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Recombination of Hydrogen Atoms. Ill 

BY I. AMDUR 

It is generally conceded that the combination of 
hydrogen atoms to form molecules proceeds ac
cording to a trimolecular mechanism. The pres
ence and extent of first or second order wall reac
tions, as well as the efficiencies of hydrogen atoms 
and hydrogen molecules as third bodies, have been 
the subject of much controversy and speculation. 
Agreement among various investigators is defi
nitely lacking. Smallwood,1 for example, contends 
that it is possible to eliminate any wall reaction 
and that the essential recombination mechanism 
involves only triple collisions of hydrogen atoms, 
whereas Steiner2 finally concludes that there is a 
small first order wall reaction, but that hydrogen 
molecules are the most efficient third bodies. In 
contradiction to this, Amdur3 found that the as
sumption of a homogeneous reaction involving 
only triple collisions of hydrogen atoms was ade
quate to account for the experimental data for the 
relative rate of recombination of atomic hydrogen 
and atomic deuterium over a narrow range of 
composition and pressure. And yet, some time 
previously, Smallwood4 and Amdur and Robinson5 

had decided that for any extended range of vari
ables it was necessary to include a wall reaction 
as well as both types of triple collisions. In all 
the cases cited the investigators used high con
centrations of atomic hydrogen (95 to 10%) pro
duced in a discharge tube at total pressures of the 
order of 1 mm. Other experimenters8 working 
at total pressures of the order of 10 mm. with 
small concentrations of atomic hydrogen (less 
than 1%) produced by photosensitization of mer
cury saturated hydrogen, report results as varied 
as those noted above. 

(IJ Smallwood, T H I S JOURNAL, 56, 1542 (1934). 
(2) Steiner, Trans. Faraday Soc, Sl, 623 (1935). 
(3) Amdur, T H I S JOURNAL, «7, 856 (1935). 
(4) Smallwood, ibid., Bl, 1985 (1929). 
(5) Amdur and Robinson, ibid., BB, 1395 (1933). 
(6) (a) Senftleben and Riechemeier, Ann. Physik, 6, 105 (1930); 

(b) Farkas and Sachsse, Z. physik. Chem., BJT, 111 (1934); (c) 
Senftleben aud Hein, Ann. Physik, M, 1 (1935). 

In the opinion of the author, there are several 
reasons for these discrepancies even after one has 
taken into account the widely different experimen
tal methods and range of variables. One reason 
is a tendency, in the treatment of experimental 
data, to oversimplify the formal rate equation 
containing the desired velocity constants. To 
include the proper diffusion terms in the equation 
involved for the recombination of hydrogen atoms 
in a dynamic system, for example, involves much 
laborious calculation and necessitates data of con
siderable accuracy and consistency. However, 
the omission of these diffusion terms, whose mag
nitude is small, is capable of effecting tremendous 
variations in the rate constants or even of yielding 
negative values when the constants are simultane
ously solved for. The same situation results 
from the use of values for the fraction or partial 
pressure of atomic hydrogen which are of low ac
curacy. Finally, if the range of data is not suffi
ciently wide, a mechanism may be sponsored 
which may be quite inadequate to account for ex
perimental results over a larger range of variables. 
In this connection it should be noted that several 
mechanisms may fit the experimental data equally 
well. This point has been overlooked, in some 
cases, possibly, due to personal prejudice regard
ing the correct mechanism to be assumed for the 
reaction. 

It is the purpose of this paper to avoid, as much 
as possible, any arbitrary decisions by treating 
objectively a very large number of experimental 
points covering the widest possible range of com
position and pressure attainable with the present 
experimental method. This objective treatment 
consists, first, of least squaring all the data to fit a 
family of curves for the various pumping speeds 
and using least square methods to calculate rate 
constants taking all experimental points into ac
count; second, of rigorously deriving the rate ex
pressions, taking into account all factors involved 
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in a dynamic system as well as all possible mecha
nisms of recombination, and, finally, of using the 
calculated rate constants to obtain calculated 
values to compare with the measured fraction of 
atomic hydrogen. Any decision as to mechanism 
will be based on the agreement between these cal
culated and measured values. 

