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mid by applying equation 47 the yield is 
Y = ( ( k s l ~ [ S ~ l e a z ) / k r l  In 11 + (krA/ks,rp[Sile~2) 

In the case of homogeneous kinetics the 
scheme of consecutive scavenging leads 
cxpression 
Y = ( T ~ ~ s ~ * [ S ~ ] ~ / V )  ( (  1 + ( ~ A V / T I ~ S ~ ~ [ S ~ ] ~ ) )  ‘ 1 2  - 

(54) 
eaction 
to the 

1) 
(55) 

where TI = l ~ s , ~ / 2 k , .  
Some general conclusions may now be derived 

regarding these results for homogeneous and hetero- 
geneous kinetics. For high SZ concentrations es2 
+ 1 and the equations reduce to those obtained 
for the case of a single scavenger. Therefore the 
rate-determining step in this case involves the 
formation of the HS1 intermediate complex. At 
lower S2 concentrations esr is less than unity and 
for Sz<<l;-sl/ks, the kinetic equations become 
equivalent to those obtained for the triple collision 
mechanism 

It is found $hen that in this approximation both 
heterogeneous and homogeneous treatments lead 
to  the result that the yield is dependent on the con- 
centration function es,[S1] alone, when the con- 

H + S1 + Sz --+ products ( 5 6 )  

secutive scavenging mechanism is the actually 
operating one. 

Conclusions 
The impetus for the present investigation was 

given by one of the referees of the original draft 
of what forms now Part I1 of the present work. 
He requested detailed examination of those assump- 
tions which were made in that and previous papers 
based on estimation of the experimental conditions, 
without a quantitative basis. 

As the result of the present work we conclude 
regarding the absolute value of the rate constants, 
that under our conditions of vigorous stirring and 
bitbbling the constants derived under the assump- 
tion of homogeneous kinetics are probably lower 
by not more than one order of magnitude than the 
true ones. As we cannot determine either u or 
cp accurately, no closer estimate is possible of the 
degree of agreement. However comparison of 
the values thus obtained by us with values derived 
from other experimental investigations support 
this conclusion. This point will be discussed in 
the following papers. Similarly, reaction mecha- 
iiisms derived under these conditions under the as- 
sumption that homogeneous kinetics may be ap- 
plied are the mechanisms arrived a t  also when 
heterogeneous kinetics are assumed. 

In view of these conclusions homogeneous ki- 
netics mill be employed in some future papers, 
with due reference to  the considerations now ob- 
tained. 
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The mechanism of oxidation by hydrogen atoms of various acceptors is discussed. It is shown that two alternative 
One involves the relatively slow reaction of H atoms with 

Alternatively other acceptors, e.g., metal cations may directly 
The intermediate hydride complex may react with Hfaq, 

When this faster, hydride complex, pathway is available, the slower H2+ mechanism may not 
The experimental results for the oxidation of Fez+ ions by H atoms can be adequately explained 

pathways exist for the oxidation of ions dissolved in water. 
If +aq to form Hz+eq, which oxidizes acceptors, e.g., I-sq. 
form intermediate complexes with H, with faster rate constants. 
yielding molecular hydrogen. 
be of kinetic importance. 
by this mechanism. The results of radiation chemical and photochemical experiments are discussed. 

Investigations of the radiation of 
aqueous solutions of ferrous ions led to  the assump- 
tion that I€ atoms may act as oxidizing agents in 
acid solutions. Evidence from the photochemistry 
of f e r ro~s3 ,~  and of iodide5m6 ions was adduced to 
support this view. Recently using hydrogen atoms 
generated externally and introduced as such into 
the aqueous solutions i t  was shown that hydrogen 
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(2) T. Rigg, G. Stein and J. Weiss, Proc. Roy. Soc., 2 l l A ,  375 

(1952). 
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Chem., in Dress. 

atoms are indeed capable of oxidizing ferrous to  
ferric and iodide to iodine.l0 The reaction 
was shown to be pH dependent.g,10 However the 
actual mechanism was not finally established. 
Namely it was proposed1e2 that the oxidation in- 
volves the formation of HP+sq ion according to 

€1 + H+aq e &+aq 

ki 

k- 1 
(1) 

which acts as the actual oxidizing species 
(7) G. Czapski and G. Stein, Nature,  182, 598 (1958). 
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k2 
112 facl + R l " +  + 132 + RI'"+" +. 

