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The chemical kinetics and thermodynamics of sodium 
species in oxygen-rich hydrogen flames 

A. J. Hynes,a) M. Steinberg, and K. Schofield 

Quantum Institute, University a/California, Santa Barbara, California 93106 
(Received 16 May 1983; accepted 18 August 1983) 

Measurements of sodium and OH concentrations in ten oxygen-rich H,/O,lN, flames by respective saturated 
and low-power laser-induced fluorescence techniques have led to a much improved understanding of the 
complex flame chemistry of sodium in such oxygen-rich media. Previous interpretations have been shown to 
be largely incomplete or in error. The one-dimensional flame downstream profiles indicate that the amount of 
free sodium approximately tracks the decay of H atom and as the flame radicals decay sodium becomes 
increasingly bound in a molecular form. A detailed kinetic model indicates that the sodium is distributed 
between NaOH, which is dominant, and NaO,. Concentrations of NaO are very small and NaH negligible. 
The actual distribution is controlled by the temperature, the oxygen concentration, and the degree of 
nonequilibration of the flames' basic free radicals. Na, NaO, NaO" and NaOH are all coupled to one another 
by fast reactions which can rapidly interconvert one to another as flame conditions vary. NaO, plays an 
indispensable role in providing alternate efficient channels by which NaOH can be produced. Its contribution 
becomes increasingly important at lower temperatures where the flux through the NaO, intermediate 
becomes dominant over that for the direct reaction between Na and H,O. As a consequence, the ratio of 
NaOH to Na can become enhanced by up to two orders of magnitude at lower temperatures over what might 
have been expected from the Na + H,O direct reaction alone. The dissociation energy D~ (Na-O,) is 
established to be 39±5 kcal mol-I and the value of the rate constant for the Na + 0, + M reaction of 
2X 10-28 T- I cm6 molecule-' S-I for the flame gases. The sodium distribution within the highest temperature, 
low-O, flame, in which NaOH is dominant and equilibrated, supports a value of D~ (Na-OH) of 78.9±2 
kcal mol-I. The rate constants for several reactions of Na, NaOH, NaO" and NaO with flame species have 
been established approximately. An analysis of the total kinetic scheme shows that the chemical fluxes are 
carried predominantly by four reactions only. These considered alone, reproduce the data surprisingly well. 
An analysis of the implications of the corresponding large rate constants for the terrnolecular reaction of the 
other alkali metals with oxygen suggests that these will undoubtedly show to varying degrees similar behavior 
to sodium. Values for the bond dissociation energies of the other alkali dioxides are discussed. It appears that 
in practical combustion systems, even at low temperatures, the conversion of alkali metals to the 
corresponding hydroxide will not be kinetically constrained and its concentration will be at or in excess of the 
expected equilibrium value. 

I. INTRODUCTION 

Although it is difficult to find a flame chemist who has 
not studied sodium, the flame chemistry of this ubiqui
tous atom has not been satisfactorily characterized un
der many common flame conditions. This is a conse
quence of our continuing inability to monitor directly 
molecular sodium species in flames. By interpreting 
the laser-induced fluorescence measurements of the 
disappearance profiles of Na and OH in a series of at
mospheric pressure, lean (oxygen-rich) H2/02/N2 burnt 
flame flows of widely varying composition and tempera
ture, we have resolved the question as to the identity of 
the major sodium species involved, and unraveled the 
dominant chemistry. 

creased H -atom levels, particularly downstream, might 
be expected to favor increased NaOH production. How
ever, the presence of O2 suggests the additional possi
bility of NaO and Na02 formation and a much greater 
level of kinetic complexity. 

In fuel-rich H2/0~N2 flames, sodium remains essen
tially in elemental form. 1-3 Small amounts of NaOH 
formation can be expected via reaction (1); 

!2 Na+H20
k

_
1

NaOH+H, (1) 

which only become Significant at temperatures above 
about 2300 K depending on the extent of suppression by 
excess H-atom concentrations. 2 In lean flames the de-

apresent address: School of Geophysical Sciences, Georgia 
Institute of Technology, Atl anta, Georgia 30332. 

Kaskan4 monitored Na and OH profiles in absorpti<'n 
in a series of lean, atmospheric pressure H~0~N2 
flames at 1400 to 1700 K. He found reaction (1) not 
balanced and unable to account for the measured decays. 
Rather, he found the initial Na decay rates proportional 
to the O2 concentration and suggested the three-body re
action (2); 

k2 
Na+02+M ~ Na02+M 

k_2 
(2) 

as the dominant Na oxidation process in these flames. 
His measured decay rates correspond to a value of 
about 10-33 cms molecule-2 S-l for k2 • McEwan and Phil
lips, 5 in a subsequent study with temperatures ranging 
from 1380 to 2260 K, also monitored sodium in absorp
tion but utilized the Li/LiOH method to measure H 
atom. 6 They found also that reaction (1) could not de
scribe the observed Na decay profiles. However at tem
peratures above 2000 K they concluded that reaction (2) 
was balanced and Na02 was the dominant sodium oxida
tion product. At lower temperatures it appeared to be 
too slow to become balanced. From the temperature 
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dependence of a plot of [NaOa]/[Na] [02] against T-1 they 
calculated a value of 65 kcalmol-1 for Do (Na-Oz). This 
value was found to have a computational error and later 
revised downward7 to 55.9 kcal mol-I. From the initial 
Na decay rates in their flames McEwan and Phillips5 

also determined values for "z of about (2-3) x 10-33 cm6 

molecule-2 
S-1 in reasonable agreement with Kaskan's 

values. 

In an extension of Kaskan's earlier effort, Carabetta 
and Kaskan8 examined the sodium oXidation in a series 
of lean flames as a function of pressure to evaluate the 
third body dependence of the Na disappearance rates. 
Over the temperature range from 1420 to 1500 K at 
pressures from 100 to 1520 Torr they found the initial 
rates of decay of sodium to be proportional to both O2 
and M concentrations supporting reaction (2) as the 
dominant sodium removal process. 

Recently, Husain and Plane9 measured Na oxidation 
rates in a heated cell at 724 and 844 K. They generated 
atomic Na by flash photolysis of NaI and followed the 
Na decay in absorption in the presence of He, Nz, and 
CO2 baths. They found the Na removal rate described 
by reaction (2) with a rate constant of about 1. 0 x 10-30 

cm6 molecule-2 
S-1 with Nz as the third body. This is 

three orders of magnitude faster than the reported mea
surements for k2 in the previous flame studies. The 
unambiguity of these static cell measurements questions 
the assignment of the measured sodium decay rates in 
flames to reaction (2). Moreover, the larger value also 
is supported by earlier flow reactor studies with sodium. 
Haber and SachsselO obtained 5.5 x 1O-3D (Ar), 9.0 X 1O-3D 

(He), and 7.3xlO-30 (Nz) at 523 K, and Bawn and Evansl1 

a value of about 3. 5xlO-30 (533 K, M =Nz). Additional 
measurements on Li,12 K,13 and CS 14 confirm the gen
erality of this magnitude for kz among the alkali metals. 
Obviously some global overall process had been ob
served in flames that appeared to behave as reaction (2). 

