar procedures in the discussion of methods for the quantitat,ive analysis of mixtures of natural and synthetic rubbers. Willits, Swain, and Ogg (236) improved an old gravimetric method for the determination of rubber hydrocarbon by precipitating it as an alcohol-insoluble bromide. The method was developed chiefly for the quantitative determination of rubber in extracts of plant material such as guayule, cryptostegia, etc., but was also found to work very well with crude rubber arid latices. I t cannot, of course, be applied to rubber in the vulcanized form nor to natural rubber in the presence of synthetics. In 1937 a note in a Russian journal (113) mentioned a new direct method for determining rubber hydrocarbon content. I t is based on the method of Kuhn and L'Orsa (121) n-hich involves oxidation of the side-chain methyl groups in organic compounds containing the structure -CH2-C(CHa)=CHto acetic acid, a-liich is then titrated lvith standard alkali. .4s application of the procedure to rubber lacked detail, Burger, Donaldson, and Baty undertook to improve the procedure, and worked out conditions for the oxidation of the rubber by means of chromic acid, the separation of the resulting acetic acid by distillation, the aeration of the distillate to remove carbon dioxide, and the titration of the acetic acid ( 7 , 43, 51). This method has considerable advantage over the previously mentioned ones in that it can be used to determine natural rubber in the presence of synthetics. I t can also be used for vulcanized rubber, although large percentages of combined sulfur require a correction. K a k e (43, 223) gives a curve which shows the correction for all percentages of combined sulfur. Gutta-percha and balata react exactly as rubber hydrocarbon in this method of analysis. Small corrections of known magnitude are to be made when most synthetic rubbers are present. When no interfering substances are present in the rubber a precision of 1 to 2% is claimed for the procedure. Wake (223) estimates that the standard deviation is about 2%. Results obtained a t the Xational Bureau of Standards (69) indicate that the procedure can give better precision than this. I n routine Hilalysis on 59 samples of n-ild rubber conducted during the war, when speed was essential, the standard deviation was found to he 0.64% rubber hydrocarbon, but a t a later date when care was exercised in the same procedure for research work the standard deviation was reduced to 0.16%. Summations of rubber hydrorarbon content, acetone extract, and toluene insolubles were very vluse to loo%, which indicates good reliability for the method. l'ucci and RIaffei (169) also found the method very satisfactory. I'oulton (163) developed the method of Burger, Donaldson, and Uaty into a microprocedure and compared the two methods point by point. Using a 10-mg. sample, he was able to obtain a satisfactory determination of the rubber hydrocarbon in 4 hours, invluding the time for acetone extraction. Stewart and Hummer have found that there is an inverse correlation between the quantity of rubber hydrocarbon and an insoluble crystalline fraction in the total solids of the latices of Cryptostegia grandijlora (801) and €Ievea brasiliensis (202). ELEM ENTAL ANALYSIS
 
 In the determination of the constitution and structure of a molecule and also for identification of a compound or mixture, a total quantitative analysis of all the elements present often gives valuable information. Smith, Saylor, and Wing analyzed puri-
 
 fied natural-rubber hydrocarbon (194, 237) and found that the sum of the carbon and hydrogen totals very close to 100%; this indicates the presence of very little, if any, combined oxygen, It is unfortunate that at that time there was no reliable method for an accurate direct determination of oxygen. Since that time there have been developed two good methods based on work by Unterzaucher ( d l ? ) , but no nrialyses for oxvgen have been made on highly purified natural rubber. The method of Walton, RlcCulloch, and Smith (226) pyrolyzes the sample in an atmosphere of helium, converts all oxygen to carbon monoxide by passing the pyrolyzed gases over pellets of carbon a t 1120" C., and determines the amount. of monoxide by an extremely sensitive colorimetric method (189). As little as 0.01% of oxygen can readily be determined bjl this method. Chambers (55) in a somewhat similar procedure converts all oxygen to carbon monoxide but then oxidizes it to the dioxide by means of iodine pentoxide, and determines the resulting iodine volumetrically with thiosulfate. The method is claimed to be reliable to 1 part in 50 for oxygen percentages below 2%. Wagman and Rossini (232) describe an extremely precise method for the macroanalysis of carbon and hydrogen. illadorsky (137) used this procedure successfully in the analysis of some butadiene-styrene polymers in order to determine the amount of bound styrene. Farmer, Tristram, and Bolland (70) studied in detail the Kjeldah1 method for the determination of nitrogen. Using a combination of the macro and micromethods, as little as 0.05 mg. of nitrogen has been estimated with considerable accuracy and much less can be detected. They recommended the use of mixed catalysts of sodium sulfate, copper sulfate, and sodium selenate. Cole and Parks (57) developed a semimicro-Kjeldahl procedure for nitrogen determination in the control laboratory, where more speed is required. The method does not determine nitrogen in N-N or S-0 linkages, but is especially suitable for nitrile rubbers. Samples of 15 to 50 mg. are used. The catalyst recommended is a mixture of sodium sulfate, selenium, and mercuric oxide. The standard procedures (7, 44, 216) could well be simplified by distilling the ammonia into boric acid solution and titrating the distillate with standard acid (119), using a mixed indicator of bromocresol green and methyl red. I n determining the amount of chlorine in synthetic rubbers Hofmeier and Schroeder (98) tried to develop a method simpler than the classical Carius method. I n this procedure the material is oxidized by a mixture of concentrated sulfuric and nitric acids, and the resulting gases are passed through a silver nitrate solution in which the precipitated silver chloride is determined gravimetrically. Stoeckhert (604) describes and criticizes the earlier methods of chlorine analysis and then suggests a new procedure, which dissolves the chlorine of the polymer by means of a fusion with anhydrous sodium carbonate and sodium peroxide. The chloride is then determined by any standard procedure. Phillips (162) uses a combustion micromethod for determining the quantity of chlorine in polymeric materials. The A.S.T.11. ( 8 ) recommends combustion in a furnace a t about 1300" C. with subsequent determination of the silver chloride by some convenient method. As an alternative procedure it suggests the Parr oxygen bomb method if the sample can be finely divided. No objections seem to he raised to the Carius method for determining chlorine except the great likelihood of explosions. Gordon (85, 86), however, has modified the form and use of the Carius tubes in such a way as to minimize or prevent these explosions. SULFVR
 
