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ABSTRACT -

The performance characteristics of a modified FED to sulfur 
compounds were investigated. A.movable mask was incorporated in the 
detector to study the influence of gas parameters and flame structure 
on the Sg emission. A burner tip with a smaller bore diameter than 
the conventional burner was constructed with the intent of improving 
detector performance.

The study indicated that the Sg emission intensity.may be mass- 
flow sensitive with respect to the flame-gases and that the position of 
maximum Sg emission in the flame changes with total flow. The greatest 
sulfur response and .sensitivity are obtained when the detector is oper
ated at the highest total flow possible but well below the blow-out 
limit for flame stability. Also 9 operating the detector with the 
smaller burner at the lowest Eg flow and Og/(Ng + Og) ratio as possible 
yields the greatest response and sensitivity in the range of low Og/Hg 
ratios and high Ng + Og flows. The smaller burner9 relative to the 
conventional burner9 greatly enhances response and sensitivity at low 
total flows.

The response factors of several sulfur compounds containing 
different sulfur bond configurations were investigated. The study in
dicated that similar response-concentration characteristics are obtained 
when the detector is operated at the optimum gas condition of the par
ticular compound. Also, the response factors were found to be very 
dependent on the gas composition.



CHAPTER I

■ INTRODUCTION

The hydrogen-air diffusion flame has "been widely■used.in detec
tors such as the flame ionization detector (FID) to determine gas 
chromatographic (GC) effluents. Small hydrogen diffusion flames are 
suitable in GC detectors since they produce desired flame species that 
react with the eluted compounds to ultimately yield a characteristic 
signal.with very low background interference. For instance, the FID
produces the signal from chemionization in the combustion of carbon

+radicals, CH + 0 ^ CHO + e~. Although this same process can be 
duplicated on a glowing platinum wire in contact with column effluent 
and- oxygen, there are other reasons why hydrogen flames have been 
prevalent in GC detectors. They can easily be produced, maintained, 
regulated, and under normal conditions are not easily extinguished or 
disturbed. Also, detectors employing hydrogen flames have a rapid 
response time often with extremely wide linear ranges and a negligible 
Head volume. . In recent years, research in detection of environmental 
pollutants has been the impetus for the development of new gas chro
matographic detectors that are highly sensitive and selective for a 
certain class of compounds. Environmental or biological samples often 
contain so many constituent compounds that the resulting chromatogram 
obtained from a non-selective detector such as the FID is a complex 
maze of peaks. Pesticide residue and water and atmospheric analyses
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often require the quantitative determination of a specific element or 
group within a complex matrix. Element specific detectors eliminate the 
problem of interference from neighboring overlapping peaks since they 
respond only to a characteristic element or functional group present in 
the eluted species. The flame photometric detector (FPD) is such an 
example of a highly sensitive and selective detector which utilizes a 
small hydrogen diffusion flame.

The hydrogen diffusion flame in the FPD supplies sufficient 
thermal and chemical energy to convert the eluted species into atoms and 
simple molecular species. The atoms and simple molecular species are 
then excited to higher electronic states via specific chemical reactions. 
The excited species consequently.return to the ground state with emission 
of characteristic atomic line spectra or.molecular band spectra. By 
monitoring the emission.at a selected wavelength with a photodetector, a 
signal is produced which represents the chromatographic peak of interest. 
Thus, a highly selective chemical reaction and a spectroscopic deter
mination can be combined to produce a detector system of high specificity.

Development of the FPD
Several reviews that discuss the FPD in gas chromatography have 

recently appeared in the literature (l, 2, 3* 4). Studies of the emis
sion of sulfur and phosphorus in air-hydrogen flames have led to the 
development of the commercial FPD (5, 6, 7). The green emission of 
phosphorus and the violet emission of sulfur were first observed by 
Salet (8) in-1869 when the fuel-rich flame was allowed to impinge on a 
cooled glass surface. The next development took place in 1907 when



Geuter (9) investigated the. spectrum of phosphorus in flames» Further 
investigations of the spectra of phosphorus (480-590 nm. ) (10, 113 123 
13) and sulfur (320-460 nm. ) (l4, 15, 16) in flames revealed that the 
emissions arise from the HPO and Sg molecules.

In 1962 a German patent (5) described the detection of sulfur 
and phosphorus compounds in air samples "by flame photometry in a water- 
cooled fuel-rich air-hydrogen flame. Crider (6), unaware of the pre
ceding work, constructed a "burner for the selective and sensitive 
monitoring of SO;? and HgSO^ in air samples using a diffusion air- 
hydrogen flame. In. 1966 Brody and Chaney (7) developed a gas chroma
tographic detector, for phosphorus and sulfur "based on the German patent. 
Known as the Melpar FPD (Falls Church, Va.), the detector employs a 
fuel-rich oxygen-hydrogen flame cooled "by the addition of nitrogen.
Other workers (17, 18, 19, 20) have investigated the emission of sulfur 
and phosphorus introduced as solution aerosols into hydrogen-rich-; - ■̂ ' ■ 
diffusion flames diluted with nitrogen or argon. The advantages of the 
use of such "cool” flames include low background emission, high sensi
tivity, sufficient low temperatures for the use of molecular emission 
spectra, and a low oxygen content to allow molecules such as Sg to 
exist for appreciable periods. The detector's selectivity for phos
phorus and sulfur is based on the monitoring of narrow band emissions 
above the shielded flame by use of narrow bandpass interference filters 
and.a suitable photomultiplier tube. A mirror or lens can be used to 
focus the light from a large cross-sectional area-of the flame onto the 
filter to increase the sensitivity and reduce flame variation influences. 
However, detection of the flame background emission is appreciably



enhanced... A variation on the construction .of the Melpar 'FPD is employed 
hy. the Bendix FPD (Bewisburg, W. Va. 24901) which utilizes fiber optics 
to isolate the photomultiplier from the flame. Although this might be 
an advantage9. problems have been encountered due to high temperature 
breakdown of the fiber cement (21). This can be alleviated by re
placing the initial section of fiber optics with a rigid glass rod (2l).

Braman (22) points out that the stability of the FPD is limited 
by flame-flicker3 and the flame can be extinguished, by large solvent 
injections or by high carrier gas velocities (7, 23). Through the 
careful control of flame gas flow rates and the use of a makeup carrier 
gas-line after the column-9 maximum stability and reproducibility can be 
attained. When large sample volumes are injected) it is often neces
sary to reignite the flame after the solvent has eluted from the column. 
According to Fetzer (24)) the flame ignition filament can be kept 
globing throughout the elution of solvent which allows for automatic 
reignition. Winnett (25) has developed a special toggle valve system 
which achieves reignition immediately after solvent elution. Recently 
Burgett and Green (26) have shown that by reversing the gas configura-. 
tion.of the FPD3 solvent, flameout can be avoided completely without 
loss in sensitivity.