Very recently, Jensen and Jones15 examined the catal
ysis of flame radical recombination rates by large quan
tities of sodium in a series of fuel-rich H2/02/Nz 
flames. They found they could explain the sodium cata
lzyed H-atom disappearance rates with reaction (1) along 
with 

k3 
Na+OH +M NaOH +M. £3 (3) 

A computer fit to their measurements yielded 5 x 10-27 

T-l cmll molecule -2 s -1 for k3 • This corresponds to 2. 5 
X 10-30 cm6 molecule -2 S-I at 2000 K, which is several 
fold larger than values for "e and about 60-fold larger 
than the value for the corresponding H + OH + M reaction. 
Jensen16 then noted that using reactions (1) and (3) he 
could account approximately for Kaskan's4 lean flame 
sodium oxidation rates without recourse to the inclusion 
of Na02 • Moreover, it appeared to eliminate the dis
crepancy existing between values for kz measured in 
flames and at lower temperatures. However, this did 
require using an unreasonably large value also for k_3 
with a preexponential term that corresponds at flame 
temperatures to a collision cross s~ction that is three 
orders of magnitude larger than expected from gas ki-
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FIG. 1. Experimental arrangement for laser-induced fluores
cence and line reversal temperature measurements. 

netic theory. This appears to be questionable for such 
a simple two-body dissociation process and casts doubt 
on the interpretation. Jensen16 concluded that for re
action (2) to have a negligible contribution to the flame 
observations, but still be consistent with Husain and 
Plane' S9 measurements, would require a value of about 
40.6 kcal mol-1 for Do (Na-Oz), about 15 kcal morl be
low the revised value of Dougherty, McEwan, and Phil
lips. 7 

Our more extensive measurements on ten different 
flames now permit us to resolve all these apparent dif
ficulties. The actual nature of the flame chemistry of 
sodium in oxidizing stOichiometries has emerged and 
illustrates clearly the reasons for these discrepancies 
and fully explains the misinterpretations and errors of 
the previous flame studies. 

II. EXPERIMENTAL CONDITIONS 

Most of the experimental system has been described 
previouslyl7,18 and will be discussed here only briefly. 
Flames were stabilized on a 2 cm diam flat-flame Pad
ley-Sugden burnerl9 constructed of bundled hypodermic 
tubing. The burner is manifolded such that separate 
metered HZ/02/N2 flows can be fed to an inner bundle, 
1 cm diam, and to the outer bundle. An aerosol of 
aqueous sodium chloride was added to the central burner 
core by passage of a few cm3 S-1 of Nz through an ultra
sonic nebulizer. 20 Atomic sodium is rapidly generated 
in the flame reaction zone and is introduced at a rate 
to produce concentrations of about 1010 cm-3 in the hot 
flame gases. The trace of halogen so added is entirely 
negligible and need not be considered further. 

The optical arrangement is illustrated in Fig. 1. A 
Nd-YAG (Quanta Ray DCR-PDL-1 with the filled-in 
beam option) pumped tunable dye laser was used to moni
tor Na and OH by their induced fluorescence. A cali
brated brightness temperature tungsten ribbon lamp was 
used for sodium line reversal measurements of flame 
temperatures. The laser beam was passed through the 
flame and fluorescence sampled at right angles with an 
j/5.3 spherical mirror to match the monochromator 
aperture. The sampled beam traversed a two-mirror 
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image rotator and the entrace slit of an 0.35 m mono
chromator (McPherson 218). The detection optics 
image a section of the horizontal laser beam into the 
vertical monochromator slit with unit magnification. 
Thus, USing a 50 J.l.m slit that is 0.5 cm high, we detect 
an 0.5 cm length of beam fluorescence, near flame cen
ter, with a flame height resolution on the order of 100 
J.l.m. The burner was mounted on a platform that was 
raised or lowered relative to the system optical axes 
to obtain time-dependent profiles of properties above 
the flame front which is positioned close to the burner. 

Sodium fluorescence measurements were made by 
saturating the sodium 589.0 nm (2P31 2_2S1 1 2) transition 
and monitoring the closely coupled (2P11 2_2S11 2) fluo
rescence. By passing the unfocused laser beam through 
a 5 mm wide aperture, its lower intensity beam edges 
were removed producing an improved approximation to 
a "top-hat" radial distribution. This arrangement gave 
a high degree of saturation, indicated by the fluorescence 
sigmJ becoming independent of laser power. Moreover, 
with the short (6 ns) laser pulse there was insufficient 
time for laser-induced chemistry18 or ionization of the 
sodium. 21 At this wavelength multiphoton ionization also 
appe'lrs to be negligible. This hct is confirmed by the 
observation of an identical sodium downstre'lm profile 
under either saturation conditions or with a very low 
power, short pulse laser under constant quenching con
ditions. 21 In this manner, the saturated relative fluo
rescence intensities are proportional to the atomic so
dium concentr'ltions. Relative concentrations were 
adequate for this study but are readily converted to ab
solute values by calibrating the delivery rate of the 
nebulizer by the curve-of-growth method. 3 

Absolute OH concentrations were me'lsured in fluo
rescence using our previously established experimen
tal conditions. 11,21,22 The OH(A 2L;+-x2TI) (1,0), R1(6) 
tr'lnsition at 281.14 nm was excited and fluorescence 
detected at 314.69 nm from the (1, I)Ql(7) transition. 
The doubled output from the dye laser (using an R590 
dye) was attenuated to produce fluorescence in the low 
power regime where fluorescence intensity is propor
tional to hser power. These relative intensity mea
surements were rendered quantitative by calibrating 
against OH fluorescence measurements in a high tem
perature fully equilibrated fuel-rich H2/Oz/Nz flame 
(4/1/2) for which the OH concentration is readily cal
culated for the measured temperature. 

The concentrations of the other flame radicals and 
trace flame constituents, [HJ, [OJ, and [HzJ, were cal
culated assuming bal'lnced chemistry in reactions (4), 
(5), and (6): 

H+Oz"""OH+0 , 

0+H2-="OH+H, 

OH+H2=HzO+H 

(4) 

(5) 

(6) 

As discussed later, kinetic calculations confirmed the 
ability of these processes to remain balanced through
out the burnt gases of the flames employed in the study. 

A flame matrix was employed to cover a wide range 
of compositions and temperatures. The flames studied 

TABLE 1. Experimental flame matrix and characteristics. 

Temperature 
H2O ~ OH 

H2/02/N2 (K) (molecule cmoS) 

0.6 1 1 1906-1929 1.0 (18) 1. 2 (18) 3: 8- O. 7 (16)a 
1 1 2 2066-2100 9.9(17) 4.8(17) 3.8- 1.1 (16) 
1 1 3 1667-1730 9.5 (17) 4.7(17) 3.7-0.3 (16) 

1.4 1 3 2125-2197 9.8(17) 2.0(17) 3.5-1.4 (16) 
1.4 1 4 1810-1847 9.8(17) 2.1 (17) 3.6-0.5 (16) 
1.4 1 5 1654-1669 9.3 (17) 2.0 (17) 3.6- 0.3 (16) 
1.8 1 3 2280-2405 1.1 (18) 5.9(16) 4.0-1. 9 (16) 
1.8 1 4 2060-2228 9.8(17) 5.1 (16) 3.6-1.4 (16) 
1.8 1 5 1825-1916 1. 0 (18) 5.3 (16) 3.2-0.7 (16) 
1.8 1 6 1695-1726 9.6 (17) 5.2 (16) 3.1-0.4 (16) 

aConcentrations, read as 3. 8xl016 (0.25 ms) decaying to 
O. 7xl016 (4.0 ms). 

are listed in Table 1. These encompass a 750 K tem
perature range from about 1650 to 2400 K. Distances 
above the burner were converted to downstream flow 
times using the measured gas flow rates into the burner 
corrected for reaction to products, the measured flame 
temperatures, and the assumption of one-dimensional 
flow. The one-dimensional behavior of the flow above 
such bundled tube burners has been verified experi
mentally.3 The temperature of individu'l.l flames varies 
but slightly in the 0.25 to 4.0 ms region due to the slight 
enthalpy release of recombining radicals. In the hot 
flame gases the two major species HzO and O2 h'lve con
centr'l.tions that vary over the various flames by factors 
of 1.2 and 24-fold, respectively. In all cases signifi
cant departures from equilibrium are apparent for the 
flame radicals with extensive decay occurring over the 
first few milliseconds of the burnt gas region. As il
lustrated later, although OH radical decays are not pro
nounced in the first 4 ms region, decaying at the most 
by only about an order of magnitude, those for H, Hz, 
and 0 are much more significant. 