 The relatively large amount of work that is done each year in search for new and better methods for the determination of total sulfur is an indication that the old methods are not entirely satisfactory. There seems, however, to be less controversy with procedures for free sulfur. I n spite of a few methods for estimating free sulfur, like the more rapid one of Bolotnikov and
 
 270 Gurova (38, 157) which involves iodometric titration, and the one of Rogov (179) in which the free sulfur is oxidized to sulfate by means of permanganate, the standard procedures (7, 45, 216) seem to prefer the barium sulfate gravimetric procedure after oxidation of the sulfur by means of nitric acid or by bromine or by a combination of the two. Morley and Scott (151) compared the bromine and nitric acid methods of determining the amount of sulfur in the acetone extract and concluded that neither method is entirely satisfactory, but the bromine method is recommended as the better because of its simplicity and rapidity. They used the Carius procedure as a check method. Proske (167) determined the free sulfur in a vulcanizate by means of polarographic analysis after extracting the sample n-ith pyridine. The method wvdrks well with simple systems but some accelerators were found to interfere. There is confusion in the use of the term '(total sulfur." Some times it includes all the sulfur in a compound and a t other times it does not include the sulfur present as barytes or other fillers. hlost of the methods for "total sulfur" involve the use of powerful oxidizing agents and therefore may be dangerous because of possible explosion. The standard procedures (7, 45, 216) prefer oxidation by nitric acid, bromine, and chlorate, followed by the gravimetric barium sulfate precipitation procedure. Recchia and Carraroli (172) oxidize the sulfur in a potassium hydroxidepotassium nitrate fusion mixture, precipitate the sulfate as benzidine sulfate, and titrate i t with standard sodium hydroxide. Good results were claimed. Taranenko (206) reports that the method of combustion of the sample in a stream of oxygen gives erroneous results in the presence of zinc, magnesium, and calcium because of the formation of their sulfates. He has overcome this error by using air in place of oxygen, which prevents the oxidation to the sulfate The combustion gases are passed through absorbers containing silver nitrate, and the liberated nitric acid is titrated Lyith standard sodium hydroxide. It is understood that the revision of British standard methods (46) will include the combustion method for total sulfur. The sample is burned in oxygen a t a temperature b e b e e n 1350' and and 1400" C., a t which temperature all the sulfur, including that present as sulfates, is converted to sulfur dioxide. Jones (105) has developed a semimicroprocedure for the determination of sulfur. He oxidizes the sulfur by the perchloric acid method (240), but instead of determining the sulfate by gravimetric means he titrates it with barium chloride in the presence of a tetrahydroxyquinone indicator. Luke (132) also developed a volumetric microprocedure for the determination of total sulfur in rubber. The sulfate is reduced to sulfide by means of hydriodic acid. The hydrogen sulfide is distilled off and titrated iodometrically. The method works equally well wlth perchloric acid or the A.S.T.M. methods of oxidation. The chief disadvantage is that inaccurate results are obtained for samples containing more than 5 mg. of sulfur. Later Luke (133) modified his procedure so that correct results are obtained for samples containing up to 100 mg. of sulfur. The sulfide in this procedure is distilled a t a lower temperature, absorbed by ammoniacal cadmium chloride, and oxidized with an excess of standard potassium iodate solution. The excess iodate is titrated with sodium thiosulfate solution. Cheney (56) proposes a modification of the A.S.T.M. oxidation procedure. After the nitric acid-bromine oxidation more nitric acid is added, and t o the boiling solution small portions of potassium chlorate are added. In hundreds of analyses no explosions occurred when the solution was kept boiling. He checked his analyses by the Parr bomb method. Hammond and Morley (90) compared the perchloric acid, the Carius, and the sodium peroxide-sodium carbonate fusion methods for oxidation of sulfur in rubber compounds. They found that the Carius method gave results closest to theory, the perchloric method gave somewhat low results, especially with ebonite,
 
 ANALYTICAL CHEMISTRY and the fusion method gave good results for ebonite but high values for soft rubbers. They discuss the dangers of the explosive tendencies of the perchloric and the fusion methods. They also suggest an upper limit of 500" to 600" C. for the ignition of the barium sulfate because of decomposition a t higher temperatures. Rehner and Holowchak (175) determined the amount of total and combined sulfur in Butyl rubber. Procedures used for natural rubber are not applicable because Butyl rubber is less permeable to acetone and more stable to oxidizing agents. For the determination of free sulfur the authors recommend an extraction by methyl ethyl ketone instead of acetone. For total sulfur the sample is burned in the Braun-Shell sulfur apparatus. Of the methods used in oxidizing the sulfur to sulfate, the perchloric acid procedure seems the least popular because of its explosiveness. It is, however, preferred by Luke (132) to the A.S.T.M. method when materials difficult to oxidize are present. The fusion method is rather time-consuming. The Parr bomb method (13) is safe and yields excellent results but the sample must be very finely divided by rasping, buffing, or grinding. Cheney (56) says that with thioplasts stable sulfones are produced in usual oxidation procedures, so that the instantaneous oxidation by means of a bomb is necessary. The Carius method is probably the best standard method at present, but is not popular because of the breakages of tubes during oxidation. Gordon (85, 86) has studied the Carius procedure and has greatly reduced these losses by using a better method for sealing and protecting the tubes. Sheppard and Sutherland (190, 191) made some infrared studies on the vulcanization of rubber. The intensity of a band at 960 cm.-' correlates well with the amount of sulfur chemically incorporated with the rubber but not at all with the degree of vulcanization as indicated by the physical properties of the vulcanizate. TR4CE ELEMENTS
 
