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5 Physicochemical Aspects of Carbon Affecting Adsorption from the Aqueous Phase B A L W A N T RAI PURI India Carbon Limited, Gauhati, Assam (India)
 
 Treatments such as deashing with a hot HF-HCl mixture, burn-off in oxygen under low pressures of 10-20 torr at 600°C, and exposure to ozonized oxygen at ambient temperature increase surface areas of activated carbons as well as sugar and coconut shell charcoals which were also examined. These treatments enhanced the adsorption of phenol from the aqueous phase. Adsorption isotherms (35°C) of carbon tetrachloride vapor on activated carbons of known nitrogen surface areas can be helpful in characterizing carbons for relative proportions of transitional pores and micropores, an important parameter influencing carbon adsorption from the aqueous phase. Activated carbons when oxidized in concentrated nitric acid, acidified potassium persulfate, aqueous hydrogen peroxide, or moist air at 285°C neutralize ammonia and aliphatic amines in aqueous solutions due to development of acidic surface oxides and may be used as effective adsorbents for alkaline pollutants in wastewaters. The used carbons can be regenerated onflushingwith dilute acid solutions. Adsorption of weakly basic aromatic amines, however, is affected negatively by acidic surface oxides but positively by quinonic and carbonyl surface oxides. This phenomenon is similar to that observed in the case of adsorption of phenols and substituted phenols from the aqueous phase and is attributed to a specific interaction between electrons of the benzene nucleus and the partial positive charge on the quinonic or carbonyl oxygen. This view receives support from adsorption isotherms of benzene vapor on variously modified carbons. Carbons associated with large concentrations of unsaturated sites generated on outgassing at temperatures around 700°C and extended on surface 0065-2393/83/0202-0077$06.00/0 © 1983 American Chemical Society
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 oxidation followed by outgassing are
 
 highly effective in
 
 chemisorbing chlorine and hydrogen sulfide from the aqueous phase and may find increasing applications in wastewater and drinking water treatment processes.
 
 C T I V A T E D C A R B O N ADSORPTION
 
 is a recognized technology in wastewater
 
 X\ and drinking water treatments. There are, however, no general rules or uniform standards for the effective removal of the broad spectrum of pollutants and carcinogens known to be present in such waters. In view of the growing importance of the subject, there is need to have clearer understanding of the adsorbate-adsorbent interactions involved. Carbon is a versatile material. The magnitude of its surface and its surface characteristics can be altered substantially by giving it suitable treatments. There is thus ample scope for continued improvement in carbon preparation and carbon selection and for development of materials of desired physicochemical features capable of promoting enhanced adsorption from the aqueous phase. The present work was undertaken with these objectives in view.
 
 Experimental Materials. Eight commercial samples of activated carbons were used in the various experiments. A few typical samples of carbon blacks and two chars obtained by carbonization of cane sugar and coconut shells also were used in some cases for comparison. Surface areas (nitrogen) of the various carbons before and after some treatments were determined by the conventional B E T technique. Treatments. The following treatments were used to change the surface area characteristics. D E A S H I N C . The activated carbons, as received, contained about 2-5% ash [see Table I). To see the effect on available surface ( N and BET), these carbons were given the usual "deashing" treatment in hot HF-HC1. This treatment lowered their ash content to values between 1.0 and 1.4%. BuRN-OFFS. Some carbons were given different burn-offs in oxygen under low pressures of 10-20 torr at 600°C (i). The amount of burn-off was obtained from loss in weight. The products were outgassed at 1000°C to eliminate chemisorbed oxygen, if any, and then stored in bottles flushed with nitrogen. T R E A T M E N T IN O Z O N I Z E D O X Y G E N . Carbon (5 g) was taken in a porcelain tube (12.5 mm diameter) placed in a thermostat, maintained at 30°C and connected on one side to an ozonizer (Gallenkamp GE-150) and on the other side to a series of conical flasks containing known volumes of standard (0.1 N) barium hydroxide (VI). Ozonized oxygen (2-3% ozone) was passed at the rate of 2 L/h over the carbon bed which was rotated at the rate of 18-20 rpm. The treated product was withdrawn after a given interval of time, outgassed at 1000°C to eliminate chemisorbed oxygen, if any, and stored in bottles, as already described. Treatment in Oxidizing Solutions. Some activated carbons were given oxidation treatments with concentrated nitric acid (2), aqueous hydrogen peroxide (3), and acidified potassium persulfate (3), and by passing moist air at the 2
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 Table I. Effect of Deashing Treatment on Surface Areas of Carbons Ash (%) Carbon A B C D E G H J Coconut shell Charcoal
 