III. MEASURED CONCENTRATION PROFILES 

The concentrations of free sodium have been obtained 
as a function of distance (time) throughout the burnt 
gas regions of the ten oxygen-rich flames. The fluo
rescence intensities have to be corrected solely for the 
differing flow volumes of each flame because the same 
rate of addition of sodium is made to each. Resulting 
concentrations over the first 4 ms region are indicated 
in Fig. 2. These show the pronounced decays as ob
served previously. 4,5 The decay shapes vary from 
flame to flame. This behavior is markedly different 
from that in fuel-rich hydrogen or acetylene flames 
where the sodium remains almost totally in its free 
atomic state with only slight losses due to some NaOH 
formation and to diffusion. At atmospheric pressure 
and these temperatures, thermal ionization and diffu
sion are negligible for our purposes on this time scale. 
Molecular formation is quite evident, becoming espe
cially pronounced for certain flame compositions. Al
so, there is the suggestion that each flame st:uts in the 
reaction zone region from the same level of totally free 
atomic sodium which is then subject to its specific rate 
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FIG. 2. Measured atomic sodium concentrations in the burnt 
gases of several oxygen-rich hydrogen flames. Total sodium 
input approximates to 1010 atoms cm-3• 

of depletion. From the initial sodium decay rates in 
Fig. 2, the flame properties in Table I, and assuming 
reaction (2) describes the system, we would also ob
tain values for k2 ranging from 0.8 x 10 -33 to 2 X 10-33 

cm6 molecule-Z S·l in agreement with previous flame 
studies. 4.5 

Corresponding OH concentrations in these flames are 
illustrated in Fig. 3. These are based on our earlier 
developed technique for quantitative low-power laser
induced fluorescence measurements, 17.21.22 which have 
been shown to be valid for fuel-rich flames. There ap
pears to be no reason to question the validity of this 
present series of measurements. 

Numerical kinetic calculations concerning the de
tailed balance among the minor flame species in oxygen
rich flames, namely for OH, H, 0, and Hz, as under 
fuel-rich conditions, indicate that there is sufficient 
time for these radicals to become interrelated in the 
burnt gas regions. By considering reactions (4), (5), 
and (6) it can be shown, in the present time frame, that 
changes in the concentration of one radical will imme
diately reflect through to the others. Consequently, 
from measured OH concentrations it is possible to cal
culate the corresponding amounts of H, 0, and H2 from 
the appropriate equilibrium constants and concentrations 
of HzO and Oz. These latter two major species are 
largely unperturbed from their equilibrium concentra
tion values and so can be calculated by an equilibrium 
code at the measured flame temperature. In this way, 
the following expressions can be derived: 

_ K§[OH]3....!iL 3 
[H]- K

4
K

s
[ozHH

z
O] ' K4KS =8.83x10- exp(16250/T) , 

K§[OH]2 & 
[0] Ks[HzO]' Ks = 0.105 exp(8 400/T) , 

[OH]2 
[H 2 ]=K

4
K

5
[02] , K4K5 =27.4 exp(-8840/T) . 

The relationships between the radicals are markedly 
different from fuel-rich behavior where [OH] a: [H] 
a: [0]112 a: [02 ]1/2 • This is apparent in the shapes 
and magnitudes of the [H] decays in Fig. 4 calculated 
from the corresponding measured OH concentrations of 
Fig. 3. 

For oxygen-rich mixtures it is generally acceptable 
to assume that the H20 and O2 major stable flame spe
cies have concentrations much in excess of the other 
radicals so that their concentrations are unperturbed 
by the radical nonequilibrium effects. However, as 
may be noted in Table I, when a stoichiometric H2/02 
(2/1) mixture is approached, the concentration of O2 

becomes not too Significantly larger than that for OH. 
Consequently, the question as to whether this assump
tion remains valid for the H2/02 (1. 8/1) series of 
flames in this study must be considered. Kinetic mod
eling of the Hz/02 flame reactions and an examin'ltion 
of the sensitivity of the equilibrium composition to vari
ous conditions have indicated that the assumption does 
in fact remain valid. It appears that the O2 levels are 
in essence buffered by the larger H20 concentration. 
Decays in OH concentration do not perturb O2, which 

,.., 
I 
o 
'--' 

1.8/1/3 

• 0.6/1/1 
1.81115 

2 x 101~L-__ .1..... __ ~ __ ~ __ --7-__ ---' 
o I 234 
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FIG. 3. Experimentally measured OH concentrations in the 
burnt gases of several oxygen-rich hydrogen flames. 
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remains close to its equilibrium value, but rather ap
pear as very slight changes in the H20 concentration 
which are too small to be noticed. Experimentally, lit
tle is to be gained by working close to the stoichiome
tric mixture on either the fuel-rich or lean side and at 
some composition these assumptions of constant equi
librium concentrations of the "major" species will 
break down, so making a characterization of the sys
tem much more difficult. 

The pronounced decays of [H] in Fig. 4 are remark
ably similar to those of sodium in Fig. 2. ~ compari
son of the two plots indicates clearly that there is some 
approximate correlation between Na and H with the so
dium decay tracking that of the H atom. This behavior, 
also observed in H2-rich flames in a previous study of 
the laser-induced chemistry of sodium,18 suggests the 
presence of a steady state distribution that is readjust
ing as the radicals decay. Moreover, this implies also 
that the initial rates of decay of sodium are not a mea
sure of the progress of the three body Na + O2 + M reac
tion as suggested by Kaskan4 and McEwan and Phillips, 5 

and so cannot lead to a meaningful value for its rate 
constant. If anything, the sodium decay is more closely 
related to the H-atom decay, which is predominantly 
controlled by the three-body H + O2 + M - H02 + M reaction 
in these lean flames. Consequently, the observed de
pendence on O2 and M concentrations of these initial so
dium rates of decay8 was a consequence of this H + O2 

+ M reaction rather than an indication of the occurrence 
of the Na + O2 + M reaction. This fact signifies the care 
required in interpreting such flame profiles and em-
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FIG. 4. H-atom concentrations calculated from the measured 
OH concentrations. 

4.0 

TEST FOR EQUILIBRATION OF 

Keq. FROM McEWAN AND PHILLIPS 
~(No-021-55.9 keol mol-I 

4.5 5.0 5.5 
104/T • (K-') 

FIG. 5. Equilibrium constant plot testing for the predominant 
molecular formation of Na02 via the Na + ~ + M "'" Na~ + M re
action. For each flame, marked by its H2/~/N2 ratios, in
dividual points refer to downstream times of 0.25,0.5,1.0, 
1.5,2.0,2.5,3.0,3.5,4.0 ms, time increasing in the direc
tion of the arrow. cp = [bound sodium)/[free sodium). 

phasizes the need to measure as many species in as 
wide a range of differing flame compositions and tem
peratures as is possible. 