 Many elements exist in both natural and synthetic rubbers. Copper and manganese are often determined because their presence accelerates the deterioration of natural rubber. The Vanderbilt handbook (15) describes qualitative tests for determining the presence of these two metals. In quantitative analysis of vulcanizates the wet oxidation of the organic material seems to be preferable in standard procedures ( 7 , 45) to the ignition method. I t is believed there is less chance for loss of material. The British standard methods for determining the copper or manganese in crude or unvulcanized compounded rubber (44), however, employ a preliminary ashing procedure. I t is known that a great many laboratories in their o ~ v nprocedures also ash the samples first because of the greater simplicity of sample preparation. Vila (219) recommends ignition at a low temperature, 400" C. Instead of the usual procedure of measuring the color of an aqueous solution of sodium diethyldithiocarbamate, the solution is extracted n-ith carbon tetrachloride and then the color intensity of the extracted solution is determined either by means of Xessler tubes or a colorimeter. Cassagne (5'4) states that diethyldithiocarbamate gives color reactions with iron, manganese, and zinc, and that these disturbing elements must be removed. After rendering the silica insoluble, disodium phosphate is added in an ammoniacal medium to separate the previously mentioned metals. After filtering, either ether or isoamyl alcohol is used to extract the copper color, which is then measured in any of the usual ways. I n order to free the copper from disturbing elements van der Bie (33) first separates the copper from the ash solution either by microelectrolysis or by precipitation as a sulfide. The copper is then determined colorimetrically by the diethyldithiocarbamate method. The polarograph (207) has been used successfully in a very simple procedure for determining the amount of copper in rubber.
 
 V O L U M E 21, NO. 2, F E B R U A R Y 1 9 4 9 T h e ash of the rubber is dissolved in 1 to 1 hydrochloric acid, the solution is evaporated to dryness, and the residue is dissolved in 5 nil. of supporting electrolyte composed of 1 A2 ammonium hydroxide, 1 ilf ammonium chloride, and 0.02% gelatin. T h e polarographic measurements require but a few minutes for complet ion. I n the determination of manganese Vila (229) deviates from the standard procedures in that he recommends ashing in a muffle furnace arid a subsequent fusion with potassium bisulfate. T h e usual oxidation to permanganate by means of periodate is made, followed by the colorimetric comparisons. The determination of iron has recently become more important because of the greater effect of iron than of copper or manganese on the aging of GR-S ( 2 ) . Van der Bie (30) developed a procedure for quantitatively determining small amounts of iron in rubber by a color reaction with ammonium thiocyanate. Because of the great volatility of ferric chloride, sulfuric acid should be added t o the rubber in the crucible before ignition can be made a t 500" C. AlcGavack (13 5 ) measured the quantities of copper, manganese, and iron in ashed samples of a number of different rubbers by means of a grating spectrograph. Van der Bie (32) n-as able to determine minute quantities of phosphate, calcium, and magnesium in rubber. From a solution of the ash the phosphate was determined colorimetrically by the blue colloidal phosphorus-molybdenum complex which is obtained by reduction with stannous chloride. Calcium from ariothrr ashed sample is precipitated as oxalate and then determined oxidimetrically. Magnesium is precipitated as magnesium amn~oniumphosphate and then the phosphate determined as previously described. I n order to prevent losses of the elements in question, special ashing procedures must be followed. Iielley, Hunter, and Sterges (108) describe methods for the determination of small quantities of nitrogen, phosphorus, potassium, calcium, and magnesium in tissues of rubber-producing plants. Barnes and his co-workers ( 2 5 ) found that a method involving ultraviolet spectrochemical analysis n-orked well in determining quantitatively 23 different trace elements in rubber compounds. IDEKTIFICATION OF RUBBERS
 
 The introduction of the various types of synthetic rubbers and the use of mixtures of them in compounding have made the problem of identification a very important one. The identification of natural rubber in plant tissues is discussed above. Some rubbers may have such well-defined general characteristics as odor, freeze resistance, etc., which may render unnecessary any further tests for identification. Determination of density of a sample, especially of the raw material, often gives a very good indication of its identity. Precision of almost 1 part in 10,000 can be obtained if hydrostatic b-eighings are made on rubber samples that have been freed from gas bubbles (241). For less precise work Feldman ( 7 1 ) makes use of a set of solutions of densities in increments of 0.03 from 1.00 to 1.93. By watching the floating tendencies of samples their densities can be estimated to the nearest second decimal. Users' RIemorandum S o . U.9.i ( 4 3 ) gives a table of the densities along with the chemical composition of over 50 different synthetic rubbers. One of the oldest of all chemical tests for natural rubber, the Weber color test (227) developed in 1900, has finally become very valuable. It has been studied by Stern (43, 199) who modified the test somewhat and also applied it to the synthetics. Parker and Wake (8, 162) found the test to be distinctive for the groupoccurring in linear polymers. The ing -CH,-C(CH,)=C< acetone-estracted rubber is brominated in carbon tetrachloride solution, phenol is added, and heating then develops a violet color. A strong positivt: reaction is also obtained from synthetic polyisoprene, methyl rubber, Keoprene FR, gutta-percha, and
 