 SurfaceArea (m /g) 2
 
 After "
 
 Before
 
 After*
 
 4.01 3.20 2.78 3.06 1.94 5.24 4.88 3.80
 
 1.31 1.38 1.09 1.26 1.05 1.14 1.25 1.10
 
 1122 1046 832 922 549 912 901 1011
 
 1242 1208 917 1035 619 1027 1046 1131
 
 3.56
 
 0.58
 
 372
 
 436
 
 Before*
 
 1
 
 Before any treatment. ^After deashing treatment fl
 
 rate of 3 L/h over a 10-g carbon bed held in a rotating porcelain tube maintained at 285°C. For treatment with nitric acid, carbon (10 g) was mixed with 150 mL of pure concentrated nitric acid in a 250-mL beaker and heated on a low Bunsen flame until the volume was reduced to about 15 mL. The contents were transferred to a filter paper over a funnel, and the residual carbon was washed repeatedly in hot distilled water, then dried in an electric oven (120°C), and stored under nitrogen. For treatments with aqueous hydrogen peroxide and potassium persulfate, carbon (5 g) was mixed with 250 mL of 3 N hydrogen peroxide or 500 mL of nearly saturated potassium persulfate solution in 2 N sulfuric acid. The suspensions were shaken for 24 h and then filtered. The residue was washed repeatedly, then dried, and stored in the usual way.
 
 Adsorption Isotherms of Phenol from Aqueous Phase.
 
 Adsorption
 
 isotherms (35 ± 0.05°C) of phenol from the aqueous phase were determined by mixing carbon (0.5 g) with a known weight (5 g) of phenol solution in water of a given concentration and allowing the suspension to stand in a thermostat with occasional shaking for 24 h. The fall in concentration was determined interferometrically (Carl Zeiss laboratory interferometer). Adsorption Isotherms of Carbon Tetrachloride and Benzene. Adsorptiondesorption isotherms (35°C) of carbon tetrachloride and benzene vapor were determined by using McBain's adsorption balance technique. The sensitivity of the quartz spring used was 20 cm/g. Neutralization of Aqueous Ammonia and Aliphatic Amines. Neutralization of aqueous ammonia and aliphatic amines was studied by mixing carbon (1 g) with 100 mL of about 0.075 M of a given solution and shaking the suspension for about 4 h. The fall in concentration was determined by titrating an aliquot of the clear supernatant liquid against standard HC1 in the usual way. Neutralization of ammonia under flow conditions was examined by allowing the solution to flow through a 10-cm carbon column, placed between two glass
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 wool plugs in a 3.8-cm diameter Pyrex tube. The solution was kept at a constant level, 5 cm above the upper glass wool plug. The liquor was allowed to pass through the column at constant flow rates of 80 and 150 mL/min. The concentration of the elute was checked at every 1-min interval until it approached that of the effluent
 
 Adsorption of Aniline and Methylaniline from Aqueous Phase.
 
 Carbon
 
 (0.5 g) was mixed with a known weight (5 g) of a given solution contained in a small glass tube drawn out at one end and subsequently sealed The contents were shaken mechanically in a thermostat maintained at 25 ± 0.1° C for 24 h. The tube was then allowed to stand in the same thermostat to allow the particles to settle. An aliquot of the clear supernatant liquid was then examined interferometrically to estimate the fall in concentration. Interaction with Aqueous Chlorine. Carbon (2.5 g) was mixed with 250 mL of about 0.05 M aqueous chlorine, and the suspension shaken for 4 h. The residual product was washed, dried, and examined for combined oxygen and chlorine. The product was treated in a current of hydrogen at 600°C, and the amount of water vapor and hydrogen chloride evolved was estimated by the usual methods. Interaction with Aqueous Hydrogen Sulfide. Carbon (2 g) was mixed with 250 mL of 0.05 M aqueous hydrogen sulfide, and the suspension was shaken for 4 h. The residual product, after washing and drying, was examined for its sulfur content by treating it in a current of hydrogen at 800°C and estimating iodometrically the amount of H S evolved. 2
 