This mechanism was investigated in detaillo and it 
was found that it was in agreement with the re- 
sults obtained in the oxidation of iodide ions by 
atomic hydrogen. It was also compared wi$h 
alternative mechanisms : the pH independent) 
mechanism1' of H abstraction from the hydration 
layer; the mechanism involving12-8 triple collision 
between H,Hfa, and the ion to be oxidized; and a 
mechanism in which H+aq was assumed to  form a 
complex with the ion. None other than the mech- 
anism involving agreed with the results. 
The value obtained for 1cl, the velocity constant 
of the formation of Hzf according to reaction 1 
was found to  be 102-103 mole liter-l see.-' by apply- 
ing homogeneous kinetics. However the niech- 
anism of the oxidation of the ferrous ion by H atoms 
could not be decided and consideration of the avail- 
able evidence led to the conclusion13 that in this 
case another mechanism may be operating. It 
was suggested13 that in this alternative mechanism 
the hydride forming properties of the H atom may 
be of importance. The mechanism involving 
intermediate hydride complex formation was 
sho~vn '~  to be consistent with the mechanism of 
homogeneous activation of Hz by solutions of 
metal ions andlj with the results of radiation chemi- 
cal experiments.I6 In  the present paper our de- 
tailed results of the reinvestigation of the oxidation 
of ferrous ions by atomic hydrogen are reported 
and the mechanism operating discussed in detail. 

Experimental 

( 2 )  

Procedure.-The production of atomic hydrogen by 
rlectrodeless discharge at 30 Mc. was as described pre- 
viously.@,lo Atomic hydrogen was passed for 10 minutes 
through 25 ml. of the evacuated solution maintained at 
-4'. The pumping velocity in the present series of cx- 
periments was 150 liter mixi.-'. In order to improve re- 
producibility, no air was admitted after completing the run 
and full hydrogen atmosphere was maintained during the 
opening of the reaction vessel for analysis. With these 
precautions reproducibility was better than in our previously 
reported experiments. Each experiment was repeated a t  
least three times and reproducibility was &15% or better. 

Determination of the dose of H atoms was carried out 
using the reduction of 10-8 M ferricyanide solutions.17 
During the runs the constancy of the dose was checked by 
the oxidation of 0.05 M Fez+ solutions in 0.8 N IS,SO,. 
The dose in the present series of expeiiments was 1.2 X 
10-6moleliter-lsec.-1. 

Analysis.-The ferric ion concentration was determined 
by absorption measurements a t  305 mp in 1 cm. cells using 
a Beckman D U  Spectrophotometer. The dependence of 
the molar absorption coefficient on the concentration of the 
sulfate ion and sulfuric acid concentration was determined in 
HzS04 solutions in the pH region 0.4-3.0, containing 0.01- 
0.2 ,M Na2S04. Identical results were obtained by re- 
placing Na2S04 by FeS04. The experimental results were 
duly corrected for the effect of sulfate ion concentration. 

Materials.-A.R. ferrous ammonium sulfate and sulfuric 
acid were used. Solutions were prepared in triply distilled 
water. Matheson's electrolytic hydrogen was further puri- 
fied by passing through palladized asbestos. 

(11) N. Uri, Chem. Revs., SO, 376 (1952). 
(12) J. P. Ethier and F. Haber, Natutwiss., 18, 266 (1930). 
(13) G. Stein, Disc. Faraday SOC., 29, 235 (1960). 
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(15) G. Czapski and J. Jortner. ibid. ,  188, 50 (1960). 
(16) F. S. Dainton and D. B. Peterson. ibid., 186, 878 (1960). 
(17) G. CZapbki and G. Stein, J .  Phys. Ciern., 64, 219 (1960). 
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Fig. 1A.-Plot of the experimental results for the oxidation 

B.-Plot of the experimental results for the oxidation of Fez+ 
according to the hydride mechanism. 

of Fez+ according to the Hz+ mechanism. Y = 0.3411. 