Experimental 
Apparatus.—The essential parts of the apparatus are 

shown in Fig. 1. Molecular hydrogen from an H-shaped 

electrolytic generator was expanded through the capillary A 
into the Wood discharge tube B where the atomic hydrogen 
was produced by a glow discharge. Mixtures of molecu
lar and atomic hydrogen were pumped along the recom
bination tube C by means of two parallel four-jet mercury 
pumps backed by a Langmuir diffusion pump and a 
Hypervac oil pump. The fraction of atomic hydrogen at 
any point along the recombination tube was computed 
from the amount of energy liberated on a catalyst-calo
rimeter D by the recombination of the atoms. This calo
rimeter consisted of two concentric platinum tubes I3A* 
(4.44 cm.) long with diameters 0.312' (7.92 mm.) and 
0.219" (5.56 mm.). A platinum ring was gold soldered in 
one end) producing a double-walled tube liaving an annular 
space of 0.046" (1.17 mm.). A copper tube I1Z3" (3.81 
cm.) long with diameter and wall thickness to permit a 
snug lit into the amiulus between the platinum tubes was 
then wound with approximately 20 inches (50.8 cm.) 
of 0.002" (0.05 mm.) pure platinum wire which served as 
a resistance thermometer and heater. Insulation was ef
fected by cutting a double thread into the outside wall of 
the copper tube and baking a thin layer of enamel glaze 
into the threads, after which the resistance wire was 

wound in these grooves and made fast by a top coating of 
baked enamel. The unit was then inserted into the plati
num sheath and the leads led out from the top through 
small platinum tubes. Lead glass was melted into the top 
opening of the annulus securing and insulating the plati
num tubes. To render the calorimeter less liable to dam
age, the fine platinum leads were gold soldered to the plati
num tubes encasing them, and all electrical connections 
were made to these tubes. In the recombination tube, the 
calorimeter was supported by a thin, flexible, four-wire 
rubber-covered cable connected to the windlass E which 
permitted movement of the calorimeter in vacuum. The 
drum of the windlass was calibrated to permit determina
tion of the calorimeter position in the recombination tube 
by means of a dial attached to the ground joint of the wind
lass. That greater accuracy might be obtained in esti
mating the energy liberated on the calorimeter, the 
recombination tube was surrounded by an oil thermostat 
at 30.000 ± 0.005°. The McLeod gage arrangement 
shown in the diagram permitted a simultaneous reading 
of the pressure a t four points along the recombination tube 
when a steady state had been reached with respect to the 
calorimeter. 

Procedure.—AU glass parts of the apparatus through 
which atomic hydrogen flowed were cleaned carefully with 
cleaning solution and aqua regia, rinsed repeatedly with 
distilled water and pumped dry. The walls of the re
combination and discharge tubes were then coated with 
sirupy phosphoric acid to minimize wall reaction and the 
system evacuated until the vapor pressure of water was 
less than 0.001 mm. The catalyst was then raised and 
hydrogen pumped through the system to permit a clean
up of the recombination tube by means of the third elec
trode F. After this treatment, the catalyst was lowered 
to the bottom of the recombination tube and the dis
charge turned on and maintained until the catalyst-
calorimeter had reached a steady state temperature, as 
shown by the resistance of the internal platinum wire. 
The mercury in the McLeod gages was then permitted to 
rise from a position just below the shutoffs to the height 
necessary for reading the pressures. The discharge was 
then shut off, and the proper heating current passed 
through the catalyst-calorimeter to produce the same 
resistance change as that previously caused by the re
combination of the atoms. From the known current and 
resistance at this second steady state the energy input to 
the catalyst-calorimeter was obtained, and since all con
ditions, with the exception of the presence of hydrogen 
atoms, were the same in the second part of the run as in 
the first, this energy input was equal to the energy per 
second previously produced by the recombination of the 
atoms. In view of the fact that the heat of dissociation 
of molecular hydrogen was known (102,800 calories per 
mole), it was merely necessary to know the number of 
moles of molecular hydrogen flowing through the appara
tus per second in order to determine the fraction of atomic 
hydrogen. This was obtained directly from the elec
trolytic current required to produce hydrogen at the same 
rate at which it was being withdrawn by pumping as 
shown by equal heights of the electrolytic liquid (30% 
potassium hydroxide containing a small amount of barium 
hydroxide) in the limbs of the H-shaped generator. For a 
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given position- of the catalyst-calorimeter runs were made 
at seven different pumping speeds by using different com
binations of diffusion pumps and by pumping with the 
Hypervac through 2-cm. tubing as well as through capillary 
by-passes. Runs were made in this manner for all pump
ing speeds at 10-cm. intervals along the recombination 
tube. 

All electrical quantities were measured with a Type K 
potentiometer using precision standard resistances to de
termine currents. The McLeod gages were read with a 
cathetometer. It was possible to return the catalyst to 
a given position and check within 0.5% a previous de
termination made several weeks earlier under the same con
ditions of flow and pumping speed. 