IV. PRELIMINARY KINETIC MODELING 

McEwan and Phillips5 assumed the predominance of 
Na02 and its equilibration via reaction (2) in their brief 
study of this system. USing our more extensive data 
base we have tested this hypothesis by calculating the 
equilibrium constant of this reaction at points through
out each of the flames assuming that loss of sodium is 
due totally to Na02 formation. The result is indicated 
in Fig. 5. cp represents the ratio of bound to free so
dium which can be calculated from the experimental 
data. The expected straight line corresponding to their 
Do(Na-02) value7 of 55.9 kcal morl is not confirmed. 
Moreover, the departures in each flame clearly indicate 
that flame radicals are involved. A similar test of the 
dominance of NaOH via the balanced reaction (1) is il
lustrated in Fig. 6. The ordinate, cp[OHN[H20]2 [02 ], 

1~3 • .---------r--------'r--------'r--------.--~ 

"-

~ 
1.8/1/4 

TEST FOR EQUILIBRATION OF 
No + H20- NoOH + H 

I.B1I/3 

"
"-

Keq. Dg(NO-OH)=78.9keOlmo~" 

Keq. D~(NO-OHI=81.5 keol mol-' 

1~~------~~------~5.0~------~~~--~~~~ 
4.0 4.5 6.0 

104/T• (K- I ) 

FIG. 6. Equilibrium constant plot testing for the predominant 
molecular formation of NaOH via the Na + H20"'" NaOH + H re
action. For each flame individual pOints correspond to those 
of Fig. 5. 
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TABLE II. Potential reactions of Na, NaO, Na02' and NaOH in H2/02 flames. 

Rate constants, cm3 molecule-I S-1 c 

Reaction8 
AIi2000 Kd 

(kcal mol-I) Forward reaction Reverse reaction 

(1),(-1) Na+ H20=NaOH+ H 
(2),(-2) Na+~+M=Na~+M 

+44.4 
-(0.7+Do) 

3X10-11 TI/2 exp(- 44 400/RT)b 
2x 10-28 1"'1 

1Xl0-12 T I / 2b 

2xl0-11 Tl/2 exp[ - (700 + O. 9Do) IRT)a,b 
5 2X 10-11 TI/2 exp(-78 7001RT)b 
"'2xl0-12Tl/2b 

(3), (- 3) Na+OH+M=NaOH+M 
(7),(-7) Na + H~=Na02 + H 
(8),(-8) Na+ OH=NaO+ H 
(9),(-9) Na+H~=NaO+OH 

(10), (-10) Na+~=NaO+O 
(11),(-11) Na + H~=NaOH + 0 
(12). (-12) Na~ + H=NaO + OH 
(13),(-13) Na~+O=NaO+~ 

-78.7 
+(54.0-Do) 
+43.8 
+7.6 
+59.3 
- 8.4 
- (46. 5 -Do) 
-(62.0-Do) 

57Xl0-29 T-1 

7X10-12 T I / 2 

Ix 1O-13 T I /2 

52xl0-12 T I/2b 
53X10-13TI/2b 
52X10-13Tl/2b 
54x 10-15 TI/2 exp(- 84001RT) 

1 x 10-12 TI/2 exp[ - (46 500 - Do)/ RT) 
2X 10-13 TI/2 exp[- (62 000 -Do)/RT) 

(14), (-14) Na~ + OH=NaO+ H02 
(15), (-15) Na02 + H=NaOH + ° +(Do-I0.3) 

-(62.5-D o) 
52x 1O-13 T I / 2 exp[- (D o-10 250)/RT) 
5 2X 10-13 Tl/2 os 8X 10-14 TI/2 exp[- (62 500 -Do)/RT) 

(16). (-16) Na~ + OH=NaOH + O2 
(17), (-17) NaOH + OH=NaO + H2O 

-(78.0-Do) 
-0.6 

3x 1O-14 T l/2 

51 X 10-11 Tl/2 b 

(18). (-18) NaOH + H=NaO+ H2 
(19),(-19) NaOH + O=NaO + OH 
(20),(-20) NaOH + ~=NaO + H02 

+ 14. 0 
+ 16.0 
+67.8 

5 7x 10-11 TI/2 exp(-14 OOOIRT)b 
5 2x 10-11 TI/2 exp(- 16 OOO/RT)b 
5 2X 10-11 TI/2 exp(- 67 800/RT)b 

2x 10-13 TI/2 exp[ - (78000 -Do)/RT) 
5 3x 10-11 TI/2 exp(- 620/RT)b 
55xl0-11 TI/2 b 
56XlO-12TI/2b 

aActivation energy assumed to be O. 9xD o(Na-02) (see the text). 
bpreexponential factors corresponding to a gas kinetic hard sphere collision frequency, modified where necessary for the bimo
lecular reactions to be compatible with the equilibrium constant. 

cRate constants for reactions (2) and (3) have units of cm6 molecule-2 s-I. Do represents Do(Na-02): Optimum fit for 39.0 
kcal mol-I. R = 1. 9872 cal deg-1 mol-I. 
~eference 23. AIi,(NaOH) (Ref. 24), AIi,(NaO) (Ref. 25), (H2ooo -H8) Na02=25.5 kcalmorl <calculated, see the text). 
8Reaction number: + forward reaction, - reverse reaction. 

consists of measured parameters and the easily cal
culated major product concentrations for HzO and Oz. 
It is equivalent to the concentration ratio [NaOH] [H]/ 
[Na1 [HzO] and results from the substitution of cP for 
[NaOH]/[Na] and [OH13/[HzO] [Oz] for [H]. The expected 
equilibrium constant, Kl K4KS/ Ke, calculated from the 
JANAF tablesz3 and based on a Dij(Na-OH) value of 81. 5 
kcal mol-I, is drawn as the solid line in Fig. 6. A 
small uncertainty remains in the literature concerning 
the value of Do(Na-OH). The JANAF thermochemical 
tablez3 was calculated in December 1970. A more re
cent experimental measureZ4 obtained 78.9 ± 2. 0 kcal 
mol-I. Although this appears to be a small difference, 
it implies a 68% change in the NaOH/Na ratio for the 
equilibration of reaction (1) at 2400 K. The expected 
equilibrium constant based on the lower value for 
Do(Na-OH) is drawn as the dotted line on Fig. 6. Be
havior above and below 2000 K appears to be signifi
cantly different. At the higher temperatures an approx
imate relationship does appear reasonable. Moreover, 
the agreement between the experimental data and the 
equilibrium expectation appears better for the lower 
value of the NaOH bond strength. However, below 2000 
K departures are such as to suggest the participation 
again of supplemental chemistry that involves the radi
cal species whose concentrations Significantly vary in 
each flame with time. The system is obviously more 
complex than previously considered and a more com
plete kinetic modeling is necessary. 

Such a model has been analyzed for all the possible 
reactions of Na, NaO, NaOz, and NaOH that can occur 
in an Hz/Oz flame environment. These are listed in 
Table II and schematically illustrated in Fig. 7. An 

examination of the possible reactions of NaH indicates 
that it will be negligible in oxygen-rich flames and need 
not be considered. Also, due to the very low concen
trations of sodium, molecules containing more than one 
atom of sodium cannot form. Although H + Oz + M is the 
dominant radical decay process in these lean flames, 
H02 steady state levels are negligible and it was not in
cluded as a reactant in the scheme. No reliable value 
existed for ~H,<Na02) and the effect of this variable on 
the respective reaction enthalpies is indicated. At 
first sight, the possibility of interpreting such a large 

I NOo2 1 

H02 

"1l ° 13°2 
OH 14 H02 

G< °2 >8 0 
10 

° 
O2 

o"lt~ H 18 H2 
o 19 OH 

M II 02 20 H02 
0 

INOOHI 
FIG. 7. Reaction scheme including all the possible reactions 
listed in Table II that couple Na, Na02' NaO, and NaOH. Spe
cific reactants involved are indicated on the connecting arrows. 
Reaction number refers to Table II. 