Results ' 

The oxidation of Fez+ ions in acid solution by H 
atoms was investigated in the pH range of 0.4- 
3.0 and ferrous ion concentration of 0.001 to 0.2 
M .  The experimental results are presented in 
Table I. The reaction is found to  be p H  depend- 
ent in agreement with previous r e ~ u l t s . ~  The 
known ratio of the rate cons t an t~1~ ,~  of the reduc- 
tion of Fe3f and oxidation of Fe2+ by H atoms 
indicates that the decrease in the oxidation yield 
cannot be assigned to the back reaction between 
Fe3+ ions formed and H atoms. The dependence 
of the yield on Fe2+ concentration and the concen- 
tration of H+ ions is attributed to  the competition 
with the recombination reaction 

k r  
2II + H Z  ( r) 

Our experimental results cannot be reconciled with 
the oxidation mechanism involving the hydrogen 
molecule ion as  an intermediate. In  the preceding 
paper the problem of analyzing the results obtained 
by the method of H atom production and intro- 
duction into aqueous solutions was discussed. It 
was shown that both the homogeneous and the 
heterogeneous kinetic approach t,o the treatment 
of the experimental results leads to  the conclusion 
that for the consecutive scavenging reaction scheme 
the yield is a function of es,[Sl], where esz = IS,]/ 
{(k-s,/ks,) + [ S Z ] ) ,  as defined in the preceding 
paper. 

By applying these conclusions to  the oxidation 
mechanism involving Hz+ we see that the oxida- 
tion yield should be dependent on [H+][Fe2+]/ 
{ (k-,/kZ)+ [Fe2++l). When for different Fe2+ and 
H +  concentrations the same yield is obtained, 
this function should remain constant. In  other 
words for different scavenger concentrations which 
give the same oxidation yield, the plot of [H+] vs. 
l / [Fez+] should result in a straight line. Such 
results for Y = 0.34A are presented in Fig. 1A. 

(18) W. G. Rothschild and -4. 0. Allen, Rad. Res. 8, lOl(1958). 
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The plot is not linear and thus we have to conclude 
that the experimental results are in disagreement 
with the oxidation mechanism involving Hz+. 

Oxidation Mechanism Involving Hydride Forma- 
tion.-These discrepancies can be reconciled by 
assuming that the detailed mechanism of oxidation 
by H atoms is different in the case of I- and Fe2+.13 
We shall consider the possibility of a mechanism 
of oxidation in which initially H atoms interact 
with Fez+ with the formation of a complex.l4 l5 

k3 

k- 3 

Fez+,, + H FeHz+,, ( 3 )  

Followed by the interaction of Hf ions with the 
complex 

k4 
FeH2 +aq + H --+ Fe3 +aq + Hz (4 

This kinetic scheme is equivalent to the consecutive 
scavenging mechanism investigated in Part I, and 
i t  will be shown that the dependence of the oxi- 
dation yield on the concentrations of Fez+ and H+ 
can now be satisfactorily accounted for on the basis 
of this mechanism. Using the expressions derived 
in Part I, the diffusion model is applied to the ex- 
perimental results. The oxidation yield was ob- 
tained from the expression 

where Ai is obtained from the solution of the cubic 
equation 

Y = AAi/Wi ( 1) 

24i3 f 3Ai2 + 41 = wi (11) 
WI = X.,A/6(ks[Fe2+])*/zpD'/2 eH+*/z (111) 
eH+ = [Hil/(k-3/k4) + [H+l 

using the values A = 3 X lo-* mole set.-', 
D = 4 X cm.2 sec.-l, k, = 1013 mole-' 
cme3 see.-'. The best parameters were chosen in 
the following way: a t  pH 0.4 it was assumed that 
eH+ + 1, and thus the equations reduce to those 
obtained for the single scavenger model. Hence 
I c ~ ( P ' / ~  could be evaluated. Then we selected the 
value of /<-3//k4 which yields best agreement with 
the pH dependence. Satisfactory agreement was 
obtained by setting k3(p2/3 = 7.5 X IOG mole-1 
liter set.-' ~ r n . ~ / a  and l ~ - ~ / l c ~  = 0.05 mole liter-'. 
Xext we analyzed the results according to  the forced 
convection mechanism 
Y = ( J  , p l / < I ]  [Fe'-]:k,) 111 { I + (k,.I/lt3eucH.[FeZ'])) 