Recently modifications of flame, photometric detectors have 
appeared in the literature. Belcher^Bogdanski and Townshend (27) 
describe the use of/a small hollow sample holder'whifch is introduced 
into the most sensitive area of the flame in line with the detector 
and can be applied.to the analysis of gas chromatographic effluents. 
According to the authors3 the cavity enhances the molecular emission of



sulfur and can "be applied to a wide variety of volatile species whether 
the sample is a solid, liquid or gas. Hartmann and Delew (28) have 
developed an FPD that utilizes a hydrogen-rich premixed flame for the 
determination of phosphorus and sulfur in GC effluents. The sample is 
introduced to the outer sphere of the flame and the photodetector is 
positioned above.the burner nozzle with its optical axis parallel to . 
the flame axis.. Aue and Hastings (29) have designed a filter-less FPD 
that greatly enhances sensitivity without loss in signal-to-noise ratio. 
A rectangular opening cut into a thin aluminum disc replaces the inter
ference filter which views the flame region above a shield and according 
to the authors, may.have potential as a scanning technique for 'a variety 
of heteroatoms.

Sulfur and Phosphorus
The most highly developed FPD1s are selective for sulfur and 

phosphorus. The emission bands usually monitored are the Sg 39^ nm. 
and HPO 526 nm. molecular bands. Several investigators (30, 31, 32, 33, 
3̂ -) have demonstrated that the detector1 s sensitivity and signal-to- 
noise ratio are very dependent on the flame conditions (gas flow and 
gas composition). Brody and Chaney (7) have shown that the FPD re
sponse to HPO emission-is linearly proportional to the concentration of 
phosphorus atoms introduced into the flame and the response to Sg emis
sion, is roughly proportional to the square of the sulfur concentration. 
However, it has been.reported.(30, 3^) that this exponential relation
ship varies over a wide range with flame conditions- for a given sulfur 
compound. In addition, sulfur compounds vary considerably in emission



intensity and the exponential factor (l to 2) at a,given flame condition 
• varies depending on the "bond-structure of the sulfur atoms (30, 31, 3̂-, 
35). The sulfur exponential relationship also changes, with the concen
tration of the sulfur compound. It has "been reported (31, 36, 37, 38, 
39, Ô) that a log-log plot of detector response vs. sulfur concen
tration deviates from a straight-line relation when the sulfur mass ex
ceeds 30-100 ng., and above this, range the slope of the calibration 
curve approaches 1.(39, Uo). Greer and Bydalek.(38) have attributed 
this curvature to self-absorption. This deviation from a linear re-, 
lationship also occurs with phosphorus compounds except that the curva
ture is gradual and the useful range extends approximately a magnitude 
further than the range for sulfur (37).. Eckhardt, Denton and Moyers 
(34) have developed an inexpensive electronic device that monitors the 
output signal of the FPD as a linear function of the.concentration of 
sulfur entering the flame. This variable exponential function device 
(VEFD) is particularly useful when a wide range of sulfur concentrations 
is being measured such as in the monitoring of atmospheric sulfur pol
lutants.

While not a strongly dependent function, the response of the 
FPD does vary with the detector temperature. Pecsar and Hartmann (4l) 
have found that the. range of operation for HgS and SOg is rather narrow 
being confined between 100 and 130°C with an optimum at 110°C. The 
detector is always operated above 100°C to avoid water condensation. 
Higher temperatures lower the response possibly due to reaction on the 
metallic surfaces or adsorption (4l).
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The FPD response to sulfur and phosphorus compounds with inter-
■1l 5ference filters is on the order of 10 to 10 times that elicited hy hy

drocarbons not containing sulfur or phosphorus (7, 239 k2). Discrimi- ■ 
nation between sulfur and phosphorus is less impressive. Phosphorus sen
sitivity is about 100-fold less than sulfur when the detector is operated 
in the S mode (39̂ - nm. )5 whereas sulfur sensitivity is only 4-fold less 
than phosphorus in the P mode (526 nm.) (23, U3). This cross response is 
due to the partial overlapping of the band spectra of HPO and Sg within 
the band pass of the two filters (4). Thus, sulfur-containing compounds 
may interfere in the detection of phosphorus compounds. However, the 
correct assignment of phosphorus or sulfur to a chromatographic peak can 
be made by comparing the response in both modes (37). The sensitivity 
to phosphorus is 800 times greater in the.P mode than in the S mode and 
the sensitivity to sulfur is 22 times greater in the S mode than in the 
P mode (44). Of course, the selectivity can be improved by using a mon
ochromator for wavelength discrimination in place of filters.

In the case of compounds containing both phosphorus and sulfur 
atoms, the simultaneous detection of both elements can be carried out. 
by using two different interference filters and optical pathways (37,
44). Bowman and Beroza (44) used this dual channel system to show that 
the ratio Rp/v'̂ T, where Rp is response to phosphorus in the P mode and 
Rg is response to sulfur in the S mode, is proportional to the relative 
numbers of sulfur and phosphorus atoms in a compound. In this way, they 
were able to distinguish between PS, PSg and PSg compounds. In fact, 
the.response ratio of a given compound was found to be approximately 
equal to the response ratio of a PS compound multiplied by the
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atomic ratio of phosphorus to sulfur in the given molecule. Grice, 
Yates and David (37)r using a 3-channel FPD/FID system, determined 
signal-to-noise values in FID/FPD ratios to distinguish hydrocarbons 
(characterized by very large numbers) from compounds containing phos
phorus or sulfur or both (fractional numbers).

With the use of filters the FPD can readily measure IcT^g of
' -10phosphorus-containing compounds and 10 g of sulfur-containing com

pounds. Detection limits are normally about an order of magnitude 
lover than can be achieved for these compounds with an FID.