 Results and Discussion The effect of lowering the ash content of activated carbons to values within 1.5% on the surface area is shown in Table I. It is seen that deashing leads to an appreciable increase in surface area, amounting to about 10-16% of the initial value, in every case. It appears that treatment with the hot HF-HC1 mixture causes adequate cleansing of the micropores making additional space available for adsorption. The effects of using different burn-offs for three activated carbons and coconut charcoal which had been outgassed at 1 0 0 0 ° C are shown in Table II. Surface areas increase appreciably with an increase in burn-off in every case, although the values tend to level off ultimately. At about 10% burn-off, the increase in surface area amounts roughly to about 30% of the initial value in the case of activated carbons. The increase in the case of coconut shell charcoal is phenomenal as the value rises almost by an order of 3.5 and becomes almost the same as those of activated carbons. However, this value represents nearly a 38% loss of carbon. The effect of treating in ozonized oxygen at ambient temperature is shown in Table III. In this case, it is seen that, even for a small loss of carbon, there is an appreciable rise in surface area. The increase in the case of the charcoal is noteworthy. The value becomes almost double for just about 4% loss in weight of carbon due to gassification. There is, however, an anomaly in the case of activated carbons. The
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 Adsorptionfromthe Aqueous Phase Table II. Effect of Different Burn-offs on Carbon for Their Surface Areas
 
 Carbon
 
 Burn-off (%)
 
 Surface Area (m /g) 2
 
 A
 
 Nil 2.5 5.9 10.4 12.4
 
 1122 1258 1380 1472 1488
 
 B
 
 Nil 2.5 4.8 9.6 13.2
 
 1046 1109 1198 1285 1296
 
 D
 
 Nil 6.5 10.4
 
 922 1057 1172
 
 Coconut shell charcoal outgassed at 1000° C
 
 Nil 10.8 20.2 37.6
 
 320 750 845 1162
 
 value, after the initial rise, progressively falls if the treatment is continued beyond 4-6 h. Similar trends were observed in the case of two other activated carbons (A and D) which were also examined. It appears that by continuing the oxidation treatment in ozone beyond a certain stage the extremely fine particles, contributing largely toward the surface area, begin to gassify and get lost from the surface. To see the effect of enhancement of surface area by some treatments, adsorption isotherms of phenol from the aqueous phase were determined on two activated carbons. These are plotted in Figure 1. It is seen that the amount of adsorption at each concentration rises appreciably with an increase in surface area, although not necessarily in the same proportion. Transport Pores and Adsorption Pores. Adsorption in the case of activated carbons takes place mostly within the porous network of the particles. Distinction, however, has to be made between the larger transport pores (transitional pores) going through the whole particles and the finer pores (micropores) branching off from them and lying within the particles (4). The wider pores serve to transport adsorbate material from the external surface to the interior of the particles where the finer pores constituting the major internal surface adsorb them readily.
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 Table III. Effect of Treating Carbons with Ozonized Oxygen on Burn-offs and Surface Area Carbon
 
 Duration of Treatment (h)
 
 Burn-off (%)
 