( IV)  
Best agreement was obtained by setting 1c3pu = 
1.5 X IO7 molec'liter see.-' set.-' and k-3,'k.4 
= 0.05 mole liter-'. Applying the homogeneous 
kinetic treatment 
Y = ( T ~ H + [ F ~ ~ + ] ~ / T ' )  { (1 + ( 2 n / V ~ e ~ + [ F e ~ + ] ~ ) ) ' / z  - 1) 

where T = 1 ~ ~ ~ / 2 k , .  The experimental results could 
best be fitted with this equation by assuming 
7 = 0.005 (ie.) k3 = lo4 liter mole-' <e(%.-') and 
L3,'k4 = 0.05. 

The comparison of the calculated data with the 
experimental results is given in Table I. The 
agreement with the heterogeneow kinetir treat- 
ments is better than with the homogeiieoue kinetics. 
It is seen from these r e d t s  arid from Fig. 1B 
that the results are satisfactorily acmuntcd for by 

(VI 

0 * 
H 

z 

. -  I 

c 
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the ferrous-hydride mechanism. The rate con- 
stant for reaction 3 can be estimated. The results 
of the homogeneous kinetics yield the value of k3 
lo4 mole-' liter sec.-l which is a lower limit. 
Estimating the effective surface area as p -10 
cm.2 the heterogeneous treatment leads to k3-105 
inolecl liter see.-'. Considering the value of the 
ratio k-3,'k4 obtained it should be pointed out that 
some dependence of this ratio on Fez+ concentra- 
tion was observed, the ratio decreasing with de- 
creasing Fez+. Thus a t  0.01 and 0.02 144 Fez+ 
the experimental results for the diffusion treatment 
were in better agreement with the value of 
k4 = 0.02. This may be due for example to the 
diffusion of intermediates which is neglected in our 
treatment. However our experimental results do 
not enable us to establish the value with greater 
accuracy. 

Discussion 
The oxidation mechanism of the Fez+ ion pro- 

ceeds by hydride formation. However when we 
attempt to  analyze the results previously obtainedlg 
for the oxidation of iodide ions by H atoms ac- 
cording to  this mechanism a satisfactory agreement 
cannot be obtained. Figure 2 indicates that a t  a 
constant oxidation yield the function [I-] [H+]/ 
( y  + [H+]) is not constant while as  i t  was pre- 
viously demonstrated'' the oxidation yield is a func- 
tion of [H+][I-]/(O.l + [I-]). Thus i t  agrees 
with the oxidation mechanism involving Hz+ as an 
intermediate. The oxidation mechanism proposed 
for the ferrous ion is in agreement with the pH 
dependence of the yield in radiation chemical 
and photochemical experiments. The region in 
which pH dependence is observed due to  competi- 
tion with recombination, will depend on the rate 
of introduction of H atoms. A reinvestigation of 
the photochemical oxidation of ferrous ions in 
evacuated acid solution showed4 that up to  pH 
2.4 the pH dependence of the initial quantum yield 
was due to  the pH dependence of the primary 
photocheniical H atom formation only, in 0.02 
Jf Fez+ and rate of formation of H atoms = 
3 X lo-' mole liter-I set.-'. In  radiation chemi- 
cal experiments18?0 a t  M Fez+ and rate of 
formation of H atoms = 3 x mole liter-' 
sec.-l no pH dependence was observed up to  
pH 2.1. 'I'rcatiiig these systems according to  the 
d d y - b t : t t c  :~ppio:icli of eq. V, it appears that the 
(widition for the independence of Y of pH and 
[Fe2+] will prevail when 

1 1 T- << ?a2e& [ Fez +] "4k, 

Setting I;, LOi mole-I liter sec-1 and L 3 / k 4  = 
0.05 the inequality VI is fulfilled both for the photo- 
chemical and radiation chemical experiments. This 
comparison is qualitative only, as it is not clear 
whether the assumption of initial homogeneous 
distribution of the radicals in radiation chemistry 
i\ :dequat c s  whtvi competition I.)ctwecn firqt- and 
second-order reactions occur. 