Preliminary Treatment of Data.—Since there 
were but four pressure taps along the recombina
tion tube, there were a great many positions of the 
catalyst-calorimeter between any two of these 
taps for which the appropriate pressures were ob
tained by interpolation. To secure these inter
polated values, for a given pumping speed, the 
drop in pressure, APa_h, between taps a and b 
was determined for all runs in which the calorime
ter was at tap b or above, and, similarly, the pres
sure drop, APb_c, between taps b and c was ob
tained in all runs where the catalyst was at or 
above tap c. This was repeated for all pumping 
speeds. It was found that for all pump combina
tions, except the first two at low pressures, the 
pressure distribution along the recombination 
tube was a linear function of distance. Devia
tions from linearity were less than 0.5%, the ap
proximate error in the measurement of pressures 
at the taps. In the case of pump combinations I 
and II, APC_C was greater than APa_b by 0.009 
and 0.008 mm., respectively. For these combina
tions, it was assumed that A P ^ exceeded APb..,, 
by like amounts. Since the distance between taps 
was known, it was possible to obtain AP/Ax 
values for all pump combinations and, in the case 
of combinations I and II, for different positions 
along the recombination tube. Using these AP/ 
Ax values the pressure existing at the calorimeter 
when it was between any two taps was found by 
interpolation. Examination of the pressure data 
showed that the pressure distribution below the 
calorimeter was independent of the position of the 
calorimeter in the recombination tube. For this 
reason it is felt that the accuracy of the inter
polated pressures is not less than that of the pres
sures recorded at the four taps. 

The values of the pressure, P , thus obtained 
were valid only for the particular rate of flow of 
molecular hydrogen (as recorded by the ammeter 

of the electrolytic circuit) existing during the 
particular run. In order to simplify treatment of 
the data, all pressures were corrected to a single 
average rate of flow. If I is the electrolytic cur
rent giving the number of moles of hydrogen flow
ing per second in a given run, and P , the corre
sponding current for the desired average rate of 
flow, (P — I)/I' is the fractional deviation of the 
actual rate of flow from the mean. The nature of 
the AP values showed that there was viscous or 
Poiseuille flow in the recombination tube. The 
end of the recombination tube near the pumps be
ing at essentially zero pressure, the pressure in the 
section of the tube containing the pressure taps 
should vary as the square root of the number of 
moles of hydrogen flowing per second, or the frac
tional pressure change should be 1Ji[I' — I)/I'. 
In this manner all pressures were corrected to a 
single rate of flow. To obtain new a values con
sistent with the new P values, a curve of a against 
P for each pumping speed was drawn from the 
original data. Values of d a / d P were obtained 
graphically from these curves. The correction 
applied to a, therefore, was d«/dP6P where 
<5P was the correction to the original pressure. 
On the average, SP was about 1% of the original 
pressure, and da, about 1% of the original a value. 

As measurements of a were made at a single 
calorimeter position for all pumping combinations 
before proceeding to a new position, it was neces
sary to take into account possible changes in 
pumping speed with time. In some cases, for 
example, some a determinations with the same 
pump combination were made two months apart. 
Inasmuch as it had been ascertained that the AP 
values between taps for all the pump combina
tions did not vary with time, the correction of 
pressures to constant pumping speed for each 
pump combination was simply made by passing a 
curve with the proper slope through the P values 
(corrected to a single rate of flow) existing at the 
catalyst. In the case of pump combinations I 
and II this meant graphically fitting the P values 
(at the corresponding values of x) to a curve whose 
first and second derivatives were fixed. For all 
other combinations a single AP/Ax value for the 
entire length of the recombination tube was used, 
corresponding to a constant first derivative. 
After making the proper constant pumping speed 
corrections to the pressure, it was again necessary 
to calculate the corresponding corrections to a. 
These were determined as explained in connection 
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with the reduction to a single rate of flow. The 
constant pumping speed pressure corrections 
averaged slightly over 1% showing that the pumps 
retained their speed characteristics remarkably 
well. The corresponding average change in a was 
less than 1%. 

The application of the above-mentioned correc
tions for each of the seven pump combinations 
yielded a set of a, x and P values applicable to a 
single rate of flow and constant pumping speed. 
It should be emphasized that the average total 
correction to the original data was only about 2% 
and in only three runs out of 83 did the total cor
rection reach 5%. Since the individual correc
tions were known to at least 5%, the final values 
of a and P, in addition to being self-consistent, are 
as accurate as the original measured values. 

Results 

Analytical Representation of Data.—The ex
perimental results, corrected to constant rate of 
flow and constant pumping speed, are given in 
Table I. The Roman numerals represent pump 
combinations; x, the distance in cm. from the 
bottom of the calorimeter to the discharge tube; 
P, the pressure in mm. existing at x, and a, the 
fraction of atomic hydrogen. All measurements 
were taken at 30.000 ± 0.005°. 