 Surface Area (m /g) 2
 
 C
 
 0 2 4 8 12 24
 
 Nil 1.8 3.3 5.2 7.1 9.8
 
 832 905 948 980 874 688
 
 J
 
 0 2 4 8 12
 
 Nil 2.1 4.2 6.3 7.1
 
 1011 1082 1154 1108 744
 
 Sugar, charcoal, outgassed at 1000° C
 
 0 6 12 24
 
 Nil 1.2 2.7 3.9
 
 550 780 977 1040
 
 Figure 1. Adsorption isotherms of phenol on activated carbons A and B. Key: O, before any treatment; •, after deashing A, after burn-off (10.4% in A and 9.6% in B).
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 In a good activated carbon, obviously, there should be, in general, some optimum relative proportion of the two types of pores so as to provide rapid transport of the adsorbate to the interior and also sufficiently large internal surface, for prompt and effective adsorption. This may, in fact, be another important parameter in characterizing carbons for their suitability in water treatment operations. It was thought of interest, therefore, to compare nitrogen surface areas of activated carbons with the values obtained from adsorption isotherms of some other gas or vapor with much larger molecular dimensions. Carbon tetrachloride with a molecular area of 36.4 A was selected. Adsorption of carbon tetrachloride vapor by activated carbons at ambient temperature is used in some quality control laboratories (5), although it is not known what it actually measures. Adsorption isotherms (35° C) of carbon tetrachloride vapor on some activated carbons are given in Figure 2. Similar isotherms on a few typical carbon blacks are given in Figure 3 for comparison. Considering the isotherms on carbon blacks first, it is seen that sorption-desorption branches almost exactly superimpose showing that the adsorption is reversible. It is also seen that the adsorption, after a sharp initial rise, proceeds by exceedingly small amounts at successive increments in relative vapor pressure (r.v.p.) until a point of inflection is approached beyond which the isotherm starts rising rapidly, indicating completion of a monolayer and commencement of a subsequent layer. The isotherms, evidently, are Type II of the well-known system of classification. The isotherms on activated carbons (Figure 2) also appear to be reversible, there being little or no hysteresis. This appears to be due to rather large molecular dimensions of carbon tetrachloride and hence its inaccessibility to finer micropores which are largely involved in the hysteresis phenomenon. All the isotherms, except the one on Carbon E, show a steep rise in the initial stage and a sharp break at such a low r.v.p. as 0.1. Beyond this there is a small, although a significant and continuous, pick up of the vapor, indicative of partial filling of transitional pores. The isotherms seem to lie between those of Types I and II. This finding is due to the presence of transitional porosity as a result of which the tendency for pore filling is greater than that for formation of a subsequent layer. The isotherm on the activated Carbon E, however, appears to be Type II and this indicates much less transitional porosity in this material. Specific surface areas of the various carbons were calculated by applying the B E T equation to these isotherms. The values are given in Table IV along with the corresponding nitrogen values. In the case of carbon blacks, the two sets of values are fairly close; in the case of activated carbons, an appreciable fraction of the nitrogen surface remains inaccessible to carbon tetrachloride vapor. Adsorption in such cases, 2
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 IOOC-
 
 0
 
 0-2
 
 0-4
 
 0-6
 
 0-8
 
 %o
 
 10
 
 ^
 
 Figure 2. Adsorption-desorption isotherms (35°C) of carbon tetrachloride on activated carbons. Open points denote adsorption while solid points denote desorption values. (Reproduced, with permission, from Ref. 18. Copyright 1979, Indian Chemical Society.)
 
 Table IV. Nitrogen and Carbon Tetrachloride Specific Surface Areas of Carbons Surface Area (m g) 2
 
 N (78°K) (I) 2
 
 Carbons Active Carbons A B D E G H Carbon Blacks ELF-O Spheron-6 Mogul Mogul-A Graphon
 
 CCl (298°K) (2) 4
 
 Ratio
 
 1122 1046 922 549 912 901
 
 718 616 701 252 565 677
 
 64 59 76 46 62 75
 
 171 120 301 221 86
 
 165 116 258 210 85
 
 96 97 86 95 99
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 MOGUL
 
 0
 
 01
 
 0-2
 
 0-3
 
 0-4
 
 05
 
 0-6
 
 0-7
 
 0-8
 
 0-9
 
 10
 
 /po
 
 P
 
 Figure 3. Adsorption-desorption isotherms (35° C) of carbon tetrachloride on a few carbon blacks. Open points denote adsorption while solid points denote desorption values. (Reproduced, with permission, from Ref. 18. Copyright 1979, Indian Chemical Society.) therefore, appears to be subject to molecular sieve action. From the ratios of the two specific surface areas given in the last column of the table, it appears that while the frequency of micropores is only 24% in Carbon D, it is as high as 54% in Carbon E. Thus, Carbon D has much more transitional porosity than Carbon E. It is not possible at this stage to lay down any particular ratio of the two porosities as optimum for best performance of carbons in water treatment processes. For this purpose more work is needed particularly with carbons having nearly equal nitrogen areas but differing in carbon tetrachloride areas (compare Carbons D and G). In any case, adsorption of carbon tetrachloride vapor by activated carbons of known specific surface areas (nitrogen) does have some significance in characterizing carbons for their transitional porosity.
 