Halogens
Variations on the basic flame photometric principle have been 

exploited for the detection of halogen compounds. The first use of the 
combination of gas chromatography and flame photometry for the se
lective determination of halogenated hydrocarbons was the application 
of Beilstein's flame test (4$, 46, 47). A green emission band is ob
served when a copper wire is placed in the flame in the presence of hal
ogen compounds (with the exception of fluorine). Braman (22) developed 
a flame emission detector for GC effluents that monitors the emission 
response of 0^ and OH bands in a hydrogen-air flame with interference 
filters. Compounds investigated included halogenated hydrocarbons, and 
detection limits were only in the submicrogram range. The selectivity 
of the detector resided in the dependency of Cg/CH and FE/FI (flame 
emission-flame ionization dual mode) ratios on the functional group of 
compounds. Bowman and Beroza (48) designed a copper-sensitized FPD 
based on the Beilstein effect for the GC determination of halogen



compounds. The column effluent burns in a hydrogen-oxygen diffusion 
flame just above a copper screen, and the emission is monitored using 
a-526 nm. interference filter. The sensitivity to chlorinated hydro
carbons is in the nanogram range and the response to halogenated com
pounds is only one to two orders of magnitude greater than that to 
other compounds (including fluorine). Thus 3 the detector is not very 
selective probably because of the interference of C2 swan emission 
bands at 526 run. Its specificity resides in the exponential response 
obtained with compounds containing chlorine9 bromine9 or iodine vs. a 
linear response for all other compounds.

In 19669 Gilbert ( 9̂) observed intense InCl emission at 360 nm. 
when chlorine, compounds burned in the presence of indium in a modified 
van der Smissen burner. Other workers used the burner of Gilbert for 
the determination of organochlorine pesticides (50, 51) and inorganic 
chlorides (52) by flame photometry. Gutsche and Herrmann (53, 5̂ ) 
further developed the indium flame detector for GO effluents 9 and showed 
that the InBr band at 372 nm.. indicated bromine. Bowman9 Beroza and 
Nickless (55) described a single-flame indium detector similar to their 
version of the Beilstein detector (48)9 and obtained excellent se
lectivity for Cl9 Br9 and I vs. carbon compounds at 360 nm. (10̂  to l). 
Although the detector is more sensitive than the Beilstein detector9 it 
is noisier and sulfur compounds interfere at 360 nm. Moseman and Aue 
(56) modified an FID detector to operate both in the indium photometric 
and normal ionization modes at .typical.FID flow rates. They showed by 
proper choice of spectrometer wavelengths that compounds eluted from
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the gas.chromatograph could he identified according to their Cl, Br, 
or I content.

A detector system,capable of high sensitivity toward halogen 
and phosphorus compounds is the so called "sodium thermionic" detector 
or more commonly known as the alkali flame detector (AID). An alkali 
metal- salt heated in the flame of an ordinary hydrogen FID detector 
produces current enhancements for halogen and phosphorus compounds of 
tens to thousands of times the response obtained from'the ordinary FID. 
The only selectivity obtained with this system is from response en
hancements, since the ionization of carbon compounds remains the same 
in the presence of the probe. Increases in sodium emission upon the 
introduction of halogen compounds to the flame of an AFD were visually 
observed by Karmen (57)•' Nowak and Malmstadt (58) constructed a GC 
detector for halogenated compounds that monitors the radiation emitted 
at 589 nm. above a heated platinum wire coated with Na^SC^ in a hydrogen- 
air diffusion flame. Bowman, Beroza and Hill (59) described a modified 
Nowak-Malmstadt detector that utilizes a Nâ SOĵ  coated chromel wire for 
high temperature operation for, general pesticide residue analysis. The 
sodium-sensitized detector is the most sensitive and selective of the 
halogen detectors at present. The detector's response to halogen- 
containing compounds (except fluorine) is about 10^ to 10^ times 
greater than the response to non-halogen compounds with the exception 
of phosphorus-containing compounds (10^ times greater). Its linear 
range extends over about three orders of magnitude on a log-log basis 
and the minimum detectable level is in the picogram range for most 
halogenated compounds. However, the coated wire must be periodically
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changed due to losses of sodium which makes the detector inconvenient 
to use over prolonged periods of time. Although the detector's sensi
tivity for halogens is not as good as that of the electron capture 
detector (ECD) (lO”^^g), its selectivity is certainly greater.

Crider and Slater (60) described a flame-luminescence intensi
fication and quenching detector (FLIQP) for gas chromatography that 
utilizes a constant stream of SO^ for pre-establishing a background 
luminescence in the flame. Specificity was attained according to the 
quenching or intensifying behavior of the sample compound towards Ŝ  

emission at'U05 nm. Sensitivity to sulfur and halogenated compounds 
was found to be the highest, and limits of detection approached the 
FID. Crider (6l) also investigated the emission of organic halides in 
the air-hydrogen diffusion flame, and found that under certain flame 
conditions halides chemiluminesce (except fluorine) with characteristic 
band spectra. Linearity of response at U90 nm. was investigated, and 
a log-log plot of response vs.concentration revealed that the three 
halogens (Cl, Br, I) gave different slopes. Selectivity for organic 
halides at ^90 nm., under optimum flame conditions (Og/H^^l), appeared 
to be good since sulfur and phosphorus compounds and aliphatic hydro
carbons gave negligible interference.

Metals
Juvet and Durbin (62, 63) adapted the large oxygen-hydrogen 

flame (flame photometer burner), a source of high energy and low 
background, in conjunction with a spectrometer to the GC analysis of a 
wide variety of volatile metal chlorides and metal chelates. By proper 
choice of atomic wavelength and slit width, they were able to demonstrate
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good sensitivity with limits of detection often in the snhnanogram
range5 and good selectivity between metals and between the metal and the

• 3 korganic background from the organometallic sample (10 to 10 greater
sensitivity). Zadoand Juvet (6k) designed a non-selective mode for the 
detector by using a filter photometer with a wide-band filter and ob
tained slightly greater sensitivities for molecular emitting species.

Aue and Hill (65) investigated the suitability of the MpunyTT FID 
air-hydrogen diffusion flame, in conjunction with a spectrometer as an 
energy source for the detection of volatile organometallics (66) in GC 
effluents. They found that the small FID flame was capable of exciting 
a number of atomic species well enough for analytical use. Sensitivi
ties in the lower nanogram range were obtained for iron, tin and lead 
compounds with strong discrimination against hydrocarbons, and the 
hydrogen-rich flame gave superior signal-to-noise ratios. The Melpar 
FPD has also been used in the detection of boron hydrides (67) and in 
the determination of chromium in human urine (68) by GC with inter
ference filters.