J. Chern. Phys., Vol. 80, No.6, 15 March 1984 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

128.59.226.54 On: Tue, 09 Dec 2014 15:36:40



Hynes, Steinberg, and Schofield: Sodium species in oxygen-rich hydrogen flames 2591 

number of reactions seemed questionable, especially 
as rate constant values were known only for k2 9 at about 
800 K and approximately established for kl and k_1 • 18 

Comparisons of the other interactions with their analo
gous reactions where H replaces Na showed that it was 
not unreasonable to expect reactions (9), (10), (12), 
(13), (16), and (18)-(20) to have pre-exponential rate 
constant factors that to a first approximation might not 
differ significantly from their hard sphere gas kinetic 
collision frequencies. Of the other reactions, numbers 
(1), (7), (8), (14), and (17) have no such corresponding 
analog comparisons due to their symmetrical atom inter
changes. Reactions (11) and (15) are each analogous to 
the least favored branching path of the three possible 
channels for the H + HOz reaction. Recent branching ra
tio measurements for this,26 suggest that these could 
have pre-exponential rate constant terms that are a fac
tor of 4x 10-3 below their maximum gas kinetic frequency 
value. Reaction (3) has been suggested by Jensen and 
Jonesl5 as being a very efficient reaction and have esti
mated its rate constant. 

Initially, all reaction rate constants other than kz, ks, 
kll' k_w k 15 , k-15 were set at their gas kinetic collision 
frequency values with appropriate exponent terms, equal 
to reaction endothermicity, and with the exception of the 
termolecular reactions (2) and (3) were modified where
ever necessary to be compatible with the reaction equi
librium constants. Values for k_2 and k_3 also were set 
at this limit as there appears to be no justification for 
substantially enhancing the cross sections for such sim
ple bimolecular collision processes. As will be dis
cussed later, the nature of the dissociation reaction (- 2) 
is such that its activation energy will be depressed to 
some extent below the reaction enthalpy. A value of 90% 
of Do (Na-Oz) is assumed and corrected to 2000 K. This 
is indicated in Table II. The activation energies for all 
the other endothermic reactions were assumed to equal 
the reaction enthalpy. 

An analysis of the time constants for the reaction 
scheme confirmed that the ms time frame would pro
vide a sufficient time for the establishment of a steady 
state distribution for such a scheme. This is compati
ble with the experimentally observed rapid tracking of 
the Na and H-atom decays as indicated in Figs. 2 and 4. 
Consequently, a preliminary computer analysis of the 
steady state model was examined to establish the feasi
bility of interpreting the observed sodium decay profiles 
in a meaningful way with such a large body of uncertain 
rate constant values. This model assumes that the ki
netics are suffiCiently rapid that a steady state distribu
tion is maintained throughout the burnt gases. Conse
quently, the net reactive flux producing and removing 
each of the species is zero. Taking the rate equations 
in turn for fluxes involving either NaOz, NaO, or NaOH 
together with the sodium mass balance equation 

[Na]tot = [Na] + [NaO] + [Na02] + [NaOH] 

provides the necessary number of equations to solve for 
the concentrations of each species. In this way, using 
this initial set of rate constants together with the mea
sured flame concentrations and temperatures, the pre
dicted molecular distribution, and reactive fluxes were 

calculated for the various branches of Fig. 7. It was 
apparent immediately that exact rate constant data are 
irrelevant for more than half the reactions listed due to 
their minor roles. Also, the kinetic fluxes connecting 
NaO to NaOH are dominated by reaction (17) but are sig
nificant also for reactions (18) and (19). These are so 
large that even if some of their rate constants are de
graded by one to two orders of magnitude it is clear that 
the concentrations of NaO and NaOH will manage to re
main coupled with their concentration ratios locked very 
closely to that specified by the balance of either of these 
reactions [(17), (18), or (19)]. Actual NaO concentra
tions are small, falling in the range of O. 1 % to 1. 5% of 
the total bound sodium in these flames. As a result, 
the flux of reactions (8), (9), and (10) coupling NaO to 
Na is very small. Consequently, specific rate constant 
values for any of the reactions (8)-(10), and (17)-(20) 
are irrelevant for describing the observed distribution. 

The implications of Husain and Plane's large value9 

for kz became particularly apparent in these initial cal
culations. It predicts a severe and very rapid depletion 
of Na that is too large to compensate for unless Do(Na-
02) is drastically reduced from its previously reported 
value of 55.9 kcal mol-I. Moreover, it is clearly in
compatible with Jensen and Jones' large value15 for ks 
which serves only to deplete sodium even more so. The 
depletion rates of sodium via reactions (1) and (2) alone 
are such as to pose severe difficulties on the system's 
ability to regenerate free sodium and any additional de
pletion must invoke unreasonable rates for regeneration 
steps. Due to the small concentrations of NaO, sodium 
regeneration depends almost entirely on the thermal 
dissociation of NaOz, via reaction (- 2), and by the re
duction of NaOH by H -atom, reaction (- 1). 

Any attempt to model this system based on assuming 
the predominance of Na/Na02 or Na/NaOH chemistry 
alone could not reproduce the data with any degree of 
satisfaction. It was clear that the coupling between 
Na02 and NaOH, either directly or via NaO, plays an 
important role for some flame conditions and cannot be 
ignoredo 

These initial analyses suggested that kinetic param
eters for only a few reactions from the initial set of 17 
are important. A more detailed examination consider
ing parametriC variations of their specific rate coeffi
cients appeared justified. 

V. OPTIMUM COMPUTER FIT TO THE DATA 

By adjusting the value of Do (Na-02) and the rate con
stant values for reactions (12)-(14) and (16) and to a 
lesser extent those for reactions (1)-(3), a least squares 
fit program measured the degree of fit between the mod
el predictions and the experimental sodium decays of 
Fig. 2. As indicated, the model is insensitive to the 
specific values of the other reaction rate constants in 
the model. 

For the single hottest flame, Hz/O:/Nz (1. 8/1(3) it 
became apparent that the calculated distribution was in
dependent of all these variables with the exception of 
reaction (1). The flame temperature was suffiCiently 
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high, and the Oz concentration small, such that in the 1 
to 4 ms burnt gas region this reaction was dominant and 
equilibrated. As a result, it provided a measure of the 
equilibrium constant for reaction (1). As was indicated 
earlier in Fig. 6, in the preliminary examination of the 
equilibration and dominance of reaction (1), an apparent 
closer approach to equilibrium was noted with the lower 
value of the NaOH bond strength. This sensitivity to 
bond strength was apparent in the model fits to the ex
perimental data, particularly in the fit to the Hz/Oz/Nz 
(1. 8/1/3) flame. Although our data were not sufficiently 
accurate to establish an independent measure, the sig
nificant improvement that is observed using the smaller 
value tends to confirm that D~ (Na-OH)::S 80 kcal mol-I. 

