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 Sonochemistry of Aqueous Solutions: H2-02 Combustion In Cavitation Bubbles Edwin J. Hart and Arnim Henglein* Hahn- Meitner-Institut Berlin, Bereich Strahlenchemie, IO00 Berlin 39, Federal Republic of Germany (Received: November 26, 1986)
 
 Water was insonated with 3m-kHz ultrasound under H2-02 mixtures of various compositions and the rates of gas consumption and of H 2 0 2formation were measured. These rates have pronounced maxima at H2:02ratios of 1:3 and 2:l in the solution. The chain length of the combustion reaction is only about 10. This is explained by the high ratio of surface to volume of the tiny cavitation bubbles as intermediate radicals rapidly reach the interface where they no longer propagate the chains. The rate of Fe2+oxidation in the absence and presence of Cu2+ions was also investigated as well as the formation of carbon dioxide in dilute formate solution. The yields of OH, H02, and H202in the bulk solution were derived from these scavenger experiments. Fe3+ions are not reduced when a solution is insonated under pure H2, and it is concluded that H atoms do not move to a substantial extent from the gas bubbles into the solution. The number of chemically active cavitation events is estimated as lo9 L-' min-I.
 
 Introduction Typical flame reactions occur when ultrasonic waves at intensities sufficient to produce cavitation are propagated through water containing a gas or a mixture of gases. Several examples have recently been studied such as isotopic exchange in the systems D2-H20,' HD-H20,2 1sJs02-H2160,3and 14J4N2-'5J5N 2-H2Q4 and the decomposition of ozone5 and nitrous oxide.6 These reactions are brought about by the temperatures of several 1000 kelvin which exist in the compression phase of oscillating or collapsing gas bubbles. The yields of such gas-phase reactions in many cases are substantially higher than for reactions occurring in the liquid phase such as the reactions of radicals with solutes which act as spin traps.' The composition of the gas atmosphere under which the aqueous solution is insonated is of great importance. The yield often has a pronounced maximum at a certain composition of the gas atmosphere. The reason for this was discussed in the above-mentioned papers. In early studies, the formation of hydrogen peroxide in water insonated under various mixtures of oxygen and hydrogen has been studied, and it has been found that the yield depends on the composition of the mixture in the complex manner shown by the dashed line in Figure 1.* Applying more advanced insonation techniques and analytical methods we have reinvestigated this effect and in addition have determined the rate of the reaction 2H2 + O2 2H20. The intermediates of the formation of water and hydrogen peroxide are free radicals and free atoms and the question arises whether the radicals can escape from the cavitation bubbles into the bulk solution. A few experiments therefore were carried out with solutions containing radical scavengers, again studying the yields at different H 2 / 0 2 ratios.
 
 -
 
 Experimental Section The irradiation vessel, the 300-kHz generator, and the gas-filling procedure using a Slyke gas analysis instrument and syringe techniques have been described p r e v i o ~ s l y . l ~ ~The J ~ 57.5-mL irradiation vessel was provided with two outlets, one to the gas phase, 20 mL, the other to the aqueous phase. The gas consumption determinations were carried out during sonolysis by (1) 222. (2) 3059. (3) 1954. (4) 5989. (5) (6)
 
 Fischer, Ch.-H.; Hart, E. J.; Henglein, A. J . Phys. Chem. 1986, 90, Fischer, Ch.-H.; Hart, E. J.; Henglein, A. J . Phys. Chem. 1986, 90, Fischer, Ch.-H.; Hart, E. J.; Henglein, A. J . Phys. Chem. 1986, 90, Hart, E. J.: Fischer, Ch.-H.; Henglein, A. J . Phys. Chem. 1986, 90,
 
 Hart, E. J.; Henglein, A. J . Phys. Chem. 1986, 90, 3061. Hart, E. J.; Henglein, A. J . Phys. Chem. 1986, 90, 5992. (7) Makino, K.; Mossoba, M. M.; Riesz, P. J . Phys. Chem. 1983, 87, 1369. (8) Henglein, A. Nafurwissenschaffen 1957, 44, 179. (9) Hart, E. J.; Henglein, A. J . Phys. Chem. 1985, 89, 4342. (10) Gutierrez. M.; Henglein, A,; Fischer, Ch.-H. Znf. J . Radiat. Biol.
 