 271 balata. Faint violet color is obtained from Butyl rubber and from Pliofilm. d trichloroacetic acid color test described by Wake (223) is a good check on the Weber test. Fusion of the rubber with the acid gives a yelloir-red color, heating the fused mixture to boiling darkens the color to orange-red, and dissolving the misture in viater gives a violet-graq. precipitate. Lluch inforniation on an unknown synthetic rubber sample can be obtained from qualitative tests for sulfur, chlorine, and nitrogen. Stern (199) describes a t,est Tvhereby all of them can be determined on one sample treated with metallic sodium. Addition of d v e r nitrate to one portion of this mixture will indicat,e whether or not chlorine is prescnt. Sodium nitroprusside added to a second portion gives a violet color if sulfur is present. Adding ferrous sulfate and ferric chloride, and boiling with hydrochloric acid gives a deep blue coloration if nitrogen is present. A chlorine-containing polvmer gives a characteristic color if the rubber is placed in a flame (l7f), but confusion may result from the presence of chlorine-containing softeners. Beilstein's hot wire test (49, 153) is equally as simple and charact.eristic for chlorine. Roberts ( 2 7 6 ) proposes a stain test for chlorine compounds in vihich he volatilizes the sample and passes the vapors past filter paper soaked in chromate or dichromate. A bleaching of the color indicates the presence of chlorine. In 1941 Burchfield published a paper (48) on the identification of natural and synt,hetic rubbers which was based on the pH and the specific gravity of the pyrolysis products of the rubber. The tests can be performed in a few minutes and give a t least a classification of the sample into one of several groups. Confirmatory tests are then required to determine the particular rubbers. .k few drops of the distillate are added to each of two solutions. Tables describe the colors produced by the different rubbers and also tell rvhether distillates float or sink in the solutions. The following year Burchfield (8, 4 9 ) rearranged the procedures of his previous pyrolysis tests and added new ones to include more synthetics. He also described spot tests in which filter papers impregnated Kith various solutions are held over the smoke emitted from a sample of rubber heated by means of a red-hot metal rod. These spot tests are more rapid and convenient but are not so conclusive as the laboratory pyrolysis tests. The author suggests a possible quantitative procedure by analyzing pyrolyzates prepared under very carefully controlled conditions. Users' Memorandum S o . U.9.k (45') describes man,y identification tests used for the various types of synthetic rubbers. Parker (159) studied the "reaction time" of acetone-extracted rubberlike polymers in a misture of concentrated nitric and sulfuric acids. The time is noted for the start of disintegration of the rubber. This simple test seems to lie sufficient for the nitrile, styrene, and isobutene types, but polychloropreues, thioplasts, and natural rubber require additional data. From t,his reaction time it is also possible to determine roughly the ratio of two known rubbers in a mixture. Powers and Billmeyer (164)discovered that the logarithm of the percentage swelling varies inversely with the aniline point up to 100% swelling, and therefore believe that the slope of the swelling curve is a fairly satisfactory index for identification of the type of synthetic rubber. hbout the same time Parker (260) published an article on the identification of r a x and vulcanized rubberlike polymers by determining their s i d l i n g ratios at 25" C. in benzene, light pet,roleum, and aniline. He found that the ratios of swelling for the different types w r e different and independent of the state of vulcanization and the nature and amount of fillers present in the misture. This experiment gives six possible swelling ratios. If the logarithm of one ratio is plotted against the logarithm of a second ratio, each type of rubber occupies a definite spot or area on the graph. The sLyelling ratios of unknown samples of rubber are compared with the data obtained from l i n o ~ nrubbers. The method is sound in principle and very useful in practice but requires about a week's time for completion.
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 272 Parker (158) found that the determination of sulfur by the method of Bolotnikov and Gurova (38) can be used successfully to differentiate the tetrasulfide Thiokols, A and ilZ, from the disulfide Thiokols, F and FA. The disulfides contain about 50% of sulfur and the tetrasulfides about 80%. Determining the composition of mixtures of the two is very difficult, but amounts may be estimated by analyzing for the sulfur content existing in the various forms (43). Only very recently has the mass spectrometer become an analytical tool. Madorsky and Straus (140),by a high-vacuum pyrolytic fractionation of polystyrene, nere able to analyze some of the fractions by means of the mass spectrometer, thus developing a technique for the polymer’s identification. Wall (226) alyo applied the mass spectrometer to the thermal decomposition products of other polymers. He found that under his conditions of pyrolysis the polymers produced chiefly the monomers from m hich they Mere produced. Madorsky (13,9)separated the pyrolysis products of several polymers into three fractions: gaseoui, liquid, and waxlike solid. Mas8 spectrographic analysis of the liquid fraction gives a spectrum that is characteristic of a given polymer. Barnes and eo-u. oi kers (25)have found it possible to distinguish hetween natural and synthetic rubbers by determining the quantity of phosphorus present. Xatural rubber contains usually from 300 to 500 parts per million whereas the synthetics usually contain less than 50. This method is, however, likely to result in false conclusions, for some of the recent synthetics now contain an organic phosphorus-containing age resistor. Gehman (83) has published an article on the use of x-ray diffraction methods in rubber testing. Resins, plastics, and different types of rubber can be identified by this procedure. Crystallinity can also be identified by use of this technique. From the form, color, and odor of a raw rubber, its nitrogen content, and its smelling property, Kluckow (114) was able to identify natural rubber and the German synthetic rubbers such as Buna S, Buna SS, Buna 85, Perbunan, Perbunan Extra, Buna SSGF, Buna SSE, Buna SR, and Buna SW. Marek (143) distinguished between the various German Buna rubbers and natural rubber by measuring the refractive indexes of their distillates, By bromine addition (142)he was also able to differentiate the different types of smoked natural rubbers. He found a relationship between bromine numbers and the plasticity of a rubber. By means of a dye-staining technique DeGruy and Rollins (62) were able to detect the extent of penetration of latex in tire cords. Shaw (187) in 1944 published a schematic procedure for the identification of synthetic resins and plastics, in u hich rubbers are included. A section on identifications in “Modern Plastics Encyclopedia” (150) also contains procedures for rubber. The latter contains tables on burning characteristics, solubilities in organic liquids, color identification tests, and microscopic staining tests. Wake’s summary article (2f23) contains considerable detail and critical analysis of the methods of identification used up to 1945. Probably the most complete article on the subject published a t the present time is the Ministry of Supply’s 1947 edition of the users’ memorandum (48). I t contains a summary of the characteristics of the main types of rubbers and also a scheme for the systematic qualitative analysis of mixtures. For the identification of polymers in mixtures other techniques have been introduced, such as infrared spectroscopv, ultrnviolrt spectroscopy, and chromatographic analysis, but as these nitathodi have also become useful in quantitative estimation they are discussed in the following section. The identification of fillers and compounding ingredients is dealt with in still another section. QUANTITATIVE ANALYSIS O F RUBBERS
 