Nitrogen
Krost, Hodgeson and Stevens (69) investigated the possibility of 

using the oxy-hydrogen diffusion flame for the chemiluminescence de
tection of nitrogen compounds. The hydrogen-rich flame spectra of NO 
indicated that HNO is the emitting species, and a 690 nm. interference 
filter was used for the response studies. All the nitrogen compounds 
studied (NO, NOg, NHg and monomethyl amine) gave equal responses at 
equal concentrations, and the detector in its present stage of develop
ment has a sensitivity of approximately 0.15 ppm.
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Selectivity against hydrocarbons5 COg and CO is excellent hut SOg 
interferes greatly. The detector is not applicable to ambient air 
measurements for total N0X because of inadequate sensitivity and the 
interference from SO^. However, the authors point out that with 
additional refinement, it may be useful as a nitrogen compound detector 
in GO applications!

FPD Diffusion Flame 
The FPD utilizes a relatively cool reducing Hp/Og/Ng diffusion 

flame for the production and excitation of molecular species such as 
Sg and HPO. The conventional configuration of the gases is such that 
the oxidant and nitrogen gases are premixed and introduced into the 
burning area through the bore of the burner tip while the fuel is 
introduced through four small jets surrounding the bore. By using an . 
inert gas such as nitrogen as a diluent, the background thermal emission 
from species such as OH can be greatly reduced (17).

Flame Chemistry
Most studies of the chemistry of fuel-rich oxygen-hydrogen flames 

have been done with premixed flames. Combustion of Hg and Og begins as 
the gases enter the primary reaction zone according to the bimolecular <>

' {1}
{2}
{3}

which operate primarily in the forward direction. As the gases exit the 
primary reaction zone, the reverse processes become increasingly

free-radical exchange reactions 1-3 (70): 
H + Og OH + 0 

0 + Hg t OH + H 

QH + Hg J H + HgO
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important and the predominant radical recombination reactions 4 and 5 
occur in fuel-rich flames (7l):

H + H + M J H2 + M {4}
OH + H + M J H20 + M ' { 5}

where M represents any chemical species, usually the stable bulk 
constituents of the flame (H^O, or surface which removes some
of the dissociation energy from the newly formed molecule increasing 
its stability. The relative importance of reactions 4 and 5 depends 
upon the oxidant-to-fuel ratio, but both are highly exothermic producing 
the moderately high temperatures observed in these flames.

The bimolecular exchange reactions 1-3 are very fast in both 
directions while the radical recombination reactions 4 and 5 are slow. 
Therefore, in the primary reaction zone and for some distance into the 
burnt gas region, free^radical concentrations may be in excess of their ■ 
equilibrium values (72, 73). Since the production of free-radicals 
in the primary reaction zone is relatively independent of temperature 
while the equilibrium radical concentrations are highly temperature 
dependent (74), the degree of non-equilibrium is a function of the 
flame temperature. In stoichiometric and moderately fuel-rich oxygen- 
hydrogen flames, the concentrations of radicals entering the burnt gas 
region closely approximate their equilibrium values while in very 
fuel-rich flames, where the flame temperatures are less, the radical 
concentrations can exceed their equilibrium values by several orders 
of magnitude (72, 73). Although the radicals .are not in equilibrium 
with the stable bulk constituents' of the flame,,they are in equilibrium 
with each other due to the rapid balancing of reaction 3. The
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concentrations of the free-radical are thus interrelated by equilibrium: 
relationships even when they are in excess of their equilibrium values. 
Reaction 3 is driven to the right at lower temperatures. Hence, OH is 
largely consumed by the excess H^ when the gases are cooled. Padley 
and'Sugden (75) have shown that the concentrations of H and OH decrease 
with increasing height above the primary reaction zone in cool fuel- 
rich Hg/Og/N^ premixed flames. . They noticed an increase in the flame 
temperature with increasing height above the primary reaction zone, and 
attributed this behavior to heat released by the recombination of the 
excess radicals.

The emission background spectrum of the oxygen-hydrogen flame is 
due principally to excited electronic states of the OH radical. In a 
stoichiometric premixed flame, the spectrum consists of a prominent 
■band region at 306-320 nm. with weaker regions at .260-280, 281-295 and 
3U0-3U8 nm. superimposed on a weaker continuum (76). The continuous 
emission occurs in the blue and near ultraviolet regions, and is 
probably due to the recombination of H and OH radicals (77)• In fuel- 
rich air-hydrogen diffusion flames, the background spectrum consists 
mainly of emission at 306-320 nm. with the weaker continuum (6), and 
the OH emission at 306-320 nm. is about 40 times less intense than in 
the premixed flame (17).

Kaskan. (78) presents evidence for chemiluminescence.emission due 
to the OH radical in fuel-rich Hg/O^/H^ premixed flames according to 
the following reactions;

H + OH + OH, -> HgO + OH* ' {6}
OH* ->■ OH + hv {7}
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OH* + M -> OH + M {8}

where reaction 8 represents a‘possible quenching step. He found that 
reaction 6 appeared to be responsible for most of the emission in all 
of the bands. Kaskan (73 3 78) also demonstrates that as the OH concen
tration decays with distance into the column of burnt gases above the 
primary reaction zone, the emission also decays. Charton and Gaydon
(79) give evidence for a preassociation reaction in fuel-rich Hg/O^/Ng
premixed flames:

0 + H -> OH* { 93
where the emission takes place at the primary reaction zone. Kaskanf s 
work (78) indicates that reaction 9 contributes to part of the emission 
in the 283 and 290 nm. bands. In general, the maximum OH emission 
intensity in premixed flames occurs when the Og/Hg ratio is:approximately 
stoichiometric (0.5), and the emission intensity steadily diminishes 
with decreasing Og/Hg. This behavior reflects the reduction of the 
concentrations of all oxygen-containing flame species as the flame is 
made more fuel^rich. The OH emission diminishes quite rapidly with 
decreasing Og/Hg ratio, illustrating the exponential dependence of the 
emission intensity on temperature (76).

Flame Structure
Three major regions can be distinguished in a laminar premixed 

flame: the transport or preheat zone, the primary reaction zone, and
the secondary reaction zone. Thermal conduction from the hotter gases 
ahead and diffusion of the reactant gases into the primary reaction 
zone above occur in the preheat zone, but no reactions take place. 
Combustion of the reactant gases occurs in the primary reaction zone
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where the fast Mmolecular exchange reactions take place5 and this zone 
is roughly coincident with the luminous region of the flame. The radi
cal recombination reactions occur in the burnt gas region or secondary 
reaction zone above the primary reaction zone. The spatial extensions 
of the secondary reaction zone are usually an order of magnitude 
greater than the primary zone. The temperature of the flame rises 
through the zones, although at a progressively slower rate through, the 
primary zone, and eventually reaches a constant value when all reactions 
have ceased. The flame front is usually considered to include all three 
zones where the inner surface is defined as the point of initial temper
ature rise and the outer surface is defined as the point of final tem
perature.