In  our treatment it was assumed that the 
rerombination reaction r itself is pH independent. 
I he possible rc.nctioiih $'?€I2+ + €1 and Hz+- + TI 

(VI) 

7 7  

(10) Coirection of e1101. 

(20)  1 0 4llt.n and \V (: Itothschild Rad Rea., 1, 591 (1837). 

I n  ref. 10 t h e  ordinate of Fins. 1, 2, 4 ,  3 
and 6 has to be iiiiiltiplied bv a facto1 of 300. 
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Fig. 2.-Plot of the experimental results of ref. 10 for 
the oxidation of I- by H atoms: I, H2+ mechanism; 11, 
hydride mechanism. 

are not included in the kinetic scheme. It is 
assumedg that since in these molecules the bond 
energies Fez+-H and H-Hf have to be considered, 
these reactions will be activation controlled, and 
will be slower than the diffusion controlled re- 
action r. 

When the competitive reactions between Fez+ 
ions on the one hand and other scavengers, e.g. ,  
molecular Oz'8 or methanol2' were investigated it 
was found that the ratio of the rate constants was 
nearly independent of pH within a rather wide 
pH range. Radiation chemical experimentsls 
showed that k ~ + o ~ / k ~ + ~ ~ ~ +  is 1200 at pH 0.35 
and 1500 a t  pH 2.1. Photochemical experiments4 
gave for this ratio the value of 900 * 300 a t  pH 
0.35 and 1500 f 400 a t  pH 2.4. According to the 
mechanism now proposed the competition is seen 
to  be between the ferrous ion and the acceptor, 
0 2  or methanol, for H atoms, H +  not being involved 
at this stage, since its reaction with H is slo~ver. 
This will be the case :LS long as the di 
action of the complex may be neglecte 
son with its reaction with H+. The value of k-a/ki 
= 0.03-0.02 mole liter-' is consistent with the re- 
sults of Baxendale and Hughes.21 Similarly it 
can be shown16 that the results of llainton and 
Peterson16 for the competition between Fez+ and 
320 for H atoms leads to  the value of L 3 / k 4  = 
0.05, in excellent agreement with our experimental 
results. However in order to  explain the results 
of Rothsvhild and .illen'8 l~-a/X.~ shoiild be of the 
order of 0.0 1. Our photochemical experinicnth 
indicate that a t  pH values higher than 2.1 devia- 
tions already occur from constancy of the ratio 
of rate cwiistants. These discvpnncics may b(. diie 
to  specific reactions of the 0 2  rnoleculc with intcr- 

(21) J. €1. Baxcndale and 0. I l u g h e ~ .  Z.  p h y s z k  Cirenz. 5. P , 14, 
323 (1958). 
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mediates, and may be related to  the nature of the 
H atom equivalent present in irradiated solutions. 
Thus the special case of 02 remains to be fully 
explained and deserves more detailed investigation 
in the future. 

The nature of the FeH2+ complex should be 
briefly considered. This may in all probability 
be a ferric hydride possibly consisting of a Fe3+H- 
"charge transfer" complex in which a labile ion 
pair is formed. Similar intermediates were re- 
cently postulated in the homogeneous activation of 
HZ in solution by some transition and post-transi- 
tion cations.22 For the negative iodide ion the 
formation of such an ion pair is unlikely. 

The possibility of such hydride complex inter- 
mediates was also postulated by Ifiasna and Rit- 
tenbergZ3 in the enzymatic activation of molecular 
hydrogen by the enzyme hydrogenase of Proteus 
vulgaris, and recently reinvestigated in the case 
of Desu l fo~ ib r io .~~  The enzyme is considered to 
contain iron, 

The rate of exchange of solvent molecules from 
the hydration layer of some transition cations with 

(22) J. IIalpern, Quart. Rev., 10,463 (1956); J .  r h u s .  Chem.. 63, 398 
(1959). 