 The amount of rubber in a sample is often determined by the “difference” method. The estimation of natural rubber can be
 
 made by a direct method, but such procedures are not yet available for many of the synthetic rubbers, especially if present in mixtures with other types. If natural rubber and some synthetic rubber such as GR-S are present in a compound the total rubber can be determined by the “difference” method and the natural rubber by the direct chromic acid oxidation procedure (51), thus defining the quantity of GR-S. Le Beau (126) used this method for determining the relative quantities of natural rubber and GR-S in rerlaimed rubber. The results obtained from the chromic acid oxidation method required the application of a correction which is dependent on the type of reclaim in the mixture. Sewton (153), however, believes the uncorrected values obtained for natural-rubber hydrocarbon in reclaim to be closer to the “true” values or the amount of rubber which is availahle for vulcanization. Kemp and Peters ( 1 1 1 ) applied the method of iodine chloride addition to the determination of unsaturation in butadiene and related polymers. Hot pdichlorobenzene was used to dissolve the rubber mixture. By measuring the unsaturation of styrene or nitrile rubbers the percentage of butadiene in the polymers can be calculated. Kake states that inefficient dissolution of the rubber is the most probable source of error in Kemp and Peters’ method and he therefore modifies it somewhat (43, 2M). Kobeko and Moskvina (115)also used the iodine chloride method for determining the unsaturation in butadiene synthetic rubbers but found that solution of the rubber was facilitated (less tendency to precipitate) with dichloroethane. Vasil’ev (818) used a similar procedure but added iodine bromide to the rubber rather than iodine chloride. Lee, Kolthoff, and Mairs (129) made an extensive study on the addition of various chemicals to the double bonds of natural and synthetic rubbers and found that iodine chloride was the most suitable addition agent. They modified the method of Kemp and Petem ( I l l ) , and thereby produced a precise method for use with polybutadiene, polyisoprene, and their copolymers with styrene (129). From their “exact” but elaborate procedure they formulated a simpler method to be U S P ~ for each type of polymer and copolymer. Unsaturation in synthetic rubbers includes internal double bonds (in the main chain), which are caused by 1,4 polymerization, and external double bonds (in the side chains), which are caused by 1,2 and 3,4 additions. Yakubchik, Vasil’ev, and Zhabina (244) developed a rapid method for determining the characteristic chemical structure of the butadiene polymers (internal and external double bonds) which is based on the amount of formic acid and formaldehyde formed in the decomposition products of their ozonides. Kolthoff and Lee (117) and Saffer and Johnson (181)developed procedures for the determination of the external and internal double bonds in synthetic rubbers which depend on the differences in reaction rates of perbenzoic acid with these two types of double bonds. The previously mentioned procedures cannot be applied to determine the unsaturation in Butyl rubber. The development of a method for this rubber was necessary because the rate of cure of the polymer and the properties of the finished product are dependent on the amount of unsaturation in the raw rubber. Rehner (173) studied the additions of several chemicals, including iodine chloride, to the double bonds of Butyl rubbers. He found the most reliable method to be one based on the limiting viscosity of the polymer after degradation by ozone. The method assumes that the polymer chain is broken a t the double bonds and that the limiting viscosity is a measure of the mean size of polymer fragments existing originally between the successive double bonds. Rehner and Gray (174) correlated values obtained from this method of ozonolysis with those from addition of iodine chloride. The latter method was used with the aim of facilitating routine work. Gallo, Wiese, and Nelson (81) developed a good addition method for Butyl rubbers which adds iodine in the presence of mercuric acetate and trichloroacetic acid. The excess iodine, as
 
 V O L U M E 21, NO. 2, F E B R U A R Y 1949 in previous procedures, is titrated with standard thiosulfate. The method is recommended only for polymers where the unsaturation is derived from isoprene. The total time required for the determination is 1.5 hours as compared with 24 hours for the less precise iodine chloride method. This shorter method is to be preferred for routine analysis over the more complicated ozone-degradation procedure. Chemical spectroscopy has ill recent years Iwcome a valuable tool in the struct,ural diagnosis of large molecules. In this way it is possible to identify the preseiice of particular molecules and to estimate the amount of each. Earlier work was chiefly concerned with ultraviolet spectra but the infrared technique soon swept ahead in the analysis of synthetic rubbers. Barnes and coworkers (E?,25) determined the infrared spectra for natural rubber and several of the synthetics with which the spectra of unknown samples could be compared. For quantitative estimat,ions light transmission is measured a t a particular wave length. Several good articles have described the theory of infrared spectroscopy, the background necessary for its use, and its applications (21-25, 102, 190, 191, 208, 209, 212, 213). Thompson (208) and Field, Woodford, and Gehman (76) have shown the value of infrared spectroscopy to the study and analysis of 1,2 and 1,4 additions of conjugated dienes. The proportions of each type of unsaturation are quickly revealed. Thompson and Torkington (210, 211) have determined the infrared spectra for natural rubbers, synthetic rubbers, other high polymers, and their monomers. Dinsmore and Smith (65) presented an extensive study of the applicability and limitations of infrared methods for the identification and quantitative analysis of the rubber content of commercial articles of natural rubber and some of the common synthetics. They give detailed procedures for the preparation of the rubber films for the spectrometer, for the analysis of GR-S blends, and for the determination of nitrile content. They claim an accuracy of about 1%. The spectra of vulcanized compounds are not significantly different from those of the unvulcanized rubbers. Saunders and Smith (183) determined the infrared spectra of natural rubber from a number of different sources such as Hevea, guayule, and kok-saghyz, and found them to be nearly identical after they had been extracted by acetone. The infrared method was useful in determining the nature of the impurities of the rubber and thus may be used in identifying the source of a natural rubber. The authors found the infrared spectra of purified gutta-percha, balata, and chicle similar to each other but different from those of the natural rubbers, undoubtedly because of the trans configuration of the former and the cis of the latter substances. Le Beau (167) used the infrared t,echnique to show that oxygen does not enter the hydrocarbon chain as C-0 or as 0-H during the reclaiming processes in natural rubber. Landler (125) fractionated GR-S, Perbunan, and Vistanex by chromatographic separation. A filtered solution of the mixture in toluene containing some methyl alcohol was passed through a column of carbon. The various layers were separated mechanically and the separated polymers dissolved in good solvents. The work was only of preliminary nature but showed that preferential absorption is practicable as a procedure in separating different polymers. Parker (158)showed that it is possible to extract polyisobutylene from vulcanized rubber by the use of petroleum ether. The sample is previously extracted with acetone. The method is simple and is free from interference by carbon black. It is much more reliable, especially at higher concentrations of polyisobutylene, than the A.S.T.M. nitric acid method ( 8 ) . For the determination of GR-I,which is insoluble in petroleum ether when in the vulcanized state, the molecules can first be split by means of nitric acid, leaving polyisobutylene which can then be extracted with petroleum ether (43).
 