In order to use all the experimental data in 
solving for reaction velocity constants it is neces
sary to have extremely self-consistent values for 
da/dx as a function of x. To obtain these, the 
x, a values of Table I were fitted to an empirical 
family of seven curves by the method of least 
squares. An examination of the a values of Table 
I shows several slightly erratic variations. Since 
all values were reproducible, such variations were 
probably due to slight gradual changes in the 
catalytic activity of the recombination tube. 

The effect of fitting the data to a family of curves 
is to smooth out such fluctuations in the same 
manner for all pump combinations. 

As a result of many attempts, the type equa
tion best representing all x, a values was found to 
be 

x = a(- logio a ) 4- b(-logv>ay (1) 

Although much calculation is involved, it is pos
sible to solve for a, b and c in equation (1) using 
the method of least squares. The process involves 
successive approximations and can be used to 
calculate a, b and c to any desired accuracy. 
Table II summarizes the results of Table I in 
terms of the values of a, b and c necessary to repre
sent the a and x values for each pump combina
tion. The percentage deviation column gives the 
magnitude of the average absolute percentage de
viation of the a values as given by equation (1) 
from the experimental values of Table I. Since 
equation (1) is not explicit in a, calculated a-
values were obtained from the curves which re
sulted from plotting x's calculated from given 
a's using equation (1). Figure 2 shows how the 
points of Table I scatter with respect to the 
smooth curves derived from the constants of 
Table II. 

TABLE II 

ANALYTICAL REPRESENTATION OF EXPERIMENTAL a,x 
VALUES 

I 
II 
III 
IV 
V 
VI 
VII 

a 

226.2851 
175.1821 
112.3282 
81.1155 
79.3988 
63.1952 
49.3034 

b 

78.6940 X 10* 
201.1848 X 10» 
434.3611 
69.4310 
62.1211 
21.6183 
8.1251 

C 

11.67250 
7.40127 
9.61006 
5.78891 
8.73140 
6.28395 
6.46043 

Deviation 
% 

3.0 
2.5 
3.9 
3.1 
5.1 
2.9 
2.7 

The variation of pressure with distance for each 
pump combination was also expressed in analytical 
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form by quadratic equations for pump combina
tions I and II and by linear equations for all 
other pump combinations. The general equa
tion in this case is 

P = P0 - Ax - Bx1 (2) 

where P0 is the pressure at the discharge tube and 
where B is zero for all pump combinations except 
I and II. Table III summarizes the representa
tion of pressure as a function of distance. The 
values of P0, A and B are such as to give the pres
sure, P, in dynes/sq. cm. 

TABLE I I I 

ANALYTICAL REPRESENTATION OF EXPERIMENTAL P,X 

VALUES 

Po A B 

I 639.9 1.492 0.00802 
I I 688.0 1.396 .00702 
I I I 860.6 1.332 .0 
IV 977.8 1.221 .0 
V 1020.7 1.066 .0 
VI 1170.8 0.932 .0 
VII 1412.1 .628 .0 

The maximum deviation of P values calculated 
from equation (2) using the above constants, from 
the experimental values of Table I is less than 
0.5%. 

Derivation of Rate Expressions.—In order to 
derive rigorous rate expressions applicable to a 
dynamic system, it is necessary to take into ac
count loss of atoms (a) by both heterogeneous and 
homogeneous recombination, (b) by the streaming 
of gas along the recombination tube and (c) by dif
fusion resulting from concentration gradients. 

If it is assumed that recombination at the wall 
may result from collision of atoms in the gas 
phase with atoms adsorbed on the wall and also 
from the collision of two atoms from the gas phase 
at the wall, the rate of removal of atoms by re
combination at a point x along the recombination 
tube is 

-(^W) =*i[H] + fc[H]* + 
\ at /*(„) 

A8[H]»[Hs] + *4H]» (3) 
where k\ and fa are the wall reaction rate con
stants, ks, the rate constant for the recombination 
of hydrogen atoms by triple collisions with mole
cules and ki, the corresponding rate constant for 
the case of hydrogen atoms as third bodies. 
[H] and [Hs] are the concentrations of atoms and 
molecules in moles per cc. 

The removal of atoms by the streaming of gas is 
given by the equation of continuity 

/ d [ H ] \ 
\ At /*(b) 

(J(F1[H]) 
d* (4) 

where Vx is the linear velocity of the gas stream 
in centimeters per second at x. For a rigorous 

20 40 60 80 100 120 140 

x, cm. 

Fig. 2. 

derivation it is necessary to take account of the 
fact that Vx is affected by diffusion which, in addi
tion to the pumps, causes a transport of mass 
along the recombination tube. The considera
tions are as follows. 