 Modified Carbons Acidic Sites for Adsorption of Ammonia and Other Alkaline Matter. Ammonia, generally found in some wastewaters, results from breakdown
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 of urea, proteins, and other nitrogenous organic matter. Its presence is undesirable from several points of view. For example, chlorination of water in the presence of even a small amount of ammonia may result in the formation of chloramines which are toxic and pose a problem for elimination by granular activated-carbon treatment, as has been pointed out by Suidan et al. (6). Activated Carbons A - H as such could not take up any noticeable amount of ammonia on shaking 1 g with 100 mL of a 0.075 M solution. The pH values of their aqueous suspensions were close to 8. But after giving them the various oxidation treatments, the p H values came down well within the acid range and with it the amount of ammonia neutralized rose considerably, as shown in Table V. This result is obviously due to development of the acidic carbon dioxide-surface complex. The efficiency of the various oxidation treatments to enhance neutralization of ammonia by a given carbon is seen to follow the order H N 0 > K S 0 > H 0 >moist air. 3
 
 2
 
 2
 
 2
 
 8
 
 2
 
 Neutralization of ammonia by HN0 -treated carbons also was studied in flow experiments using flow rates of 80 and 150 mL/min. The results obtained by using Carbons A, B, and C, given in Table VI, show fairly high breakthrough times which increase with a decrease in flow rates, as expected. The beds could be regenerated to the extent of over 90% by treating them with a solution of 0.1 N H C l in a similar manner. 3
 
 Table V. p H Values and Ammonia Neutralization Values of Oxidized Carbons Oxidizing Agent HNO
 
 H 0 2
 
 3
 
 2
 
 K2S2O8
 
 Moist air
 
 Carbon A B D
 
 pH 4.15 4.50
 
 Ammonia Value (mEq/g) 2.2 1.8 1.8 1.6
 
 G
 
 4.58 4.66
 
 A B
 
 5.05 5.12
 
 D G
 
 4.95 4.84
 
 A B D
 
 4.65 4.74 4.74
 
 G
 
 4.85
 
 1.8 1.5 1.4 1.4
 
 A B D G
 
 5.46 5.38 5.50 5.48
 
 0.5 0.6 0.5 0.4
 
 0.9 1.0 0.9 0.8
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 Table VI. Breakthrough Times for Flow of Aqueous Ammonia Through HN0 -Treated Carbon Columns 3
 
 Carbon
 
 Flow Rate (mL/min)
 
 A
 
 80
 
 14.1
 
 150
 
 8.4
 
 B C
 
 Breakthrough Time (min)
 
 80
 
 12.3
 
 150
 
 7.5
 
 80 150
 
 12.8 7.6
 
 The oxidized carbons neutralized appreciably large amounts of aliphatic amines as well. These values are given in Table VII and are seen to be comparable with those for ammonia which are also reproduced in a separate column for easy reference. The amounts of secondary and tertiary amines neutralized, however, are relatively lower. It appears that the presence of more than one hydrocarbon chain introduces steric effects and, therefore, some acidic sites may not be available to the basic amino groups in the solution. The results, however, are clearly indicative of the effect of acidic surface oxides in neutralizing alkaline pollutants that might be present in wastewaters and waterways. Carbonyl Quinonic Sites for Adsorption of Aromatic Species. Aniline and methylaniline are reported (7) to be among the organic compounds detected in wastewaters. These substances are weakly alkaline but their adsorption was found to be adversely affected by the
 
 Table VII. Neutralization Values of Oxidized Carbons for Ammonia and Aliphatic Amines Neutralization Values (mEq/g) Oxidizing Agent
 