 273 An important chemical control in the production of GR-S synthetic rubber is the determination of the content of combined styrene. By precise determination of carbon and hydrogen the percentage of bound styrene can be computed, but this method is too lengthy and complicated for routine check (111, 137). The iodine chloride addition method (111) was not found useful because of side reactions (215). Baker and Heiss (19, 7 9 ) in 1943 turned their attention t o a method of refraction based on interferometer measurements of rubber solutions, after abandoning the use of ultraviolet absorption because it is highly sensitive to impurities. Xleehan (145) investigated the ultraviolet ab3orption method in much greater detail, and concluded that the probable relative accuracy of the method can be made to be about 3%. Madorsky and Wood (138) developed a procedure based on refractive index measurements on GR-S following the work of McPherson and Cummings on natural rubber (136). Thd relation of index to the percentage of bound styrene (215) wa3 then derived by Madorsky and Wood from measurements on a series of samples for which the bound styrene content had been determined from the carbon-hydrogen ratio (13'7). This refractive index procedure has becn used since 1915 in inspection testing in the GR-S plants (149, ZOS). Wiley and Hobson (233)have also studied the techniques for measurement of refractive index and describe preferred procedures for specific polymer types. Meehan, Parks, and Laitinen (146) compared the methods of ultraviolet absorption and chlorine analysis applied to the determination of the composition of butadiene-chlorostprene polymers aud found them to be in good agreement. The percentage of chlorine was determined by amperometric titration of the chloride ion after a sodium fusion of the polymer. The accuracy of the spectrophotometric method is about 3 to 4%. Laitinen, Miller, and Parks (123) also studied the ultraviolet absorption of vinyl polymers and their monomers and developed a method which can be applied successfully to the determination of monomer ratio in copolymers of butadiene and substituted vinyl aromatic compounds. An oxidative degradation method recominended by the A.S. T.M. (8,215)produces p-nitrobenzoic acid from the styrene links. This acid is titrated by means of standard alkali. The results obtained are not very accurate, especially with high-styrene rubbers. The method was recommended in the 1944 users' memorandum, but was omitted from the 1947edition (43)because it was found less accurate than originally thought. FILLERS
 
 There is no definite procedure by which fillers in a vulcanizate can be measured. Sometimes they can be determined by means of ashing; at other times they must be separated from the rubber by methods of solvent extraction. One section of the Vanderbilt rubber handbook (16)is devoted to the identification of rubber chemicals, which includes tests for various types of mineral fillers. Scott (185)studied the changes that occur in some mineral constituents of rubber during incineration. He concluded that whiting will lose carbon dioxide unless the temperature is kept below 500" C. Addition of ammonium carbonate to the sample, however, keeps the crucible rich in carbon dioxide and thus minimizes the loss. Litharge promotes the decomposition of whiting, forming calcium metaplumbate. If whiting and chromic oxide are both present, calcium chromate may be formed on ignition. Many solvents have been used for the extraction of rubber from the fillers. The A.S.T.M. (7') uses a mineral-seal oil which dissolves the rubber in about 2 hours a t 130"to 150' C. Hubliii (101) studied the use of other solvents-e.g., naphthalene, (Ynitronaphthalene, nitrobenzene, anisol, and o-nitroanisol. Of these he found the o-nitromisol the best, dissolving the rubber in from 20 to 60 minutes at 100' to 120' C. The author claim3 greater precision than is obtainable from the A.S.T.M. method. Barnes and co-workers (25) in 1944 said that the then currently
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 used solvents for extracting rubber from the fillers did not give sufficiently good separation for a subsequent infrared spectroscopic examination. They also tried a number of solvents and found the best for their purposes was p-cymene mixed with a small amount of xylene. This gave a clear solution of rubber even when carbon vas present in the sample. Dinsmore and Smith (65) found that o-dichlorobenzene dissolves all types of vulcanized rubbers. make (234) studied the rates of dissolution of natural rubber, GR-S, and Butyl rubbers in p-dichlorobenzene, nitrobenzene, p-cymene, Decalin, and a-nitronaphthalene. His data shoTT the process is essentially oxidative, and he recommends bubbling air through the mixture during the dissolution of the rubber, especially a t the early stages, to speed up the reaction. The methods already described for extracting vulcanized rubbers from the fillers are not suitable for use with the neoprenes or with Butyl rubber because of their difficulty in dissolving in the solvents mentioned above. Scott and Willott (186) devised a method applicable to the polychloroprenes but it does not work satisfactorily with the nitrile rubbers. The rubber is sxelled in nitrobenzene before nitric acid is added. Xylene is later added and the fillers are filtered off. McCready and Thompson (134) determine the free carbon in Butyl compounds and reclaim by a modified A.S.T.M. procedure which omits the acetone-chloroform extraction but adds a digestion in mineralseal oil before the nitric acid treatment; Gallorray and Wake (82) quantitatively separate the polymer from the fillers in vulcanized Butyl rubber by extracting it with light petroleum after a nitric acid treatment. They also omit the previous acetone extraction. The A.S.T.PII. method ( 7 ) for the determination of carbon black, n-hich involves the decomposition of the rubber by hot nitric acid, employs an empirical correction because of, the high results it gives. The hazardous nitric acid procedure contains a slow filtering process and also gives high results. This led Roberts (177) to recommend the digestion of the rubber in hot cresol and then the separation by filtration of the fillers, including the carbon black. The soluble material is removed by washing, the volatile substances are driven off by heating in an atmosphere of carbon dioxide, and the carbon is then burned in air. The wet oxidation method is gradually being replaced by pyrolytic methods for removing rubber from fillers. Dekker (63) pyrolyzes the acetone-extracted rubber a t 425 O to 450' C. in a stream of nitrogen gas. The residue is then treated with acid, filtered, dried at 150" C., and weighed, and the carbon is determined by ashing. The official method for determining carbon black in GR-S Black (156, 615) employs a pyrolysis a t 550" C. for removing the rubber before burning the carbon. Werkenthin (238) describes the Bureau of Ships' method, which is a pyrolytic procedure a t 900" C. in a current of dry hydrogen. The carbon is then burned in a stream of oxygen and is measured by absorbing the carbon dioxide in Anhydrone and Ascarite. The method is applicable not only to natural rubber but also to Buna S,the nitrile rubbers, and the vinyl polymers and copolymers. The British Standards Institution (45) also uses a method involving the measurement of the carbon dioxide formed from the combustion of the carbon black. Users' Memorandum No. U.9A (43) also recommends this procedure if clay or fillers are present which contain combined water. Louth (130) has devised a method for the determination of carbon black in vulcanized rubbers which he claims is general for natural and all types of synthetic rubbers. For decomposition of the rubber he uses 1,1,2,2-tetrachloroethaneand nitric acid. The often-encountered difficulty of filtering off the carbon black was overcome by the use of ether t o coagulate the carbon particles. x'o empirical correction factor is required in this procedure and an accuracy of better than 0.5% is claimed. Hammond (89) devised a method for determining the presence of titanium in the ash of a rubber vulcanizate.
 