The mass of gas per cm.2 transferred per second 
by flow is 

VxP = Vx(M[H] + 2M[U1]) (5) 

where p is the density of the gas mixture and M 
the atomic weight of hydrogen. The mass of 
gas per cm.2 transferred per second by diffusion is 

- ^ - - ^ T + ^ ) (6) 

where Di2 is the diffusion coefficient for the mix
ture of atoms and molecules at the conditions 
existing at x. Since the mass of gas per cm.2 ad
mitted per second to the apparatus is 2Mn0/rr2 

Vx(M[H] + 2M[H2]) - D12 ̂ M ^ S + 

utim)!**? (7) 

so that 

2wo/irr2 + D12 
(A[H] , 0 d[H 2 ]> 

Vx = \ Ax + 2- Ax (S) 
([HJ+2[Hg]) 

Equation (4) thus becomes 
_ (d[H]\ 

\ At /*(b) 

A_ 
Ax 

2 ^ + D, ( 
•KTz \ 

A[H] 
Ax + 2 

A[H2] 
Ax i«| (9) 

( [ H ] + 2[H2]) 

In addition to diffusion of atoms and molecules 
altering the linear velocity, atoms are removed 
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from the point x by diffusion according to the 
equation 

M [ H ] \ 
- A J div. grad. [H] (10) 

Since the construction of the calorimeter was such 
as to give the average value of a across the cross 
section of the recombination tube at x, the con
centration of atomic hydrogen at x in a plane per
pendicular to the axis of the recombination tube 
may be considered constant. Equation (10), 
therefore, reduces to 

d2[H] 
Dn dx1 ( U ) _ (1M!\ 

\ At /*(,o 

At the steady state 

V dt /xM ^ d / Jxib)
 T \ d l Jxu) V dt A 

so that the rigorous general rate expression ob
tained by adding equations (3), (9) and (11) is 

Dn 
d2[Hj 

dx2 

jd 
2»o/xra + Dn ( 

dJH] + 2 djHi] 
dx dx 

) , H , | -
((Hj + 2 [ H 2 ] ) 

A1[H] - fe[H]2 - JMHP[Hj] - £4[HP - 0 (12) 

There are numerous special cases which are of 
interest in connection with equation (12). For 
example, if the wall reaction is assumed to be 
second order fa — 0, while if it is assumed to be 
first order fa = 0. In the present case, all such 
mechanisms which include a third order rate con
stant (fa, fa) will be considered and appropriate 
rate constants calculated. Decisions regarding 
the suitability of any mechanism will depend 
upon how well such rate constants reproduce the 
a-values calculated with the constants of Table 
II. 

Evaluation of Rate Constants.—Before solving 
for combinations of fa, fa, fa and fa, it is necessary 
to express the various terms as functions of the 
measured variables a, x and P and the calculated 
derivatives da/da;, d2a/dx2, dP/dx, d2P/dx2. 
From considerations involving viscosity data it 
was found7 that the diffusion coefficient for mix
tures of atomic and molecular hydrogen could be 
represented by the relation 

374.97/*/« (1.0364 - 0.0303 a ) 
Du = 

Starting with 

P ( I + 31.9/T) 

[H] = 
RTl + a 

(13) 

(14) 

and considering both a and P functions of x, the 
first and second derivatives of [H] are found to be 

d [H] = _2_ P da 
dx RT(I + a ) 2 d x 

and 
d2[H] 2 T 2 

dx* 

+ 

RT(I + 
2P 

«)L 

RTl + a dx 

d a d P 

^ ( I 5 ) 

(1 + 
Since 

; /daY 
+ 

(1 + a) dx dx 

P d2a 
(1 + a)dx2 T a dx2J 

[H1] -
P 1 

(16) 

(17) 
RTl + a 

the total concentration of atoms and molecules is 
[H] + [H2] = P/RT (18) 

from which it follows that 

dx 
J_dP 
RT dx 

d[H] 
dx (19) 

By using the above relations the following iden
tity is obtained 

jd 
dx 

2»o/*r2 + D 
• ( 

d[H] „ d [ H 2 

dx dx a ) [H] 

2»t>da . 
^ 2 dx + RT(I + a 

\s\ 

([H] + 2 [ H 2 ] ) 

2 374.9T'A (1.0364 - 0.0303 a) 
P(I + 3 1 . 9 / r ) 

dadP (1 - a)P 
+ a dx dx (1 + 

d p y 

dx) 

Qt)P (da Y 
a ) 2 \dx) + 

dV _ a / c 
a dx2 P \c 

_a Pd**! 
(20) 

1 + a dx2 J 
The remaining terms of the rate equations are ob
tained directly from equations (14) and (17). 