 Carbon
 
 NH
 
 BuNH
 
 (C H5) NH
 
 (CH3) N
 
 HN0
 
 A B D G
 
 2.2 1.8 1.8 1.6
 
 2.2 1.7 1.8 1.5
 
 1.9 1.5 1.4 1.2
 
 1.7 1.4 1.2 1.0
 
 1.2 1.1 0.8
 
 A B D G
 
 0.9 1.0 0.9 0.8
 
 0.8 1.0 0.8 0.8
 
 0.6 0.7 0.6 0.5
 
 0.5 0.6 0.6 0.5
 
 0.4 0.4 0.3 0.2
 
 A B D G
 
 1.8 1.5 1.4 1.4
 
 1.8 1.6 1.3 1.4
 
 1.4 1.3 1.0 1.0
 
 1.2 1.1 0.9 0.9
 
 0.8 0.7 0.6 0.6
 
 H 0 2
 
 3
 
 2
 
 K S O 2
 
 2
 
 s
 
 3
 
 2
 
 (CH ) NH 3
 
 2
 
 2
 
 2
 
 3
 
 0.6
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 presence of acidic surface oxides. The results obtained by using H N 0 treated Carbon A, before and after outgassing at 700° and 1000° C, for the adsorption of aniline and methylaniline are given in Figures 4 and 5, respectively. The results have been normalized with respect to surface area. The amount of adsorption of each substance is minimal in the case of the oxidized carbon but rises substantially as the acidic C 0 complex is eliminated but the C O complex, arising from the presence of carbonyl and quinonic surface groups, is allowed to be retained on outgassing at 700° C (8). It is also significant that, when these groups are also eliminated and the carbon is rendered essentially oxygen free on outgassing at 1000° C, the amount of adsorption undergoes an appreciable fall at all relative concentrations. This effect is akin to that observed and reported earlier 3
 
 2
 
 o 0) o E
 
 Q Ixl CD
 
 DC O 
 
 a < 3
 
 o
 
 2
 
 -
 
 0-2
 
 0-3 C
 
 /Co
 
 0-4
 
 0-5
 
 0-6
 
 0-7
 
 0-8
 
 *~
 
 Figure 4. Adsorption isotherms of anilinefromaqueous solution on oxidized carbon A. Key: O , before outgassing after outgassing at 700°C; and A after outgassing at 1000°C.
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 I 0
 
 i
 
 01
 
 i
 
 0-2
 
 i
 
 0-3 C/Co
 
 i
 
 0-4
 
 i
 
 0-5
 
 i
 
 0-6
 
 I
 
 0-7
 
 1
 
 0-8
 
 -
 
 Figure 5. Adsorption isotherms of methylaniline from aqueous solution on oxidized carbon A. Key: O , before outgassing #, after outgassing at 700° C; and A , after outgassing at 1000°C.
 
 (9-11) in the case of adsorption of phenols and substituted phenols by carbons associated with carbonyl oxygen and may be attributed, as before, to the complexing of 7r-electrons of the benzene nucleus with a partial positive charge on the carbonyl groups. This effect was checked more directly by studying adsorption isotherms of benzene (35° C) on activated carbons as had been reported earlier in the case of similar adsorption in carbon blacks (12). The results obtained in the case of one activated carbon are shown in Figure 6. As the acidic surface complex is eliminated at 700° C and the C O complex emerges as the only predominant surface complex, benzene sorption rises appreciably at all r.v.p.s. Furthermore, as this complex is eliminated and the carbon is rendered almost oxygen free on outgassing at 1000° C, the isotherm shifts again downward.
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 0-60
 