 ANALYTICAL CHEMISTRY A solution of the sodium salt of chromotropic acid (1,s dihydroxynaphthalene-3,6-disulfonicacid) is added to a sulfuric acid solution of the ash. A brownish-red to purple color develops if titanium is present. Mercury, silver, uranium, and ferric iron interfere with the test. il second test for titanium is the addition of hydrogen p2roxide to the ash, which produces a golden yellow coIor if the element is preqent. Vanadium interferes with this latter test. 4GE RESISTORS AND ACCELER4TORS
 
 Chemists a t the R. T. Vanderbilt Co. (12, 16) have compiled and described spot tests and other chemical tests for the identification of antioxidants and accelerators used in rubber. Deal (61) describes five spot tests and four test-tube reactions for the detection and identification of eight commercial antioxidants. Some of these tests are discussed for the first time Accelerators may interfere and therefore the identifications may not be conclusive if made on vulcanized samples of rubber. Burchfield and Judy (50) describe color reactions obtained from amin2 antiouidants. The colors are produced mainly by coupling atid oxidation reactions in organic solution in the presence of anhydroui stannic acid. They may be applied to the isolated niaterial or to eytracts of rubber. The tests cover a rnde vaiiety of antiouidants. Schaefer (184) shows that it is possible to detect and identify the more generally used accelerators by means of color reactions. His tests can be used with miutureb of accelerators and also for vulcanized stocks. Proske (166) in 1940 did some preliminary work on the use of the polarographic method for the qualitative and quantitative analysis of organic accelerators of vulcanization. Surprisingly, there seems t o have been no further research work done since that time on polarographic methods as applied to rubber analysis. Dufraisse and Jarrijon (68, 103, 104) applied ultraviolet spectroscopy to the analysis of rubber products, especially to the accelerator tetramethyl thiuram disulfide. Dufraisse and Houpillart (67) analyzed several other accelerators by this method in a study of accelerator reactions during the vulcaniz3 tion process. Kaye (107) reviewed the use of ultraviolet spectroscopy as applied to rubber. The method should be particularly useful for the determination of accelerators and antioxidants because of their intense absorption bands in the ultraviolet. Katchalsky and Kechsler (106) determined catalyst fragments in synthetic polymers by the absorption of ultraviolet light. They studied benzoyl peroxide and acetyl peroxide. Banes and Eby (20) developed a rapid and accurate method for determining quantitatively some stabilizers in synthetic polymers by the method of ultraviolet absorption. The method is especially desirable when the stabilizers are present in very smaIl concentrations and is more reliable than the chemical methods. They studied phenyl-&naphthylamine and several other stabilizers in GR-S, in Butyl, and in the nitrile-type synthetic rubbers dissolved in various solvents. Rubber Reserve adopted the ultraviolet method (156) for the determination of stabilizers in GR-S and in GR-I. Bellamy, Lawrie, and Press (28, 36, 165) applied chromatographic analysis to rubber compounding ingredients and their identification in vulcanizates. This method of selective adsorption separates the wax, fatty acids, accelerators, antioxidants, etc., from the rubber and from each other. After the quantitative separation of the accelerators and antioxidants, other means such as spot tests and ultraviolet absorption are used to identify or estimate them quantitatively. The authors applied the procedure to five different accelerators and to nine different antioxidants. EVALUATION OF AGING BY OXYGEN ABSORPTION
 
 Aging characteristics of natural rubber are usually determined by loss in tensile strength when the rubber is subjected to conditions that accelerate deterioration. This method has not proved entirely satisfactory for synthetic rubber vulcanizates (91).
 
 V O L U M E 21, NO. 2, F E B R U A R Y 1949 Recently there has been considerable interest in the aging method employing chemical absorption of oxygen. Van Amerongen ( 9 ) modified an older method of Dufraisse (66) so that the absorption of oxygen would take place a t any fixed pressure, thus enabling the amount of oxygen absorption to be measured directly in absolute terms. Carpenter and Twiss (62, 53) used a similar procedure in the investigation of a method for measuring the resistance to oxidation of a rubber. Traps were added to absorb the carbon dioxide and other gases which were formed, thereby preventing a dilution of the oxygen gas in contact with the rubber. Carpenter ( 5 2 ) includes in his article a good historical review of previous n-ork done on this type of aging. Other investigators (37, 228, 147) have made improvements in design of the apparatus. Staff ord (298) described an experimental procedure for measuring the oxygen absorption of vulcanized rubber either in darkness or under illumination from a controlled source of light. He used a stainless steel oxidation cell previously developed by Harrobin, New, and Taylor (92). Albert (1)and Winn and Shelton (188, 238, 239) compared the oxygen absorption aging method with natural and artificial aging and found good correlation between them; thus they demonstrated the value of the chemical method. MISCELLANEOUS
 