 1986, 50, 3 13.
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 direct addition of the H2-02 mixture from a syringe to the gas phase to keep the gas pressure constant. In a second method, the consumption of gas was measured on a calibrated horizontal tube connected to the aqueous phase. As the gas pressure in the vessel decreased, the movement of the water column provided a measure of the gas absorbed.
 
 Results Figure 1 shows the rate of H 2 0 2formation as a function of the composition of the gas atmosphere under which water was insonated. Under pure oxygen, H202was formed at a rate of 17 pM min-I. This rate increased in the presence of H2 up to 25 vol % where the yield amounted to 28 pM min-I. At higher H2 concentrations, the yield drastically went down until a minimum at 60% H2 was reached where H202was formed at a rate of 3 MM m i d . However, at higher H2 percentages the yield again increased and reached a maximum of 19 pm min-l at 80% H2. No H202was formed upon insonation under pure hydrogen. The dashed curve in Figure 1 shows the results obtained in the previous study.* The shape of this curve differs in its middle part from that of the present investigation. In the previous study an irradiation vessel was used in which there was more agitation and a greater ratio of surface volume of the liquid, and therefore a faster gas exchange with the H2-02 atmosphere. The rate of gas consumption is shown as a function of the composition of the gas atmosphere in Figure 2. Two pronounced maxima at 40 and 80% H2 are recognized. The second maximum coincides with that in Figure 1. The minimum in Figure 2 is located at 60% H2 as in Figure 1. Note that the rate of gas consumption is much higher than that of H 2 0 2formation, i.e. water is the main product of the reaction. Figure 3 shows the rate of Fe3+ formation in a solution containing 1 mM FeS04 and 0.8 N H2S04 and in a solution containing 1 mM FeS04, 10 mM CuS04, and IO mN H2S04. These solutions are often used as dosimeters in radiation chemistry.I1J2 Fe2+ is oxidized by H 0 2 radicals, OH radicals, and hydrogen peroxide. Cu2+ is reduced by H 0 2 radicals, and this reaction makes the Fe3+ yield decrease. The difference in the yields of these two dosimeters provides the yield of H 0 2 radicals. The yields of the other oxidizing species, OH and H202,cannot be distinguished by these systems. It is seen that the yields of Fe3+depend on the composition of the H2-02 atmosphere in a similar way as the yields in Figures 1 and 2. A minimum occurs at 60% H2 and the second maximum again is present at 80% H,. The dashed curve in Figure 3 gives the rate of carbon dioxide formation which was observed upon the insonation of a IO mM sodium formate solution. It is seen that this yield decreases with increasing H2concentration without passing through a maximum. The C 0 2 yield provides the yield of O H radi~a1s.I~ (11) Hart, E. J. Radiat. Res. 1954, 1 , 53. (12) Hart, E. J.; Walsh, P. D. Radiaf. Res. 1954, I , 342.
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 Figure 3. Rate of Fe2+oxidation as a function of the composition of the H2-02gas mixture: ( 0 )1 mM FeS04, 0.8 N H2SO4; (0)1 mM FeS04, 10 mM CuS04, 10 mM H2S0,; (A) rate of C02 formation in solutions containing 1 mM sodium formate; pH 8.
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 Figure 2. Rate of gas consumption as a function of the composition of the H2-02 gas mixture.
 
 TABLE I: Ratio, r , of the Yields of Gas Consumption and H202 Formation As Calculated from the Data in Fieures 1 and 2 10:90 20:80 40:60
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 " r = (yield as gas consumed)/(yield as H202formed).
 
 Experiments were also carried out with a solution containing both Fez+ and Fe3+ ions at 1 and 10 mM H 2 S 0 4and using a gas atmosphere of pure H2. No reduction of Fe3+and no oxidation of Fez+ occurred.
 