(23) A. I. ICrasna and D. Rittenborg, J. Am. Chem. Sac., 76, 3015 
(1954). 

(24) A.  I. I l i s n a .  E. Riklis and D. Ilittenberg. J .  E d .  Chem., 236, 
2717 (1960). 

the medium was shown from n.m.r. meas~ren ien t s~~  
to be of the order of lo5 liter mole-' set.-' for the 
reaction 

which is of the same order of magnitude as the 
upper value for the rate of formation of the ferrous 
complex with H atoms derived in the present work. 

According to  the mechanism now proposed the 
oxidation of non-labile ferrous complexes, e.g., 
ferrocyanide, will not occur by the hydride mech- 
anism, but by the H2+ mechanism, in agrcemcnt 
with our previous results. l7 

Combining the value nom obtained of ka - lo5 
liter mole-' see.-' for the rate of reaction of Fe2+ 
with H atoms, with the value of the ratio of the 
rate constants between H atoms and Fe2+ or 0 2 ,  
respectively, gives an approximate value of I ~ F I + O ~  

lo8 - lo9 liter mole-' set.-', in imsonable ngree- 
ment with the results of Riesz and Ilow- 
ever in this respect one has to bcar in mind thc 
reservations regarding the possible specific re- 
actions of 0 9  with intermediates in irradiated 

H20 + LIn+ H&* + HzO* + Ll"+ 1320 

solutions. 
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Atoiiiic hydrogen geiierated by an electrodeless high frequency discharge in lIa gas and introduced iiito aqiitwub soliitionc 
105 liter mole-' sec.-l, unaffected by ch:ingiiig the pli  froin 

The reactions involved are discussed and compared with those postulated for the radiolysi,. of aqueous IizO, 
rcncts with IO-e10-j ill 11202 with a velocity constant of k 
1 to 13. 
solutions. 

In  the radiolysis of dilute aqueous solutions 
electrons are one of the primary products. Elec- 
trons may react directly with suitable acceptors, 
or may form H atoms through reacting with water, 
with Haq+ or with HzO+.H atoms themselves may 
also result directly from, e.g., the dissociation of 
excited water molecules or by dissociative electron 
capture by H20. The ratio eaq/H may depend on 
the pH. 

Once formed, H atoms may react with Haq+ to 
form Hzaq+ ions. The ratio H/Haq+ will depend 
on the pH. 

In  addition to these general considerations re- 
cently experimental evidence became available 
showing that two different forms of H atom equiva- 
lent are present in irradiated solutions, these two 
exhibiting widely different reactivity with specific 
acceptors. Thus Barr and Allen' have recently 
obtained evidence that the two forms show very 

(1) N. F. Barr and A. 0. Allen, J .  Phys.  Chem., 63, 928 (1959). 
See also A. 0. Allen and H. A. Sohwarz, PTOC. Int. Conf. Peaceful Uses 
o/ Atomic f ineryy,  29, 30 (1958). 

different velocity constants with €bo2. The pos- 
sible pairs considered weree,, and I-I or alternatively 
H and Hz+. No decision n-as made betwcen the 
two alternatives. 

Allan and Scholes2 investigating the reactioiis 
in irradiated aqueous solutions of' some organic 
acceptors, came to similar conclusions, but identi- 
fied the pair of reactants as the electron in water 
and H atoms. The considerations of Weiss3 point 
in the same direction. 

To differentiate between the two possibilities 
and provide evidence for the identification of the 
species involved in the radiolysis of water, we in- 
vestigated the rate of reaction of atomic hydrogen 
with Hz02 in dilute aqueous solution. 

Experimental 
Atomic hydrogen was produced as described before,4 

by an electrodeless high frequency discharge a t  30 Mc. in 

(2) J. T. Allan and G. Scholes. Nature, 187, 218 (1960). 
(3) E. Hayon and J. Weiss, Proc. Int. Conf.  Peaceful Uses of Atomzc 

(4) G. Czapski and G. Stein, J. Phys. Chem., 63, 850 (1959). 
Energy. 29, 80 (1958); J. Weiss, Nature, 186, 751 (1960). 