The substitution of numerical values into the 
rate expressions was carried out in the following 
manner. At each pump combination a series of a-
values at increments of 0.025 were taken, starting 
near the highest measured value and ending near 
the lowest measured value. The corresponding 
x's were then calculated from equation (1) using 
the appropriate constants from Table II, and the 
desired values of P computed from equation (2) 
using Table III. General expressions for d a / d r 
and d2a/dx2 were obtained by direct differentia
tion of equation (1) resulting in 

da = 2.3026 a 
dx — a. — be (— logio a) 

and 
1 bc(c - 1 ) ( - logioa)" 

(21) 

dh 
dx: - KIf)T1 

2.3026 

! d a l 
dxj 
(22) 

(7) Amdur, J. Chen, Phys., 4, 339 (1938). 

The required numerical values for these deriva
tives were obtained by using the constants of 
Table II. In like manner dP/dx and d3P/d*2 

values were obtained by differentiation of equa
tion (2) and the use of Table III. 
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After substitution of numerical values it is pos
sible to solve simultaneously for all the reaction 
velocity constants in any one rate equation.8 In 
the present case, using the method of least squares, 
all experimental data (represented by 83 meas
ured a-values) were used to solve for the reaction 
velocity constants in each rate equation. This 
corresponded to the use of 71 rounded a-values in 
solving for each set of constants. The results of 
these solutions are summarized in Table IV, 
where the rate constants are in the following units: 
Ai, sec. -1; h, cc.1 mole - 1 sec. -1; A3 and A4, cc.2 

mole -2 sec. -1. The nature of the mechanism is 
deduced from the constants regarded as having 
zero value. 

T A B L E IV 

R E A C T I O N VELOCITY C O N S T A N T S FOR P O S T U L A T E D M E C H A 

NISMS 

J iXlO-" to XlO-K ^ 4 X l O - " 

2.33 1.00 1.70 
3.234 1.004 1.419 
0 1.038 2.578 
0 1.212 3.063 
6.028 0 0.745 
5.810 0.925 0 
0 0 2.770 
0 1.233 0 
0 0 4.160 
0 3.634 0 

The method of calculating a-values using the 
above constants can be illustrated by considering 
a specific mechanism, A. Using the numerical 
values of the constants for each of the 71 rounded 
experimental points (7 pump combinations) the 
quantities A1[H], A2[H]2, A3[H]2[H2] and A4[H]3 

are evaluated. From the sum of these terms the 
d2[H] 

hanism 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 

<fci 

0.69 
0 
1.956 
0 
0 
0 
4.231 
8.425 
0 
0 

quantity A2 
dx2 is subtracted leaving a nu-

* 

merical quantity Z, where 
2»o d a 

$ is identified from equations (12) and (20) as 
2 3 7 4 . 9 P A (1.0364 - 0.0303 a) 

RT(I + a) (1 + 31.9/T) 
• _ 1 d a d P _ (1 -
.1 + a dx dx (1 + 

dlP 

c)P / d a V 
a)8 \dx) ^ 

P \dx) 1 + a dx1 J 

(8) In the case of equation (12) it was found that the smoothed 
experimental data and derivatives lacked the necessary self-consis
tency to permit simultaneous solution for ki, kt, kz and kt. A change 
of but 0.05% in the constant terms of the final least square equations 
was sufficient to produce four positive constants instead of the usual 
three positive and one negative. The values given in Table IV for 
this particular mechanism, therefore, were obtained by trial and error 
substitution in the four final least square simultaneous equations and 
reproduce these equations to better than 0.2%. 

If the appropriate <£> values are now added to each 
of the 71 Z values and the resulting sums (Z + $) 
multiplied by — irr2/2wo, the result is 71 calculated 
da/dx points. A number of da/dx points are 
derived from smoothed experimental points using 
equation (21) and plots made of Oexpti. vs da/d*ejpti. 
for each pump combination. From these plots 
the 71 a's corresponding to the 71 calculated 
da/dx's are read. 

The results of the above procedure for the ten 
mechanisms of Table IV are summarized in Table 
V for all pump combinations. The numbers are 
the average absolute percentage deviations of the 
a's calculated from numerical rate constants from 
the corresponding smoothed experimental points. 
For all mechanisms, the individual deviations in 
each pump combination scattered well between 
positive and negative values. 