 Discussion The Hz-02 combustion in flames is a branched chain reaction, H and 0 atoms and OH and H 0 2 radicals being the intermediates, and generally the chains are very long. The combustion in the cavitation bubbles occurs via short chains. The maximum rate of 220 r M min-l (Figure 2) is not higher than the rates which have been observed recently for gas reactions that do not proceed via chains. For example, ozone in oxygen bubbles is decomposed at a rate of about 1 mM ~nin-',~ and nitrous oxide in argon bubbles A rough idea about the chain at a rate of about 300 pM length can be obtained by forming the ratio of the yields of gas consumption and hydrogen peroxide formation. In Table I, this ratio, r, is listed for various H2-0, mixtures. H 2 0 2is formed in the reactions OH OH H202 (1) HOz + HOz HzO2 + 0 2 (2)
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 i.e. two chains are terminated per H 2 0 2molecule formed. The chain length should therefore be r/2. It must also be taken into
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 consideration that part of the H 2 0 2which reaches the bulk solution is decomposed as OH and HOz radicals may to a certain degree escape the hot spots and react with HzOzin the bulk solution according to the well-known mechanism: OH H202 HZO HO2 (3) HO2 HzOz H2O + 0 2 + OH (4)
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 Besides these destructive reactions the radicals may also form Hz02 molecules in the bulk solution (eq 1 and 2). This question is dealt with further below. Anyhow, the ratios given in Table I are upper limits for the length of the chain reaction. The resonating gas bubbles have a diameter of only 0.022 mm at the 300-kHz frequency of the exciting ~ l t r a s o u n d . ~The ~ conditions, under which the H2-02 combustion occurs in the cavitation bubbles, are quite different from those existing in flames, the main difference being the large ratio of wall area to gas volume. The intermediates of the chain reaction will rapidly reach the interface where they are cooled and no longer propagate the chain. The yields of radicals which escape into the bulk solution and also the yield of HzOz which is initially formed by radical-radical reaction in the interfacial region can be derived from the yields of Fe2+ and formate oxidation in Figure 3. In a solution containing Fez+ ions, the following reactions take place Fe2+ + OH Fe3+ + OH(5)
 
 + H202 Fez+ + H 0 2
 
 Fe2+
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 and the yield of Fe3+ is Y(Fe3+) = Y(0H) + 2Y(HZO2)+ 3Y(Ho2) (8) In the presence of sufficient Cu2+ ions, the H 0 2 radicals are scavenged H 0 2 Cuz+ H+ O2 Cu' (9) and the Cu+ ion formed reduces one Fe3+ ion.
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 The yield of Fe3+ is Y(Fe3+)cu = 2Y(H202)- Y(H0,) (1 1) Finally, carbon dioxide is formed in formate solutions containing oxygen: OH HC02H20 + COZ(12)
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 and one obtains Y(CO2) = Y(0H)
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 (13) Hart, E. J. J . Am. Chem. SOC.1951, 73, 68. 1954, 76, 4132.
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 Hart and Henglein and from the direct dissociation of O2 may react with hydrogen to a larger degree
 
 r
 
 0 + H2 c
 
 .-cE *
 
 Z E
 
 10
 
 I
 
 40 20 0 0, v 0I .O/O Figure 4. Rates of formation of H202,HO,,and OH as calculated from the data in Figure 3 . 100
 
 80
 
 60
 
 From the observed yields of Y(Fe3+),Y(Fe3+)cu,and Y(CO,), these yields of the three oxidizing species can be calculated. These yields are plotted in Figure 4 as functions of the composition of the H2-02 mixtures under which the solutions are insonated. In cavitation bubbles rich in oxygen, H atoms will be rapidly scavenged. 115a)
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 Reaction 15a occurs in the cooler parts, and reaction 15b occurs in hot parts of the bubbles. The H atoms are formed either by dissociation of water vapor in the bubbles
 