 Volatile Matter. In crude natural rubber the only volatile material is moisture, which is usually determined by drying in an oven but sometimes by the xylene distillation method or by the Karl Fischer titration. A commercial moisture detector (11) makes use of electrode needles forced into the sample and the moisture content is read from a dial. The meter is said to be applicable to rubber. Hartshorn and Wilson (93) have developed a moisture meter which applies a constant alternating current to the sample in a small vessel, which may be regarded as a fixed air condenser, and the current passing through the sample is measured by a sensitive thermionic ammeter which can be adjusted to read the capacitance current (proportional t o the dielectric constant of the material), the conductance current (proportional to its alternating current conductivity), or some function of both of these currents. Another commercial moisture detector (10) is claimed to have an accuracy of 0.1% in the range from 0 to 10% of moisture. The meter operates electrically and a measurement can be made in 2 minutes. Thus far, Rubber Reserve has not found a satisfactory meter for determining the moisture content of synthetic rubbers. The specification for GR-S (156) requires that the volatile matter be determined by passing the rubber between the heated rolls of a laboratory mill. This removes not only moisture but also any monomer or other volatile material present in the rubber. In one sample of GR-S tested a t the National Bureau of Standards a considerable amount of volatile material was formed while on the hot mill by the decomposition of the stabilizer. I n this particular sample the moisture was then determined by the distillation method. Polystyrene. Kolthoff, Lee, and Carr (118) developed a method for determining the percentage of polystyrene in GR-S which depends upon the degradation of GR-S by tert-butyl hydroperoxide in the presence of osmium tetroxide. Polystyrene is not attacked and is separated by precipitation with ethanol. Mercury. Luke (131) determined small amounts of mercury in rubber containing iodine. The iodine is separated from the mercury, and the mercury determined by the Volhard method. Selenium and Tellurium. Because of the increased use of selenium and tellurium as vulcanizing agents the R . T. L-anderbilt Co. ( 1 4 ) developed procedures for their quantitative determination. The two metals are oxidized to their acids by means of nitric acid and then separated by means of selective precipitation with sulfur dioxide. Hydroperoxides. Laitinen and Nelson (124) worked out a
 
 275 procedure for the determination of hydroperoxides in synthetic rubber. The peroxide is allowed to react with ferrous iron in benzene-methanol solution using o-phenanthroline as color reagent for excess ferrous iron. The results are good to about 20%. The method is sensitive to 10 to 20 p.p.m. of active oxygen. Phenyl-@-naphthylamine interferes with the reaction but this interference can be prevented by the addition of phosphoric acid. Robey and Wiese (178) determine the quantity of peroxides in synthetic rubbers by adding ferrous thiocyanate reagent to a benzene solution of the polymer and comparing the resulting color with that of a standard solution. Phenyl-@-naphthylamine does not interfere with this test. The method can detect as little as 10 p.p.m. of active oxygen and has an accuracy of 5 to 10%. Crystallinity. Field ( 7 5 ) has developed a method for using the intensities of x-ray diffraction spots relative to that of the amorphous halo to determine the percentage of crystallinity in rubber specimens. He has obtained values of about 80% under the most favorable conditions. Goppel (84)has criticized the method and has made some modifications and alterations in it. He obtains values only about half those of Field. Polarographic Methods. Proske (168) describes the polarographic methods of analysis in the rubber laboratories. This type of analysis is performed in a minimum of time and with a high degree of precision. Its chief use would be for the qualitative and quantitative analysis of compounding ingredients in a rubber sample and for trace elements. Technical Microscopy. Allen ( 3 ) describes the application of technical microscopy as a useful procedure in the rubber industry. It can be used not only to determine particle size but also to supplement other methods for examining raw material, controlling factory processes, correlating physical properties with service performance, and solving factory difficulties. Electron Microscopy. The most important function of the electron microscope in the rubber laboratory is the examination and evaluation of particle size and shape of reinforcing fillers (1.222). Several recent articles (88, 94, 109, 246) describe the methods of preparation of samples for use with the electron microscope and the possible applications of the new instrument in the rubber industry. Statistical Methods. Several articles (46, 47, 8'7,96, 141, 149, 154,182,191, 211) have appeared on the use of statistical methods in the evaluation of rubber. Information is given on their application to quality control, specifications, test methods, and design of experiment. Although most of these references describe the use of statistical methods as applied to physical measurements, they are also applicable to chemical measurements. It is anticipated that statistical methods will become a commonplace tool in the chemical rubber laboratory of the future. LITERATURE CITED
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 ROBABLY the most important advance in methods of analysis as applied to water chemistry during the past few years is the widespread adoption of instrumentation. Instead of relying on the human eye for the comparison of colors in colorimetric analysis, most laboratories n o a employ various types of electrophotometers. Indicators for determining p H are almost entirely replaced by electronicmeters that are much more accurate and dependable. The tedious gravimetric methods for the alkalies have been replaced to a considerable extent by flame photometers. Until recently, however, commercial flame photometers were not susceptible of the precision and accuracy desired by the average analyst. The next most outstanding advance in water chemistry is the introduction of a large number of organic reagents that are specific for the quantitative determination of inorganic constituents. This is also true of many other materials besides water. Some of these reagents are expensive and hard to obtain, but the advantages that accrue from their use make it fairly certain that they will become more generally available. The ninth edition of “Standard Methods for the Examination
 
 of Water and Sewage” ( 5 ) contains many of the newer methods of analysis that have been developed during the past few years. National associations have technical committees which are primarily concerned with improved and reliable methods for the chemical analysis of constituents and properties of water; included in this group are the American Society for Testing hfaterials, the American Society of Mechanical Engineers, and the Association of Official Agricultural Chemists. Many of the new analytical procedures that have been d e scribed in the chemical literature have not been applied to the determination of constituents found in water. It may be that some water laboratories have adapted these procedures to their needs but have not yet published them. This review is concerned only with those methods developed during the past five years as applied t o water analysis and reported in the technical literature. SILICA
 
 Photometric determination of silica is rapidly replacing the time-consuming gravimetric method. Most procedures as
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