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SUMMARY 

The molecular emission of the Sz species from sulphur compounds has been 
studied by’ using a flame_Photometric detector (FPD). From the measurements of 
the FPD response, we have proposed a mechanism for the emission of S2 in reactions 
of sulphur atoms. 

The mechanism was confirmed by experimental results measured with the 
FPD and spectrophotometers. It was found that the S2 molecular emission arises 
mostly from a three-body recombination reaction and that the rate of this recombi- 
nation is too slow for equilibrium to be attained sufliciently rapidly. 

The response to sulphur-containing compounds of the FPD in gas chromato- 
graphy represents an extremely complex function of the concentration of sulphur 
compounds. 

INTRODUCTION 

Flames that contain sulphur compounds as additives emit bands of S2, SO, 
SW and CS and a continuum, and the various emissions are highly dependent on 
the nature of the flames. Of these emissions, Sz has proved to be the most useful 
for spectrochemical analysis. 

The principle discovered by Drggerwerk and DrHger’ for the detection of 
sulphur and phosphorus compounds was first applied to produce a detector for gas 
chromatography in 1966 by Brody and Chancy’. Since that time, this detector has 
been usedextensively in the determination of residues of sulphur- and phosphorus- 
containing pesticides, natural gases, volatiles in smoke, etc.3’12. In this flame photo- 
metric detector (FPD), a quadratic analytical curve was usually given for sulphur; 
the emission intensity varies as the square of the sulphur concentration’. Such 

aLI3 studied the reactions of sulphur in hydrogen flames, and 
showed the manner in which the non-equilibrium concentration of H and OH affects 
the emission intensity of the sulphur species. The theory,was tested by measuring 
the dependence of the SO, SH and S2 emission intensities on the distance from the 
reaction zone and on the concentration of total sulphur. On the other ,hand, Fair 
and’ ThrushI discussed the: dependence of the S2 emission intensity’on the concen- 
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tration of hydrogen sulphide using an electrodeless radiofrequency discharge tube. 
They tried to interpret the relationship between the S2 emission intensity and the 
concentration of hydrogen sulphide at various reaction times. Nevertheless, the 
proposed mechanisms of emission OF Sz species cannot adequately explain the ex- 
perimental results. 

We have observed the characteristics of the FPD in the sulphur mode1s’17. 
In previous papers, a mechanism of Sz emission in reactions of sulphur atoms was 
developed by measuring the intensity of Sz emission with an FPD. In this paper, 
the mechanism was confirmed from the relationship between the intensity of the 
molecular emission of S2 and the condition of the flames. 

EXPERIMENTAL 

Apparatus 
FPD used this study determine the of the emission was 

with that earlier lG. intensity of molecular emission 
to the species from sulphur compound measured at flow-rates of 

and hydrogen over a range of of the compound. 

Reagent 
Di-n-butyl sulphide of guaranteed grade was dissolved in acetone so as to give 

a concentration of 4.4039 10-j g/ml. This solution was further diluted to give appro- 
priate concentrations required in the experiments. 

RESULTS AND DISCUSSION 

IW2nsity of S2 emission 
The intensity of the S2 emission varies with the flow-rate of hydrogen, and the 

influence of this flow-rate on the intensity (iE) of the molecular emission of S2 is 
shown in Fig. 1. The intensity decreases with increasing flow-rate of hydrogen, 

Fig. 1. Emission intensity of Ss band for the following flame conditions: air flow-rate: 0,107 ml/ 
min; a, 140 ml/min;, 0, 171 ml/min; flow-rate of di-tr-butyl sulphide cfs). 2.48-10-s mole/min. 
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The dependence of the emission intensity of SZ on the concentration of the 
sulphur compound was measured for two flame’ conditions. The intensity is not 
linearly proportional to the concentration of di-n-butyl sulphide. -The relationship 
between the intensity of the SZ emission and the concentration of the sulphide, f,, 
can be written as: 

iE = i&a)” (1) 