Using the value of 78.9 kcal mol-I in those rate con
stants affected, a systematic variation of the prescribed 
variables fitting the whole set of flame data indicated a 
particular sensitivity to the value of kz and Do (Na-Oz), 
The best fit value for kz is indicated in Table II and is 
probably accurate to within a factor of 2. It is four 
times smaller than predicted by extrapolating the 800 
K measurement of Husain and Plane9 for M = N2 using 
a T-I dependence. The activation energy for k-z is 
about 36 ± 5 kcal mol-I. Assuming that this is depressed 
about 10% below the reaction enthalpy, this indicates 
that the bond strength Do (Na-Oz) is about 39 ± 5 kcal 
mol-I. 

It is interesting to note that the ratio of kz to k_z pro
duces a valae for the equilibrium constant that is about 
eight-fold larger than expected from that calculated 
theoretically, The latter is not particularly sensitive 
to shape and molecular frequencies. Based on a 105 0 

bent structure with re (Na-O) 0.20 nm, re(O-O) 0.13 
nm,25 and vibrational frequencies of 1094, 391, and 333 
cm-t, Z7.Z8 the equilibrium constant for reaction (2) in the 
1400-2400 K range is given by 10 Ox 1O-z6 To. 85 exp(+Do/ 
RT) cm3 molecule-I. The dynamics of the termolecular 
reactions of the alkali metals with Oz appear more com
plex than expected. Alexander29 has indicated that NaOz 
is ionic and correlates to Na+ and 0;; dissociation prod
ucts for which he calculates a dissociation energy of 
about 145 kcal mol-I. By assuming that the bond disso
ciation energy of an ionic NaO-O is the same as that for 
0;;, a thermochemical cycle provides an approximate 
estimate for Do (Na-0 2) of 36 kcal mol-I 0 Comparisons 
between the bond strength of Na-O and H-O, and Na
OH with H-OH suggest that the values for H-Oz would 
be consistent with an estimate of about 30-34 kcal mol-I 
for Do(Na-02)' 

The recombination of Na with Oz must produce NaO: 
initially which then converts nonadiabatically to the 
ground electronic state. The value of kz reflects a very 
efficient collisional interaction. Thermal dissociation 
reactions are characterized by activation energies that 
are smaller than the dissociation energy. 30.31 Similar 
type polyatomics such as~, HZ02' and H02 show ther
mal dissociation activation energies of 87%, 88%, and 
84% of the reaction enthalpy at the highest temperatures 
measured. 32.33 Tabulations for other polyatomics simi
larly indicate depressions of up to a maximum of about 
15%.31 However, in order for the measured activation 

energy of k-z to relate to kz via the calculated equilibrium 
constant it would be necessary for Do (Na-Oz) to be about 
12 kcal mOrl larger than the activation energy. Such a 
25% depression would appear unacceptable. A more 
reasonable explanation appears to be that reaction (2) 
and (- 2) are not truly represented by the equation listed 
in Table II. The initial intermediate products undoubted
ly involve various NaO: states. The complexities of 
these termolecular dissociation/recombination reactions 
are such that the use of an equilibrium constant to con
vert one reaction rate constant to the other should be 
avoided unless the relationship is known to be valid. In 
the present case this connection between the measured 
Ilz and k_z values appears not to hold true. 

For the reactions coupling NaOz to NaOH, less sensi
tivity was shown in the fitting to their exact rate con
stant values. However, it was necessary to reduce their 
magnitudes from the gas kinetic collision frequency es
timates used initially otherwise the flux towards NaOH 
production was too large and eliminated the importance 
of the thermal dissociation of NaOz. Moreover, it ap
peared necessary to reduce k13 , k14' and k16 to a point 
where reaction (12) became dominant. k1Z at this point 
had a value corresponding to a ten-fold reduction from 
the initial gas kinetic collision frequency estimate. k13 , 

Il14' and Ill6 values reflect a 100-fold reduction. These 
are indicated in Table II as reduced preexponential fac
tors. The attenuations might result in part also from 
the presence of activation energies. A factor of 10 al
ternatively might reflect the presence of a 9 kcal mol-I 
activation term and a factor of 100, an 18 kcal mol-I 
added exponent. There was insufficient sensitivity to 
isolate any temperature dependence on these rate con
stants. They must be regarded as approximate esti
mates of the rate constants at temperatures about 2000 
K. The final set of values are listed in Table II. Up
per limit values refer to those reactions to which the 
model is insensitive due to their non controlling roles. 
Reaction (- 1) is critical for regenerating sodium and 
its rate constant reflects a normal gas kinetic cross 
section. As indicated already, reaction (3), the three 
body recombination of Na + OH + M must make a negligi
ble contribution. For this to be the case its rate con
stant must be similar in magnitude to that for H + OH 
+ M rather than have the enhanced value that has been 
suggested. 15 

The degree with which the set of rate constants can 
reproduce the data is indicated in Fig. 8. The chemi
cal behavior in the ten flames is sufficiently varied that 
to reproduce the data in all cases with this level of 
agreement is a severe test of our understanding of the 
system. A picture emerges of a very flexible kinetic 
scheme in which NaOz plays a pivotal role in providing 
an alternate route for the formation of NaOH. However, 
the large production and destruction fluxes of NaOz are 
such that its steady state concentration lies in the range 
of 0.4% to 12%_of the total bound sodium. Likewise, 
NaO which has an even smaller concentration of about 
O. 1% to 1. 5% of the total bound sodium appears to act 
as the important intermediate between NaOz and NaOH 
in preference to the direct reaction channel. Conse
quently, as indicated in Fig. 9 for two flames, the in-
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FIG. 8. Comparison of the experimental sodium concentrations 
with those predicted by a complete kinetic model based on the 
rate constants of Table II and D o(Na-02) = 39 kcal mor-I. 

teresting conclusion is that NaOH is always the dominant 
molecular form as suggested by Jensen16 and constitutes 
between 86.5% and 98.8% of the total bound sodium in 
the burnt gases of these ten lean flames. The participa
tion of NaOz and NaO provides a more efficient method 
of producing NaOH. As a consequence the levels of 
NaOH observed can exceed what would have been ex
pected considering the reaction of Na+H20 alone. The 
additional kinetics enhance the NaOH concentration to 
the point where the return flux due to reaction with H 
atoms is sufficient to maintain the steady state distribu-

NoOH 

No 
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NoO 

O.OOIIO!:---'--7-....L......,2!:--'---!3:---'---':O,...-'--.... I-L-.L2----'-~3 ----'--4 
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FIG. 9. The distribution of sodium among its molecular forms 
for the hottest 1. 8/1/3 flame (2400 K) and for the oxygen-rich, 
0.6/1/1 flame (1925 K). 
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FIG. 10. The flame dependence of the factor by which the 
NaOH/Na ratio is increased due to NaG:! participation over that 
expected from the equilibration of reaction (1). Flames are 
labeled as in Fig. 6. 

tion. This apparent enhancement factor of the NaOH/Na 
ratio over what might otherwise have been expected from 
a consideration of the equilibration of reaction (1) alone 
is indicated in Fig. 10. It explains the discrepancies 
that were apparent in Fig. 6 which tested the equilibra
tion of reaction (1). By chance,we see that downstream 
in the hottest (1.8/1/3) flame due to the temperature and 
low O2 levels, reaction (1) does in fact become equili
brated and dominant. This is why the better fit of the 
lower dissociation energy of NaOH to the high tempera
ture data of Fig. 6 is meaningful. At all temperatures 
below about 2350 K the amount of NaOH is increasingly 
larger than would have been expected from the equili
bration of reaction (1) and begins, at early times in the 
coolest flame studied, to exhibit two orders of magni
tude overshoots. 