General flame behavior can be described by considering an open 
tube type burner. If a laminar Jet of combustible gas is ignited, a 
thin flame sheet results which conforms to the flow pattern of gas 
through the tube producing a characteristic flame shape. The rate of 
propagation of the flame (burning velocity, V ) at any point across 
the gas jet is exactly balanced by the normal component of the gas flow 
and can be expressed as (80):

v0 = Vg sin 6 (i)
where 0 is the angle between the flame front and flow direction, and 
is the unburned gas velocity. The'three parameters V0 , Vg and 0 define 
the flame geometry for stable operation and, in the case of the open 
tube burner, results in a conical-shaped flame with rounded tip. V0 is 
primarily dependent on the gas composition, temperature and pressure of 
the system and is only secondarily affected by such variables as gas



flow9 flame shape and "burner size as long as the "burner orifice is. 
larger than, the quenching diameterIn premixed flames, the burning 
velocity is proportional to the square root of the reaction rate, and 
the primary reaction zone width is proportional to the reciprocal of 
the burning velocity (8l). .

. Diffusion flames differ from premixed flames in that combustion 
takes place at the interface between the fuel and oxidant gases. 
Therefore, combustion is more dependent on the rate of mixing of the 
gases than on the rates of the chemical reactions. Various stable 
regions can be distinguished in the diffusion flame, as in the case of 
the premixed flame. The fuel and oxidant concentrations decrease 
rapidly towards the interface or flame boundary to nearly zero while 
the concentrations of products reach a maximum at the boundary and fall 
away towards both sides. The flame boundary defines the surface at 
which combustion is complete and its position shifts either towards or 
away from the burner axis depending on which gas is in excess. For 
instance, if the flame is fuel-lean and the fuel enters the burning 
area through the bore, then the flame boundary converges at the axis 
as the fuel concentration decreases with height. In principle, this 
flame should be conical in shape with a thin flame boundary that 
corresponds closely to the primary reaction zone in the premixed flame. 
This model of a very narrow reaction zone is highly idealized since 
considerable reaction occurs on both sides of the "true" flame boundary 
due to the transport of heat and matter. The burner contributes little 
to the stability of the diffusion flame as compared with premixed flames.



There is no simple parameter analogous to the turning velocity 
that is characteristic of the burning process in diffusion flames. The 
closest measurable property of the gases in the diffusion flame is the 
flame height. The assumption is made that the rates of diffusion of 
fuel and oxidant control the flame 3 the reaction rates being much faster, 
and diffusion occurs only in a radial direction. Therefore, the rate 
of reaction is directly related to the amounts of fuel and oxidant 
diffusing into the reaction zone. Under these circumstances the height 
h of a laminar-flame is taken as the point where the average depth of 
penetration by the gases is equal to the burner tube radius r and h can 
be approximately expressed as (80, 81):

where V is the inlet gas velocity and D is the average diffusion co
efficient of the fuel in the oxidant. This approximation is difficult 
to apply because the diffusion coefficient varies with both temperature

which predicts that the flame height at a constant volume flow rate 
should be independent of burner dimensions. The flame height can also 
be related to the flame temperature according to the following equation

where the subscript o refers to the cold gas and Tm is equal to the mean

' Vr2
h = 2D (ii)

pand gas composition. Since the volume gas flow F is equal to Virr ,
then:

(ill)

(81):

h 5 . 767rD0Tm
2FoTo (iv)
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flame temperature. Equation iv predicts that the flame height at a 
constant volume flow rate should decrease with increasing flame temper
ature.

As the inlet gas velocity is increased, the height of the laminar 
flame increases linearly until turbulent mixing of the gases occurs.
The turbulent mixing starts at the tip of the flame and moves down 
progressively with increasing gas velocity. At the same time, the 
flame height decreases and the flame, boundary spreads outward. Even
tually a point is reached where both the flame height and the position 
of the transition between the laminar and turbulent portions of the 
flame, known as the breakpoint, remain constant irrespective of any 
additional increase in gas velocity. If the flame is fuel-rich, a 
lifted flame may form at some distance above the burner (82). Although 
"this phenomenon of lift is not fully understood, it appears that 
turbulent entrainment of air at the burner rim produces some of the 
characteristics of the .premixed flame and combustion occurs only when 
the oxygen/fuel ratio has risen sufficiently. Eventually the lifted 
flame will reach its blow-out limit at some critical gas velocity which 
results in flame extinction. In general, the value of the gas velocity 
at the blow-out limit depends on the burner dimensions and.the gas 
composition.

The.visual appearance of the oxygen-hydrogen premixed flame has 
been shown to be highly dependent on the Og/Hg ratio when the total flow 
rate (0g + Eg) is held constant (76).- As the flame is made increasingly 
fuel-rich, the luminosity of both the combustion and burnt gas regions 
decreases and the size of the flame increases'. The increase in height



with decreasing Og/Hg correlates well with the observed decrease in the 
maximum flame temperature.

Sulfur Emission
The reduction of sulfur compounds and the characteristic S^ . 

emission occurs in the hydrogen-rich region above the combustion zone 
in the FPD diffusion flame (69 7 > 83). Dilution of the oxidant" with 
an inert gas such as nitrogen reduces the dissociation of the Sg 
molecular species and minimizes the formation of oxidized species (17)•

Sulfur Chemistry
. The formation of S and Sg species in the oxygen-hydrogen flame 

involves a complex set of reactions that are very dependent on the 
flame-gas conditions. Most of the studies have been done with SOg in 
premixed Hg/Og/Ng flames (8U9 85). The concentrations of the main 
sulfur species in the flame are related to each other by a system of

' {10}

' {11>
" {12}
{13}

which are effectively balanced at all points in the flame gases. Since 
Hr) and HgO are bulk constituents of the burnt gases 9 the concentrations 
of SO2 3 H^S, HS 3 SO5 S and Sg in a particular flame will be dependent 
on the concentrations of the flame-gas radicals H and OH. This relation 
ship exists along the entire column of burnt gases above the combustion 
zone because of the radical recombination reactions U and 5. In general

rapid reversible bimolecular reactions (84):
h2 + so2 t so + h2o
H2 + SO ^ S + H20
H2 + S J HS + H
H2 + HS ^ H2S + H
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‘B^S is the predominant sulfur species in very hydrogen-rich flames, 
particulary'toward lower flame temperatures, since the production of H 
atoms decreases with decreasing O^/Hg and + Og) ratios (759 76)
while SOg is the predominant species in near-stoichiometric flames.