Both i. and ‘n are constant over a narrow concentration range under experimental 
conditions used. Fig. 2 shows the plot of log (is) against log (&). The relationship 
between the SZ emission intensity and the concentration of the sulphide is quadratic 
only at the lowest concentration; a plot of log (iE) against log cfs) is taken .as linear 
over a narrow range and so the slope of the line can be represented by n. However, 
an almost first-order dependence of the emission intensity on the concentration of 
the sulphide is observed at concentrations higher than 59 lo’* moles/min at a flow- 
rate of hydrogen of 165 ml/min an-d higher than 20 10” molesjmin at a flow-rate of 
hydrogen of 417 ml/min. The- slope of the curve, n, at a flow-rate of hydrogen of 
417 ml/min is steeper than that at 165 ml/min at the same concentration of di-n-butyl 
sulphide. 

Fig. 3, which is taken from Fig. 10 in ref. 13, calculated and redrawn, shows 
the time dependence of the emission intensity expressed as the SZ band emission 
intensity (3950 I%) ver,su.r distance from the reaction zone. 

Figs. 1 and ‘5 in ref. 14 suggest the dependence of the Sz emission on the con- 
centration of sulphur atoms in an electrodeless radiofrequency discharge tube at 

I I 

10-O IO" 
6 (mole/mln) 

0 2 
Distance from reaction z&e (mm) 

Fig. 2. Analytical curves for di-rr-butyl sulphide, log (,‘n) 1)s. log (j& at flow-rates of air ‘of 140 ml/ 
min and hydrogen of 165 ml/min (0) and 417 ml/min (O).fs is determined from the equation! 
in ref. 15. 
kg. 3. Sa band emissionintcnsitk at 3950 ki. Flame conditions: Na:Ha:Oa=4:4.7:1. (This figure 
has been adapted from Fig. 10 by Sugden cr ~1.13.) 
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reaction times of 0 and 0.208 set, respectively. At zero reaction time, the intensity of 
emission obeys the relationship I-I,, [H,S]‘, where [H,S] is the concentration of 
hydrogen sulphide added. However, at a fixed reaction time (0.208 set), the SZ 
emission intensity does not increase appreciably when the pressure of the hydrogen 
sulphide is raised. 

Mechanism of emission 
The processes involved in the molecular emission of S2 from sulphur-con- 

taining compounds are advanced as followsrG 

Sulphur compound -P H2S (9 

&S+H $HS+H2 (ii) 

HS+H %+H2 (iii) 

S+S+n!f 2 S2”+M. (iv) 

s2* + s2 -I- Itv (v) 

Sz-kH-kH --) S2*i-Hz (vi) 

S2*+S2+hv. (vii) 

Theemission in reaction vii contributes little to the over-all SZ molecular emission. 
The concentration of sulphur atoms is given by 

[SJ=K,K3 lH;il ;;‘” = K[H2S] 
2 

The rate of formation of the SZ species is given by 

y = k4[S]’ [M] 

Then, the concentration of S2 for a reaction time oft set is 

IS21 (0 = 9 
( 

1 - 2aK,c4;~lt+ 1 
> 

(2) 

(3) 

(4) 

where a is the initial concentration of the sulphur compound and [M] the concen- 
tration of the third body. 

The emission intensity in a whole flame is 

ISZ = IS21 00) (5) 

where to is the reaction time at the top of the flame. On the other hand, the intensity 
of emission in part of the flame at a reaction time oft set is given by 

&&) - w21w 
dt (6) 

Hence, 

4&) = 
a2K2k4.[M] c7j 

(2aKkJ.MJt -I- 1)2 
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The theoretic?1 intensity of Sz emission in the whole of.a flame has been khown 
in Fig. 6 in ref. 16 to be a function of the initial ckmcentr&ion of a sulphur compound. 
It agrees very closely with Fig. 2 in this paper. At flow-rates of hydrogen of 165 ml/min 
and air of 140 ml/min, the value of k4 calculated,from the dependeke of the emission 
on the concentration,of sulphur atoms is 10L7 cm6 moles’2 secTI, on the assumption 
that ,K and M are 1 and Nz, respectively. This value can be compared”with rate 
constants for the combination of other atoms in a flame, e.g., H-k H-t- M, H-I- OH +M; 
N-l-N-l-M, etc.‘s. 