VI. SIMPLIFIED MODEL 

Close examination of the fluxes of all the reactions at 
each point in the flames indicates that the distribution 
is largely controlled by only several of the reactions in 
the scheme, namely, 

Na+HzO~NaOH +H , (1),(-1) 

Na+Oz+M~NaOz+M , (2), (- 2) 

Na02 +H-NaO+OH, (12) 

NaOH+OH~NaO+H20 . (17),(-17) 

By comparison, the contributions of the other reactions 
is very small in most cases. At temperatures above 
about 2350 K reaction (1) is equilibrated and if O2 levels 
are small, as is the present case, only small fluxes pro
duce and dissociate NaOz. However, as temperatures 
decrease or more 02-rich flames are used, the impor
tance of NaOz increases and the predominant depletion 
of sodium is via reaction (2). Depending on the H-atom 
concentration, the sodium is then regenerated either by 
the thermal dissociation of NaOz or by reduction of NaOH 
which is produced mainly via NaOz. Ultimately the 
chemistry becomes described by the cycle Na - NaOz 
- NaO- NaOH - Na. The efficient kinetics of reaction 
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(2) and its subsequent chemistry are favored due to the 
adverse enthalpy of reaction (1). Although Na02 is con
verted to NaO and NaOH efficiently, the reverse step 
is negligible and it is not necessary to consider reaction 
(- 12) in a simplified scheme. 

These four equations are sufficiently dominant that 
considered alone they reproduce the fit indicated in Fig. 
8 to almost the same exactness. The differences are 
slight and within the general levels of uncertainty. Con
sequently, these four reactions alone can be used to ade
quately calculate the molecular distributions. 

VII. A REANALYSIS OF THE PREVIOUS FLAME 
STUDIES 

As outlined in the Introduction, the limited studies of 
Carabetta and Kaskan4

•8 and of Dougherty, McEwan, and 
Phillips5.7 led them to erroneously associate the observed 
sodium decay rates with reaction (2), particularly as the 
decays also showed a linear dependence on O2 and the 
third body concentrations. As noted already, this is a 
rather interesting consequence of the relationship be
tween Na and H atoms. Because the predominant radi
cal decay process in fuel-lean hydrogen flames is via 

H+02+M-H02 +M 

the sodium decay is a reflection of this reaction, so ex
plaining the dependences and also the too small value 
quoted, in these earlier studies, for what was thought 
to be k2 • 

Kaskan4 measured Na and OH concentrations in two 
very similar H2/02/N2 flames of temperatures 1705 and 
1715 K. Using his OH, H20, and O2 concentrations and 
temperatures, the present kinetic model reproduces al
most exactly the shape and decay rate of his experimen
tal Na curves. The absolute magnitude is too low, sug
gesting that the OH measurements were about 60%-70% 
underestimated. This fact has been noted before16

•
34 and 

considered to result from using too large an OH(A-X), 
(0,0) oscillator strength of 1.1 x 10-3

• Although the cor
rect value for this was considered for many years to be 
about 35% smaller, 35 its presently accepted value36 has 
returned in fact to that used by Kaskan. Consequently, 
the required correction may lie rather with the assumed 
experimental line shape factors which remain unspeci
fied. 

More recently, Jensen16 realized the Significance of 
Husain and Plane's9 measure of k2 and endeavored to re
interpret this limited data of Kaskan. Postulating that 
Na02 played a negligible role he suggested that the sodi
um decay could be modeled solely by reactions (1) and 
(3). The very large rate constants used for reaction (3) 
previously had appeared to explain the catalytic recom
bination of excess radicals in fuel-rich flames containing 
large quantities of sodium ("" 1-6 x 1014 cm-3). 15 Testing 
Jensen's hypothesis on our larger data set shows a poor 
fit both in shape and magnitude of the sodium profiles. 
It is apparent that its limited success with Kaskan's data 
resulted from reaction (3) acting as a reasonable global 
rate constant for the Na02 production and loss kinetics. 
In fact the algebraic addition of reactions (2), (12), and 
(17) together with the H2/02 reactions (4), (5), and (6) 

reduces down to the equation representing reaction (3). 
Consequently, this reaction is a very apprOXimate and 
unacceptable replacement for these actual reactions. 
As outlined already, it was not possible to include it in 
the full kinetic analYSis unless its rate constant was 
drastically reduced. This suggests that the interpreta
tion of sodium's role in catalyzing radical recombination 
requires reeXamining. That studyl5 posed severe ex
perimental difficulties in utilizing large concentrations 
of sodium and required measurements of H-atom concen
trations using Na/Li emission intensities in optically 
thick flames. Reaction (3) similarly appears to be a 
global simplification of more complex kinetic behavior 
and the exact description of the catalytiC behavior of so
dium15 and also of potassium37 on the radical concentra
tions appears to require further studies. 

VIII. IMPLICATIONS FOR THE OTHER ALKALI 
METALS 

A theoretical analysis of the reactive surfaces of the 
Na + O2 and Li + O2 interactions by Alexander29 is note
worthy particularly for its predictions of Do (Na-0 2) 36 
kcal mol-1 and Do (Li-02) 53 kcal mol-1

• The agreement 
with our values for NaOz lends credence to their esti
mate for lithium. The only measure of Do (Li-02), by 
Dougherty, McEwan, and Phillips, 7 yielded 53.1 kcal 
mol-! and was intended as an approximate upper limit. 
However, their estimate was based on assuming the ex
tent of the role played by the Li + O2 + M reaction in dry 
CO/02/N2 flames and that this interaction also was 
equilibrated. Based on our present understanding of 
these systems a reanalysis of the data indicates that the 
value is totally unfounded and can be given no weight. 
It is of the correct magnitude purely by chance. 

As noted in Fig. 11, the pattern of bond strengths for 
the hydroxide, oxide, and dioxides appears to vary in a 
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FIG. 11. Bond strength patterns for the alkali metal hy
droxides, oxides 1 and dioxides. Broken lines indicate ex
trapolated estimates. 
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TABLE III. Bond strengths for the alkali metal hydroxides, 
oxides, and dioxides (kcal mol-I). 

Do(M-OH) 

Li 104. 5:f: iC 
Na 78.9±2d 

K 84±3d 

Rb 86.5±3d 

Cs 90±3d 

aThis work. 
bEstimated values. 
cReference 38. 
dReference 24. 
eReference 39. 

Do(M-O) 

80. 5± 1. 58 
60.3±4' 
64±3& 

(66±3)b 
70±6h (69±3)b 

52.61 (52±5)b 
<441 39±5a 

451 (41. 5 ± 5)b 
461 (43±5)b 
481 (44.5±5)b 

fReference 25. 
·References 40 and 4l. 
hReference 42. 
'Reference 29. 
'Reference 43. 

uniform manner. On this basis it is reasonable to esti
mate the uncertain dissociation energies of KOz, RbO, 
RbOz, and CsOz. These are listed in Table III. Also 
included are the most recent estimates by Figger et al.43 

for NaOz, KOz, Rb02, and CsOa. They observed a weak 
chemiluminescence from the interaction region of an al
kali metal and Oz crossed beam experiment at low pres
sure. This was attributed to MO: electronic emission 
resulting from the reaction 

Ma+Oz =MO: +M . 