 0-1 0-2
 
 0-3
 
 0-4
 
 0-5
 
 0-6
 
 0-7 0-8
 
 0-9
 
 1-0
 
 Figure 6. Adsorption-desorption isotherms (35° C) of benzene on carbon A; open points denote adsorption while solid points denote desorption values. Key: 0 - # , before outgassing A - A , after outgassing at 700° C; and after outgassing at 1000° C. Unsaturated Sites and Chemical Fixation of Chlorine and Other Species. Identification of certain highly reactive sites, referred to as unsaturated sites, generated on evacuating carbons around 700° C and estimated on reacting with aqueous bromine, has been reported in previous investigations (13, 14). It has also been shown (15) that concentrations of these sites can be enhanced, within limits, by surface oxidation followed by evacuation treatment The concentration of such sites in our carbons, before and after this treatment, is recorded in Table VIII. There is, evidently, a considerable rise in the value after the treatment in each case. It was thought of interest to examine the use of these carbons in the adsorption of chlorine from the aqueous phase. Chlorine is added to wastewaters as a disinfectant and sometimes also for removal of ammonia. This treatment, however, enhances the potential for the formation of trihalomethanes, chlorophenols, etc. There is need, evidently, for a fairly effective dechlorination treatment. The results
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 obtained on interacting the various activated carbons with aqueous chlorine, given in Table IX, indicate chemical fixation of oxygen as well as chlorine. The values are seen to rise with an increase in surface unsaturation. The oxygen, in this case, originates, evidently, from hydrolysis of a part of the chlorine to hypochlorous acid reaction. More than 90% of the chlorine initially present in water could be eliminated in this manner by carbons associated with high concentrations of unsaturated sites. The total amount of oxygen and chlorine fixed by a carbon is in excess of the initial surface unsaturation. Besides this, a part of the unsaturation remains intact at the end of the process. This indicates that fixation of oxygen and chlorine takes place at some other active sites as well. The carbons once used in the process could be regenerated to the extent of about 80% of the initial performance when treated in a current of hydrogen at 600° C. The results of similar interactions with aqueous hydrogen sulfide are given in Table X. There is an appreciable fixation of sulfur in every case and the amount increases with a rise in surface unsaturation. Thus, Carbon A is seen to fix 4.74 milliequivalents (mEq) of hydrogen sulfide, corresponding to as much as 76 mg of sulfur per g carbon. It seems highly likely that activated carbons associated with high concentrations of unsaturated sites may be effective adsorbents for several other molecular species from the aqueous phase as well. The possibility of formation of new compounds, not originally present in water, by some unspecified catalytic reactions taking place at the carbon surface was pointed out by Cookson (16). It may be mentioned that carbons associated with unsaturated sites, referred to above, have been found (17) to catalyze chlorination of benzene and toluene, both Table VIII. Effect of Surface Oxidation Followed by Outgassing at 800° on Surface Area and Surface Unsaturation of Activated Carbons Surface Area (m /g) 2
 
 Carbon A B C D E
 
 Before Treatment 1122 1046 832 922 549
 
 After Treatment" A B 1160 1130 888 959 592
 
 1188 1174 923 1011 624
 
 Surface Unsaturation (mEq/g)
 
 Before Treatment 1.23 1.55 1.39 0.83 1.25
 
 After Treatment" A B 4.35 3.65 4.01 3.08 2.43
 
 4.51 3.44 3.20 3.31 2.51
 
 "Treatment A was with potassium persulfate followed by evacuation. Treatment B was with aqueous hydrogen peroxide followed by evacuation.
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 Table IX. Interaction of Activated Carbons with Aqueous Chlorine
 
 Carbon"
 
 Surface Unsaturation (mEq/g)
 
 Oxygen Sorbal (mEq/g)
 
 Chlorine Sorbal (mEq/g)
 
 Surface Unsaturation After Treatment (mEq/g)
 
 A
 
 a b
 
 1.23 4.51
 
 0.84 2.05
 
 0.81 2.40
 
 0.72 1.52
 
 B
 
 a b
 
 1.55 3.44
 
 1.45 1.94
 
 1.25 2.32
 
 0.36 1.64
 
 C
 
 a b
 
 1.39 3.20
 
 1.05 1.66
 
 1.23 2.45
 
 0.46 0.72
 
 D
 
 a b
 
 0.83 3.31
 
 0.70 2.08
 
 0.64 2.04
 
 0.42 0.88
 
 a = Original, and b = oxidized and outgassed.
 
 fl
 
 Table X. Fixation of Hydrogen Sulfide from Aqueous Phase by Carbons in Relation to Surface Unsaturation Surface Unsaturation (mEq/g) Carbon A B C D E Coconut charcoal outgassed at 750° C
 
 Before" 1.23 1.55 1.39 0.83 1.25
 
 After* 4.35 3.65 4.01 3.08 2.43
 
 3.50
 
 H S Fixed (mEq/g) 2
 
 Before
 
 After
 
 1.47 1.72 1.32 1.05 1.62
 
 4.74 3.42 4.18 3.38 2.84
 
 1
 
 3.37
 
 13
 
 —
 
 °Carbons without any treatment. ^Carbons after surface oxidation following by outgassing.
 
 reported to be present in wastewaters, yielding chlorinated derivatives which may be even more toxic. But it must be emphasized that such reactions are not at all likely to occur under the conditions in which carbons are used in water treatment processes.
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