Sugden ol al. l3 showed that the molecular emission intensity of ihe sulphur 
‘species varies with the concentration of hydrogen atoms only. Comparing the ‘emission 
intensity of Sz with that of SO measured by them, the decrease in the intensity of Sz 
Fpecies with the distance from reaction zone should be identical with SO according 
to their theory; but they are, in fact, entirely different. In the flame with an 
N2:H2 :02 ratio of 4:4.7:1 (Figs. 7 and 10 in ref.. 13), ti 0.98th order dependeqce. of 
the S, emission intensity on the concentration of hydrogen atoms is found, provide’d 
that the intensity of SO emission is proportional tq the’ fckrth power of the concen- 
tration of hydrogen atoms. These emissions, therefore, do not ‘seem to follow Ehe 
mechanism of Sugden ‘et al.. 

The measurements and mechanism desdribed by Fair and Thrushi h&e 
provided good expressions for the dependence of the Sz emission ineensi,ty on the 
concentrdtion ,of sulphur atoms. However, the experiinental results cannot be com- 
pletely represented by their mechanism. 

Our proposed mechanism will, now be applied to abdi;e spectrophotometric 
experimental results. Firstly, the theoretical dependence of the S; emission jntensity 
on the reaction time is shown in Fig. 4, derived from eqn. 7. The dependences in 
both Fig. .3 and in Fig: 4 are similar. Furthermore, the Sz emission intensity tit zero 
reaction time (t=O) is shown to be proportional to the square of the concentration’ 
of sulphur atoms by eqn. 7. Fig. 5 shows the concentration dependeke of I&t) at a 
reaction time of t sec. These express satisfactorily the dependence of the molecular 

a 
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1: F&4. Theoretical Telationship between emission intensity,and reaction time: ” “1, 

1, .’ .‘, 
: :. Fii., 5; Thkoketical relationship between the Sa emission intensity at a reaction, time t and ‘the 
,‘;,:: itiitial .concentration bf sulphur atoms. ‘.. 
, ., ,’ ‘. ‘, ., (. . ‘i. I’. 
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emission intensity of the S2 species from sulphur compounds on the concentration 
of sulphur atoms as measured by Fair and Thrush (Figs. 1 and 5 in ref. 14). 

Lurnimscent radiation by hydrogen atoms 
The radicals present in a. flame recombine if they can transfer 

energy to a third body in a triple collision. Such a recombination is 
collision with an atom in a hydrogen-rich flame: 

X+H+H+X”+H2 

their surplus 
possible in a 

(viii) 

where X* represents an excited emitting species. The excited species can lose its 
surplus energy in the form of a light quantum: 

x’ + XbhV (ix) 

The emission of the S2 species can be compared with that of an atom of a 
metal such as sodium. The formation of a sodium atom is a much smoother reaction 
than that of S2, because the latter involves a three-body recombination (reaction io). 
Therefore, the conversion of a sulphur compound into S2 will be vanishingly small 
compared with the conversion of a sodim salt into atoms. These emission species 
must be excited by the three-body collision with hydrogen atoms (reaction viii) 
in order to emit light. The emission of S2 after reaction viii, therefore, becomes 
much less in intensity than that of Na. However, the S2 emission process involves 
emission of light in reaction v, which is not attended by reaction viii (i.e., reaction ui). 
Although the emission of sodium atoms follows according to reaction z3cLp, the 
emission of S2 in reaction vii is consequently presumed to contribute little toward 
the over-all S2 molecular emission. 

CONCLUSION 

The concentration and time dependences of S2 chemiluminescence provide 
good evidence that it is associated with the recombination of two sulphur atoms. 
It is considered that the bulk of the S2 molecular emission arises from the three-body 
recombination reaction. The rate of the recombination is too slow for equilibrium 
to be attained sufficiently rapidly and so it is the rate-determining step in the emitting 
process. It is therefore apparent how and why the response of the FPD to sulphur- 
containing compounds provides an extremely complex function of the concentration 
of sulphur compounds. 
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