The production of S and Sg species are dependent upon the pre
vailing sulfur species which in turn are dependent on the flame-gas 
conditions. For instance, the dependency of S and in hydrogen-rich 
and near-stoichiometric flames can he described by the following overall 
reactions (Qk):

HoS +-2EZ S + 2Ho '{Ik}(02/H2 = 0.22)
2H2S + 2H t S2 + 3H2 {15}
' SOp + 2Sq t S + 2H?0 ' {16}

■ . (Op/Hp = 0.U8)
2802 + 5H2 t S2 + 2H + UH20 " {17}

Thermodynamic equilibrium calculations (84, 86) indicate that the 
optimum equilibrium production of should occur in flames with 
Op/Hp - 0.25 - 0.30 and + 0^) - 0.12 - 0.20 which corresponds to.
observed final flame temperatures of approximately 1700 - 1990°K. In 
flames with Op/H^ > 0.30 the production of Sp should decrease because 
of the increased dissociation of Sp at the higher temperatures. In 
flames with Op/Hp < 0.25 the production of Sp should also decrease since 
the production of H atoms has fallen sufficiently low. Similarly, 
thermodynamic calculations.(8H, 86) predict that flames with 
0p/H2 - 0.30 ~ 0,33 and Op/(Hp + Op) - 0,20 - 0.25 which corresponds to 
flame temperatures of approximately 2100 - 2280°EC should yield the 
optimum production of S, This range of flame conditions indicates that 
some of the S atom production should be dependent on the dissociation



23

of Sr). Similar arguments which were given for Sg can he given for the . 
reduced production of S helow and above this range of flame conditions. 
However3 the true disposition of the S and Sg species differs somewhat 
from this equilibrium viewpoint since the concentration of the flame 
radicals H and OH greatly exceed their equilibrium values in very 
hydrogen-rich flames. *

The emission spectrum of sulfur in the blue and near-ultraviolet 
regions has been assigned to Sp as the emitter (ill). The spectrum
consists of about l6 discrete bands in the interval from 320 - k60 nm.
superimposed on a weaker' sulfur, continuum ( 6, 7, 17, 20, 32 , .83).
The strongest peaks occur at 365, 374, 384, 394 and 405 nm. Emissions 
from SO and SH bands have been reported in premixed flames (84) but not 
in diffusion flames (.17).

The origin of the Sg molecular bands has been attributed to the 
chemiluminescent energy-transfer reaction (l6, 87, 88):

' T  ,H + H ..+ S2 Sg + Hg {18}
Sg Sg + hv {19}

which provides sufficient ..excitation energy and 19 is the luminescence 
reaction. Since excitation and luminescence yields are virtually tem
perature.independent for chemiluminescent processes (89), the Sg. 
emission intensity should be dependent only .on the H atom concentration. 
Sugden, Bulewicz and Demerdache (84) present evidence in support of 
reaction 18 by showing that the emission intensities of the Sg bands are 
in general agreement with the reaction scheme 10-13 and are dependent on 
the non-equilibrium H atom concentration with distance from the reaction 
zone (region of maximum emission). The observed decrease in Sg emission
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with distance above the reaction zone corresponds to the decay in the H 
atom concentration as a result of the slow recombination reactions k arid 
•5- . The authors also observed that no change occurred in the OH emission 
intensity at 306 nm. upon addition of SOg and concluded that sulfur does 
not catalyze, the recombination of H atoms.

- Fair and Thrush (90) studied the emission of Sg in an electrode- 
less radiofrequency discharge tube by reacting HgS with H atoms. The H 
atoms were generated by passing mixtures of H^ and argon through the 
discharge tube. The authors found that the emission intensity I at the 
reaction zone obeyed the relation:

I = I0 {H2S}2 (v )
where {HgSlg is the initial concentration added. I0 was unaffected by 
decreasing the H atom concentration by a factor of two 5 but varied line
arly with the argon concentration. Hence the authors concluded that H 
atoms are not involved in a rate-determining step in the emission proc
ess and the enchancement of the emission intensity with increasing 
argon concentration indicates the presence of a third-order chemilumi
nescent reaction. The proposed mechanism consistent with the results 
given is:

H + H2S -> H2 + HS ' {13}
H + HS -> H2 + 8 ' {12}

followed by a chemiluminescent three-body combination:
%
2S + S + M So + M {20}

S* ^ Sg + hv {21}
S* + M S2 + M {22}
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where M is argon. The authors attributed the decay in the Sg emission 
with distance above the reaction zone to heterogenous recombinations of 
S and H atoms. When the H atom concentration was increased above the 
reaction zone, the 8^ emission intensity increased and the rate con
stants of the heterogenous reactions decreased. Thus the authors con
cluded that the observed enhancement of Sg emission with increasing H 
atom concentration is due to a decrease in the rate of decay of S atoms. 
The Sg emission intensity above the reaction zone also increased with 
increasing argon concentration, consistent with the formation of Sg by 
reaction 20. When the was increased, the H atom concentration
decreased above the reaction zone. Since the decay in the H atom con
centration was considerably greater than could be predicted by reactions 
12 and 13, the authors concluded that the sulfur atoms catalyze the 
heterogenous recombination of H atoms, which has been observed in pre
mixed fuel-rich Hg/Op/Np flames with O.k - 2% added SOp (86). The 
authors point out that from the results the bulk of the Sp emission 
above the reaction zone can be accounted for wholly by heterogenous 
decays without postulating Sugden1s reaction 18 and the reaction mech
anism 12, 139 20-22 would account for the Sp emission in hydrogen-rich 
flames.