From the shortest wavelength chemiluminescent cutoff 
they derive the approximate values quoted in Table III 
for the bond strengths of the dioxides. No emission was 
observed for sodium and only an upper limit could be as
sessed from the experimental recording limit. The error 
bars associated with their estimates are difficult to as
sess. Besides the problem of actually fixing the exact 
cutoff wavelength due to experimental insensitivity, 
which implies that the quoted values are lower limit es
timates, an additional difficulty centers on relating the 
cutoff wavelength to the bond strength. This requires 
assumptions concerning the location of the radiating 
electronic levels relative to the reactant energies. De
pending on whether the radiation at the cutoff results 
from a level above or below that of the reactants this 
will raise or. lower, respectively, the implied bond 

strength. Nevertheless, in spite of these interpretative 
uncertainties their values are in substantial agreement 
with our measurements and estimates. 

It may be noted that those species included in the 
JANAF Thermochemical Tables,23 namely LiOH, NaOH, 
KOH, CsOH, LiO, NaO, KO, and CsO, each need updat
ing to various extents to reflect the more reliable dis
sociation energies presently available. 

The more recent reliable experimental rate constant 
measurements of the three-body reaction of the alkali 
metals with molecular oxygen are listed in Table IV. 
They are seen to be conSistently large and increase only 
slightly with increasing atomic weight. The third-body 
efficiencies from the studies of Husain and Plane9,13 for 
Na and K are of the order of He: Na: COz = 1: 1. 6-1. 7: 
3. 3 -4. 1. These are comparable to the corresponding 
values of 1: 1. 3: 5 for the H + Oa +M reaction. 32 How
ever, the latter's rate constant is about two orders of 
magnitude smaller [4. 1 X 10-33 exp(500/T), He, Ar; 5.3 
x 10-33 cm8 molecule -2 S-l at 2000 K]. The large third
body efficiency evident with H + Oa + HzO (kHaO: kNa = 16: lja 
appears to be a unique feature suggesting it arises due to 
the similar nature of the reactants and the third body. 
For the corresponding sodium reaction such an enhance
ment would predict a flame value in our case of about four 
times larger than the extrapolated value of Husain and 
Plane,9 whereas only a value of about four times less 
is compatible with the data. 

The large rate constants for these three-body reac
tions have Significant and similar implications for all 
the alkali metals. In all cases there will be large pro
duction fluxes of the dioxide in oxygen-rich flames. The 
exothermic reactions coupling MOa to MO and MOH are 
energetically similar, suggesting that enhanced concen
trations of MOH are probable particularly at lower flame 
temperatures. It appears that concentrations of MO will 
be :s 1 % of the bound alkali in the presence of flame HaO 
and that concentrations of MOa will only be significant if 
all the depletion reactions are inefficient. The case of 
lithium differs only in the greater stability of LiOa. This 
will be less prone to thermal dissociation and as a re-

TABLE IV. Measured rate constants for the three-body reaction of alkali metals with oxygen. 

Alkali k(Alk + O2 + M) Experimental k2000K' x 10-31 
metal (ems molecule-2 S-I) M temperature (K) k=Arl Extrapolated Reference 

Li 3.1(-30)a Ar 393 1.2(- 27) rl b 6.1 12 
7.4(-31) He 463 3.4(-28)r!b 1.7 12 

Na 0.2-0.4 H2O 1650-2400 1. 8(- 28) r! b 0.9 This work 
0.4-0.8N2 
0.01-0.3°2 

6(-31) He 724, 844 4.7(- 28) T-I b 2.4 9 
1.0(-30) N2 7.8(-28)T-!b 3.9 9 

2(-30) C~ 1. 6(- 27) T-I b 7.8 9 

K He 753, 873 9.8(- 28) T-! 4.9 13 
N2 1. 7(- 27) T-! 8.5 13 
C~ 4(- 27) T-I 20.0 13 

Cs 4.4(-30) Ar 325 1. 4(- 27) T-! b 7.2 14 

a3.1(-30) read as 3.1xl0-3o. bValue assuming a T-! dependence. 
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sult will significantly perturb the Li/LiOH balance even 
though the reaction of Li + H20 has the smallest energy 
barrier of all the alkalis of only 15 kcal mol-1 • 

Controlled by the coupling kinetics, it is quite possible 
that M OH will be the dominant molecular species for all 
the alkalis under oxygen-rich conditions. However, only 
at higher temperatures and/or low Oz concentrations may 
the M/MOH distribution become equilibrated. Conse
quently, the use of the Li/LiOH method as a measure of 
H -atom concentrations6 in lean flames must be subject 
to varying degrees of error and should not be used until 
the system is better characterized. 

One interesting study by Dougherty et al. 44 noted that 
about 60% of the lithium remains as free atoms in their 
dry CO/N2/02 flames. In such a case, molecular for
mation is limited to either LiO or Li02. A reanalysis 
of the data considering the large production flux of Li02 
indicates that the system is more complex than original
ly considered. Li and LiO will not be equilibrated as 
was assumed. The fact that a seemingly correct value 
for Do (Li-O) was derived now appears to have been for
tuitous. It was based on the assumption of CO and 0 
concentrations being at their equilibrium values in these 
flames. However, the reanalysis indicates in fact, that 
these must be at least three times larger, irrespective 
of the exact rate constant values for the appropriate re
actions. Overshoots of the LiO/Li ratio can be expected 
over that calculated assuming only the reactions directly 
coupling Li to LiO. Although the actual distribution be
tween Li02 and LiO cannot be derived from this limited 
flame data it appears that Li02 will only be Significant 
if the exothermic reactions coupling it to LiO all have 
rate constants that are at least two orders of magnitude 
lower than the gas kinetic collision frequency equivalent. 

IX. CONCLUSIONS 

Generally in flames, termolecular reactions are not 
kinetically competitive with bimolecular processes. 
However, with the alkali metals in oxygen-rich flames, 
due to the large rate constants and the involvement of 
molecular oxygen as a reactant, the production fluxes 
of the M02 species can be so large that this species can 
playa controlling role. For sodium, and probably also 
for the other alkali metals, this is in spite of their gen
erally weak chemical bonding and, as noted, low steady 
state concentrations. The differing extent to which Na02 
contributes to the total molecular formation has become 
evident by studying a matrix of ten flames in which the 
behavior is quite varied. Because the fluxes connecting 
the various species can drastically alter the importance 
of specific reactions from one flame condition to another, 
it is imperative that flame chemistries be studied for 
several differing flame temperatures and compositions. 
The analysis of a single flame can easily give a very 
limited and possibly incorrect or certainly incomplete 
insight into the real nature of the kinetic relationships 
and flexibilities of the system. This could easily have 
been the situation in the present case. 

This study has led to the correction of previous mis
conceptions over the relative importance and kinetics of 
Na02' Its rapid conversion to NaO and NaOH is such that 

it can severely perturb the NaOH/Na ratio and produce 
Significant concentration overshoots over that predicted 
from the balance of the reaction of Na with H20. This 
becomes increasingly so in flames of large O2 concen
trations and temperatures below 2500 K. The corre
sponding large rate constants for the termolecular for
mation of the other alkali peroxides imply that similar 
considerations will be necessary for them. Depending 
on the rate constants for the exothermic conversions of 
M02 to MO or MOH the steady state concentrations of 
M02 could be more or less Significant than for sodium. 
In the latter's case these have an efficiency that is at 
least tenfold less than the hard sphere gas kinetic colli
sion frequency. Due to the numerous reactions which 
can produce these conversions it would appear that the 
MOH species will most probably be the dominant species 
in all cases in oxygen-rich hydrogen or hydrocarbon 
flames, with MO concentrations at ~ 1 % of the bound 
metal. 
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