T A B L E V 

P E R C E N T A G E D E V I A T I O N OF a - V A L U E S 

Mechanism I Il III IV V Vl VII 

A 3.2 3.4 6.2 3.2 5.9 4.0 5.6 
B 3.2 3.4 6.2 3.2 5.9 4.0 5.6 
C 3.2 3.4 7.1 3.6 6.7 5.2 7.2 
D 3.6 2.6 8.6 3.6 7.2 4.6 5.6 
E 10.3 9.6 6.8 4.4 8.9 8.0 12.0 
F 3.2 4.6 5.5 5.2 6.3 4.6 8.0 
G 9.8 9.4 8.0 5.2 8.9 9.2 13.6 
H 7.3 9.4 13.2 13.2 12.2 15.4 21.6 
I 8.2 8.0 12.9 9.6 11.8 15.4 24.8 
J 16.4 17.6 21.5 10.8 8.4 21.4 46.3 

Discussion 

In interpreting Table V it should be noted that 
the average experimental value of a for pump 
combination VII is almost five times smaller than 
that for pump combination I, so that equal per
centage deviations correspond to different actual 
deviations. This is apparent from the curves of 
Fig. 2. Thus a 1% average absolute deviation 
is equivalent to the following changes in the 
rounded a-values: 

I I I I I I IV V VI V I l 
0 . 0 0 5 6 0 . 0 0 5 0 0 . 0 0 3 2 0 . 0 0 2 5 0 . 0 0 2 4 0 . 0 0 1 8 0 . 0 0 1 2 

An inspection of Table V reveals that five of 
the mechanisms (E, G, H, I and J) fail to repro
duce the experimental data over the entire range. 
Thus recombination does not take place homo
geneously as the result of triple collisions in
volving only atoms (mechanism I) as suggested 
by Smallwood,1 nor as the result of triple colli
sions involving only molecules as third bodies 
(mechanism J). The proposal of Steiner2 that 
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recombination occurs as the result of a first order 
wall reaction and a homogeneous reaction involv
ing only molecules as third bodies (mechanism H) 
is ruled out. Similarly, the assumption of a first 
order wall reaction with a three atom homogene
ous reaction (mechanism G) or a second order 
wall reaction with a three atom homogeneous re
action (mechanism E) fails to provide the proper 
mechanism. 

The other five mechanisms (A, B, C, D and F) 
show percentage deviations not much larger than 
those of the experimental and analytically 
smoothed a's (Table II), and are therefore all re
garded as possible mechanisms. On the basis of 
the deviations in Table V, it is not possible to ad
vocate one of these mechanisms in preference to 
the others. Thus the elimination of a first order 
wall reaction (mechanism B) produces a-values 
which are identical with those derived assuming 
both types of heterogeneous and homogeneous re
action (mechanism A). The elimination of a sec
ond order wall reaction (mechanism C) or the as
sumption of completely homogeneous reaction in
volving both types of third bodies (mechanism D) 
also reproduces the data almost as well as the 
other postulated mechanisms. Only one of the 
five mechanisms (mechanism F) does not require 
both atoms and molecules as third bodies. Al
though there is no reason to exclude the possibility 
of a mechanism involving a second order wall re
action and only molecules as third bodies, it should 
be pointed out that the difference in £3 values for 
mechanisms D and F is but 31% so that the second 
order wall reaction of mechanism F is numerically 
equivalent, within a factor of 1.31, to the three 
atom homogeneous reaction of mechanism D. 

A final decision as to which of the five mecha
nisms is correct canbemadeonly when independent 
evidence eliminates four of the mechanisms as be
ing incorrect. For example, if it could be shown 
experimentally that there is no wall reaction, 
mechanism D would be the correct solution; or if it 
could be shown that the wall reaction must be 
only first order, mechanism C would be correct. 
Independent accurate evaluations of fa might 
also be used as a means of choosing the one cor
rect mechanism. 

The author wishes to emphasize that the correct 
mechanism in all probability will not be some aver
age mechanism derived from mechanisms A, B, C, 
D and F but a specific one of these five with the 
numerical rate constants as given in Table IV. 

Objection has been raised to the present experi
mental method on the basis that the sudden re
combination of atoms at the catalyst causes dif
fusion of atoms toward the catalyst and conse
quent high values of a. In order to determine the 
magnitude of this effect accurately, it is necessary 
to integrate equation (12). Since this cannot 
be done readily it is only possible to present evi
dence showing that the effect is negligible. 