FPD Studies ' •
Utilizing these fundamental flame studies, several investigators 

have used the FPD to study the effect of flame-gas conditions, on the 
sulfur response. Sugiyama, Suzuki and Takeuchi (32, 33) developed the
oretical relationships between the Sp emission intensity, initial
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concentration of the sulfur compound and reaction time t from a kine
tic treatment of the reaction, scheme 12-, 13, 20, 21. They showed that
Fair and Thrush's (.90) plots of Ig vs. (HgS]^ and Sugden's (84) plot

• 2
of I vs. t or distance from reaction' zone fit the theoretical re- 

2
lationships. From consideration of the reaction kinetics, the authors 
claim that when.the air/H^ flow ratio is held constant an increase in

-4 . ■ ■the total flow (H^ + air) will lead to a lower 8^ emission intensity 
"because the sulfur compound concentration (which is proportional to the 
sulfur atom concentration in the flame) decreases. However, Mizany 
(30) shows that at a given O^/Hg flow ratio the higher total gas flow 
(Eg + Og + Ng) gives the highest response and suggests that the higher 
total flow lowers the flame temperature, favoring the formation of the 
Sg species. Eckhardt et al. (3U) demonstrated that at a given 
flow ratio, there is an optimum total flow (N^ + 0^) that gives the 
highest detector response. Hence, there appears to he some disagree
ment as to the role of the total flow on the 8^ emission.

Mizany (30) studied the effect of varying the gas compostition 
on the -Sg emission and found that the O^/Hg flow ratio range of 0.^-0.5 
gave the maximum response. The author concluded that the O^/Hg ratio 
determines the temperature of f the flame which in turn determines the 
efficiency of the 8^ formation. Sugiyama et al. (32) showed that, by 
varying the air flow at a given H^ flow, at high Og/Hg ratios (0,33- 
0.67) the S2 emission intensity decreases. The authors monitored the 
entire 8^ spectrum with.a spectrophotometer and observed that the de
crease in the emission was uniform over the entire wavelength range. 
They concluded that - at high O^/Hg ratios oxygen in the flame prevents
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the formation of 8^ species from sulfur atoms hy the competitive pro
duction of SO and the increased flame temperature has a. minor effect 
on the Sg production. When the flow was varied at constant air 
flows9 the S^ emission intensity decreased in the range of low '
flow ratios (0.1-0.34). The authors concluded that the increased 
flow lowers the flame temperature and the emission intensity is approx
imately proportional to the flame temperature. Eckhardt et al. (34) 
did an exhaustive study of the flow parameters and determined the op
timum flow conditions which give the maximum response for SOg, H^S and 
CH^SH : .Hg - 100 ml/min, + 0^ - 150 ml/min and Og/R^ ratio of 0.24 
for SOg and H^S and 0.26 for CHgSH. Thus^ it appears that the gas 
• composition effects on the Sg emission is not fully understood.

Greer and Bydalek (38) suggested that under optimum flame con
ditions, the Sg emission intensity would he proportional to the square 
of the number of sulfur atoms in the flame due to the equilibrium or 
steady-state conditions necessary for the formation of the S^ species. 
Eckhardt et al. (34) have demonstrated that the FPD response to sulfur 
compounds and the exponential power value in equation v parallel each 
other quite closely with changing flow parameters (Eg, C^/Hg 9 Eg + Og), 
and the exponential power has its maximum value at the optimum flame 
conditions (SOg - 1-95, HgS - 1.91, CH^SH - 1.82), Studies of the S^ 
emission intensity dependency on the oxidation state of the sulfur in 
the compound (17, 30) have shown that the order of decreasing response 
is as follows: sulfide > sulfone ~ sulfite > thiosulfate > sulfonate z
sulfate. Unexpectedly, disulfide compounds show a non-linear relation
ship between response and concentration which indicates that some of
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the -S-S- "bonds are "broken before leading to Sugiyama, Suzuki and
Takeuchi (35)9 studied the response of various -S-C- compounds arid 
found that butyl mereaptan gave the greatest response per unit sulfur 
concentration but had a linear relationship between response and con
centration (exponential power - 1).

Direction of Research
The investigation of the total gas flow and gas composition 

effects on the sulfur response of the detector previously discussed 
were done by examining the Sg emission of the entire flame (32, 33) or 
by examining the emission above a shielded flame (30, 3^). In order to 
determine the influence of the flame-gas conditions on the Sg emission 
more extensively, a simple means of mapping the emission regions of the 
flame was needed. A flame photometric detector modified to. include a 
movable mask was capable of exposing parts of the flame to the photo
multiplier tube and generated a vertical profile of the emission.
The movable mask was a means of isolating certain fractions of the 
flame, and the region of maximum emission as well as a means of follow
ing the decay in the 8^ emission with distance above the reaction zone. 
Also, this method was used to map the flame background emission which 
gave information about the structure of the diffusion flame with chang
ing flame-gas conditions and thus the influence, if any, of the flame 
structure on the 8g emission.

The conventional Melpar FPD employs a burner tip with a bore 
diameter that is approximately four times larger than the conventional 
FID burner. The FPD-GC is usually operated at much higher gas flow
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rates than the FID-GC. Normally3 the FPD-GC utilizes a makeup carrier 
gas line after the column to maintain the higher total flow necessary 
for optimum sulfur emission. This procedure then allows for the ad
justment of the lower carrier gas flow through the column to allow 
optimization of the chromato'graphic conditions. Therefore, a turner 
with a smaller bore diameter was designed to be more amenable for use 
with a gas chromatograph. The smaller burner allows the use of lower 
total flow rates.since the linear velocity of.the gases through the 
burner is higher. Hopefully, this can eliminate the need for a makeup 
gas line without any loss in sulfur sensitivity. The research was 
conceived with the concept of obtaining a more thorough understanding 
of the performance of the FPD through mask, burner and gas flow studies.

A series of sulfur-containing compounds was investigated to 
determine their response characteristics with changing gas flow con
ditions and sulfur concentration. The compounds investigated had a . 
wide range of sulfur bond configurations: 0 = 3 - 0 ,  -C - S - S-, -C
-S - C—, -C - 3 - H. The intent of the research was to determine if 
there was any response dependency on the particular sulfur bond con
figuration in the compound.