 H2O ---* H
 
 + OH
 
 (16)
 
 or in the reaction of O H radicals with H2 OH
 
 + H2
 
 ---*
 
 H2O
 
 +H
 
 (17)
 
 or by direct dissociation of H2 molecules. With increasing H2 concentration, reaction 17 is more efficient and this is the reason why the OH radical yield decreases monotonically (Figure 4). Oxygen atoms are formed in reaction 15b and also via the thermal dissociation of 0, molecules. As long as the H2 concentration is rather low, the 0 atoms mainly destroy H 0 2 radicals 0 + HO2 + O H + 0 2 (18) Le. the 0 atoms are part of a cycle (reactions 15b, 18, and 17) in which just one H 2 0 molecule is formed. The yields of H 0 2 and H202first increase with increasing H2 concentration as more H atoms are formed (eq 17) and less OH radicals available which could destroy H 0 2 radicals via O H HO2 HI0 0 2 (19)
 
 +
 
 -+
 
 +
 
 However, above about 30 vol % H2, the yields decrease. This may be due to the fact that the temperature in the compressed cavitation bubbles is lower due to the high thermal conductivity of hydrogen. On the other hand, the 0 atoms from reaction 15b
 
 --+
 
 OH
 
 +H
 
 (20)
 
 This reaction together with reaction 15b provides the branching of the chains. Possibly, the more frequent occurrence of these two reactions is the reason for the second maximum at 80 vol % H2. One calculates from the solubilities of hydrogen and oxygen that the concentrations of these two gases in the liquid are in the molar ratio of 2:l at a composition of the gas atmosphere of 80:20%. The tiny cavitation bubbles are not in thermodynamic equilibrium with the surrounding solution, i.e. the gaseous composition does not correspond to that of the gas atmosphere above the insonated liquid. The reasons for this have been discussed previo~sly.'~Thus we may postulate that the second maximum of the yields occurs when the cavitation bubbles contain the H 2 4 , mixture in the 2:l ratio. The rate of the combustion in flames also has its maximum close to this composition.I6 We may finally return to the question of partial destruction of H202 by free radicals that escaped the hot spots. Compare the H20zyields at 100% O2 in Figures 1 and 4. In the presence of Fe2+ or Cu2+as scavengers for O H and HO, (Figure 4) the H202yield of 16 pM m i d is practically the same as in the absence of these solutes (Figure 1). Although appreciable amounts of O H and H02 radicals, i.e. 8.7 and 9.9 pM m i d (Figure 4), are found in the solution, there seems to be no change in the H 2 0 2yield. It thus seems that as much H 2 0 2is destroyed by the radicals in the bulk solution as is formed there. A similar result is obtained for a solution insonated under a 20530% H2:02 atmosphere. However, in a solution under 80% H2, Le. in the second maximum of the yields, the H 2 0 2yield in the absence of radical scavengers (19 pM m i d , Figure 1) is even greater than in the presence of the scavengers (9.5 pM min-I, Figure 4). In this solution no destruction of H202occurs, and this result is understood in terms of the absence of OH radicals (Figure 4). We conclude that roughly 50% of the H202is formed in the hot spots and the other 50% by H0, radicals in the bulk solution. An estimate of the rate of chemically active cavitation events in the irradiation of water by ultrasound may be obtained from the rate of gas consumption at 80 vol % H2 (Figure 2). We make the extreme assumption that the combustion leads to the disappearance of a bubble in which H2 and O2 are present in the stoichiometric ratio 2:l. The resonance radius of a bubble pulsating at 300 kHz is 1.1 X cm,14 and its volume is 5.6 X cm3. For a stoichiometric H2-02 bubble, 5.6 X 10-9/2.4 X lo4 = 2.3 X mol of gas will be consumed. The consumption in the second maximum of the curve in Figure 2 was 2.2 X lo4 M min-I. The number of imploding gas bubbles is calculated as 2.2 X 10-4/2.3 X = lo9 bubbles L-' mi&. This number is a lower limit if there is not complete combustion in a resonating bubble as assumed above. Registry No. H,, 1333-74-0; 02,7782-44-7; H20, 7732-18-5; Fe2+, 15438-31-0; CU", 15158-11-9; HCO,', 71-47-6. ( 15) Henglein, A. Z . Naturforsch. B. 1985, 40b, 100. (16) Warnatz, J. Ber. Bunsen-Ges. Phys. Chem. 1983,87, 1007 (curve 5 in Figure 3a).
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