The diffusion produced by the catalyst is equiva
lent to increasing suddenly the linear velocity of 
the gas stream and thus shortening the time of re
combination. This acceleration is greatest at 
the catalyst and dies off very rapidly for high 
linear velocities. The disturbance produced by 
the catalyst will be most marked when the cata
lyst is near the discharge for two reasons. First, 
the high concentration of atomic hydrogen will 
result in a greater diffusion when the concentra
tion is suddenly reduced to zero at the catalyst. 
Second, the rate of recombination near the dis
charge tube is very rapid (as shown by the curves 
of Fig. 2) so that a given effective increase in ve
locity results in less recombination than that re
sulting from the same increase in velocity occur
ring far up in the recombination tube. Catalyst 
measurements such as those made in pump com
binations IV, V, VT and VII at a-values from 
0.125 to 0.05 should, therefore, be correct to a 
high degree of accuracy with respect to disturb
ance produced by the catalyst. If, now, the cata
lyst measurements at higher values of a produced 
high numerical results, rate constants calculated 
using all a-values should be smaller than those ob
tained from only low a-values. Consequently, 
rate constants which reproduced high values of a 
measured near the discharge tube should fail to 
reproduce low values of a measured far up in the 
recombination tube. That this is not the case is 
observed from the percentage deviation of the a-
values in Table II for the possible mechanisms 
A, B, C, D and F. Pump combinations I, II and 
III contain many high values of a as compared 
with combinations IV, V, VI and VII where low 
a-values predominate. Actually, an examination 
of the individual percentage deviations from which 
the averages of Table V were computed shows 
that for very low values of a at high values of x, 
the a's computed from rate constants are slightly 
higher than the experimental values instead of 
lower. In fact, it is these wrong direction de
viations which cause the average absolute percent-
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age deviations of Table V for the five possible 
mechanisms to be slightly greater than the 
smoothing deviations of Table II. 

Summary 

Using a dynamic system, the fraction of atomic 
hydrogen has been measured as a function of dis
tance along the recombination tube for seven 
pumping speeds at pressures ranging from 0.276 
to 1.044 mm. The measured fraction of atomic 
hydrogen varied from 0.0410 to 0.693. 

The experimental data have been fitted to a 
family of empirical curves by the method of least 
squares. The resulting smoothed variables as 
well as calculated derivatives have been used to 
solve for rate constants in rigorous equations 
applicable to a dynamic system. 

Ten mechanisms involving recombination by 

In an earlier paper McBain and DuBois1 re
ported extensive measurements of adsorption 
at the air-solution interface which were made as 
experimental tests of the Gibbs adsorption equa
tion 

_ dcr AtT . . 
T2(D RT&lnai ~ RT din a { ' 

where T2(D is the absolute excess of solute (com
ponent 2) adsorbed in 1 sq. cm. of the surface of a 
binary solution, <r is the surface tension of the solu
tion, and Oi, C2 are, respectively, the activity and 
the molar concentration of the solute in the bulk 
solution. (r2(u is defined in the Gibbs manner2 so 
that T1 = 0.) The adsorption of various solutes 
on the surfaces of moving bubbles was measured 
and found to be much larger than the values cal
culated by rrleans of the above equation. These 
results confirmed the earlier measurements of 
McBain and Davies3 made with similar apparatus 
and are in line with the excessive adsorption found 
by other workers using dynamic methods of meas
urement. 

As a result of this apparent failure of the Gibbs 

(1) McBain and DuBois, THIS JOURNAL, Sl, 3534 (1929). 
(2) Gibbs, "Collected Works," Longmans, Green and Co., New 

York, N. Y., 1928, Vol. I, p. 234. 
(3) McBain and Davies, THIS JoOTtNAL, M, 2230 (1927). 

triple collisions have been postulated and appropri
ate rate constants calculated using all the smoothed 
experimental data to obtain unique numerical 
values for the rate constants in each mechanism. 

On the basis of the ability of the calculated 
rate constants to reproduce the smoothed experi
mental values for the fraction of atomic hydrogen, 
five of the postulated mechanisms have been elimi
nated. 

It has been pointed out that, on the basis of re
producibility, it is not possible to advocate any 
specific one of the remaining five acceptable 
mechanisms but that future definite information re
garding the presence and nature of a wall reaction 
could determine which one of the five possible 
sets of rate constants should be used to describe 
the recombination of hydrogen atoms. 
CAMBRIDGE, M A S S . RECEIVED MARCH 11, 1938 

equation to account for the experimental values, 
it has been suggested by several writers that an 
electrical term should be added to the equation 
to take account of the known electrification of the 
bubbles and drops upon which the adsorption 
takes place. The validity of such suggestions will 
be discussed later; their implication is that the 
excess of the observed adsorption over the calcu
lated value is of electrical origin. As part of a 
general investigation of the factors responsible 
for the excessive adsorption on moving bubbles, 
the present authors have undertaken to test the 
electrical explanation by measuring the effect of 
enhanced electrification of the bubbles on the ob
served adsorption. 

Meaning of the Term "Electrification."—The 
term "electrification of bubbles and drops" may 
refer to any of the following: 

(1) Electrohinetic double layer, the electrical 
double layer which always exists at the surface of 
any bubble or drop in contact with water or an 
aqueous solution and whose parts may be tangen-
tially displaced under the influence of an external 
electric field. The charge which is thus made evi
dent by cataphoretic migration originates in the 
dissociation of a surface layer, either a part of the 
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