CHAPTER IT

"EXPERIMENTAL

Desdgrr of the Modified EPD 
Brody and Chaney (I), developed the Melpar EPD which incorpo

rates a "burner tip with a hollow hexnut shield. The purpose of this 
fixed shield is to "block flame "background and hydrocarbon emissions 
from the view of the photomultiplier tube. When sulfur is present in 
the flame3 the characteristic Sg emission occurs above the shielded 
flame. In order to study the sulfur and flame background emission re
gions of the flame 3 the hollow hexnut shield was eliminated from the 
design and construction of the modified detector. The design of the 
mask is shown in Figure 1. The mask consists of a thin aluminum plate, 
mounted onto a movable brass screw which is connected to a micrometer.
In an effort to eliminate possible effects of light reflection, the mask . 
was blackened on both sides with high temperature black paint. The mask 
was held in place by a metal spring attached to the inner wall of an 
aluminum plate that is bolted to the detector block. The mask moves 
with a precision of 0.8 mm. per turn of the micrometer and has a 0 to . 
19.2 mm. travel above the burner tip. This range includes the height of 
the Melpar shield mm.). The distance between the rim of the burner 
tip and the mask is approximately b. 5 mm. The detector design is almost 
identical to the commercial Melpar EPD in all aspects except the block 
was widened to incorporate the mask and micrometer assemblies.
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Two "burner tips were designed and constructed for use in the 
.experimental system. The bore diameters of the burners are 0.l8 cm. 
and 0.08 cm.; the wider one is the same size as the conventional Melpar 
burner. The diameter of the four jets surrounding the bore is the same 
for both burner tips, which is also the same size as the Melpar burner. .

Experimental System
A schematic diagram of the arrangement of the experimental sys

tem is presented in Figure 2. The modified FPD was used in all of the - 
experiments. Unavailability of equipment necessitated the use of two 
sets of instruments. Initially the experiments were performed using a 
Hamamatsu R^53 photomultiplier tube (Middlesex9 N. J. 08846) with a 
Kepco power supply (Flushing? N. Y. 11352). A Varian Aerograph 500-D • 
electrometer (Varian, Palo Alto, Calif. 94-303) and a Leeds and Northrup 
recorder (North Wales, Pa. 19454) with 1.0 mv full scale output were 
used for acquisition of data. Later experiments were performed with a 
Hewlett Packard Model 7626A Research Chromatograph (Avondale, Pa. 19311) 
equipped with an EMI 952433 photomultiplier tube (Plainview, N. Y. Il803) 
and a Hewlett Packard Model FPD power supply (Palo Alto * Calif. 94303).
A Hewlett Packard 765OA electrometer and 7T27A.recorder with 1.0 mv full 
scale output were used for data acquisition. The data obtained from the 
two sets of instruments were easily correlated. All experiments were 
performed with a power supply setting of -750 V on the PM tube. The
Hamamatsu tube (3-20 spectral response with extended UV range) was found 
< •
to be more sensitive to flame background emission than the EMI tube 
(S-ll spectral response) since its spectral response extends further
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into the UV. The detector block was heated to 100°C by a Variac trans
former to avoid 1 condensation of water inside of the. detector. Changes 
in block temperature were monitored using a calibrated thermocouple.
The detector block temperature was maintained at 108°C ± 0.1 using a 
platinum temperature controller during the total flow-constant gas . 
composition experiments.

The experiments were performed with the detector in the con
ventional gas configuration. All gas flow rates were adjusted using a 
wet test bubblemeter. The gas flows were not corrected for the water 
vapor pressure and barometric pressure (706 mm. Eg). Differential flow 
controllers and on-off valves were installed in the gas lines to re
produce experimental conditions as accurately as possible. Oxygen was 
used as the oxidant instead of air so that the + 0^ flow through the 
bore could be maintained while varying the Op/Eg and Og/fNg + Og) ratios. 
This arrangement was made possible by adjusting the oxygen and makeup 
nitrogen flows independently before the gas mixture entered the inlet 
gas port (see Figures 1 and 2). For all.experiments, sample gas flow 
rates to the detector (using as the carrier) were maintained either 
at tiO ml/min or at 80 ml/min. Pressure drops in the sample line to the 
detector at high makeup flow rates were avoided when using the narrow 
bore burner by installing a restrictor (2U length of l/U" i.d. Teflon 
tubing containing a plug of glass wool) between the sample gas bleed 
valve and the sample valve. In order to obtain the desired sample con
centration, carrier flow rates as high as 1 l/min were required over the 
sample source. A variable flow bleed valve was installed to maintain 
the required sample gas flow rate to the detector by allowing the excess
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sample gas to escape into the atmosphere» Known concentrations of 
sample were delivered by using permeation tubes (91, 92) or a dif
fusion dilution cell (93) immersed in a constant temperature water - 
bath at 30°C. The permeation tube chamber 3 diffusion dilution cell
and all sample gas transfer lines were made of glass and/or Teflon to

. minimize adsorption. Sample concentrations were calculated using the 
following equation (36):

c ‘ “ f f  . ( t i )

where: C = ppb (v/v) of permeand transferred to a gas (N̂ )
flowing over the tube 

^  = permeation or diffusion rate of sulfur gas from 
tube3 ng/min 

M = molecular weight of sulfur gas 
F = carrier flow rate over tube3 l/min
G = 22.k l/mole (gas constant) assuming sulfur gases 

behave as ideal gases at concentration levels of 
interest.

Mass flow rates of the sulfur gases to the detector were calculated 
using.the following equation:

V rng/min. = — —  (vii:)
where: = flow rate of sample gas to the detector, ml/min

F .= carrier Eg flow rate over tube, ml/min 
Pp = permeation or diffusion rate, ng/min 

The sample gases were delivered to the detector from the sample source
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as a continuous flow and the output responses were recorded once the 
signals, had stabilized. The output responses had to he attenuated to 
keep the signals on scale, thus the recorded responses were normalized 
relative to the following arbitrary attenuation settings: 128 X 10̂  

(Varian Aerograph 5'00-D electrometer), 6H X 10̂  (Hewlett Packard 7650A 
electrometer) and l6 X 10̂  (Hewlett Packard 7"650A electrometer with 
39^ nm. interference filter).

Diffusion Dilution Cell 
Permeation tubes supplied by Analytical Instrument Development, 

Inc., (West Chester, Pa. 19380) were used to deliver known concen- : 
trations of sulfur compounds that are normally gases at room tempera
ture. Compounds with low vapor pressures that are liquids at room 
temperature cannot be used with permeation tubes because the permeation 
rates are too low. To study compounds that are liquids at room temper
ature, a sample source other than permeation tubes was needed. Goldup 
and Westaway (9̂ ) utilized a diffusion dilution cell to deliver water 
or methanol vapors into a stream of nitrogen at the ppm level. Changes 
in the rate of diffusion were produced by either changing the tempera
ture of the capillary or by manually changing the liquid level in the 
capillary. This approach required calibration at each temperature used 
or replacement of the capillary tubes with different liquid levels. 
Savitsky and Siggia (93) described and used a modified Goldup and 
Westaway diffusion dilution cell in which one arm of a U-tube was a 
reservoir while the other arm was the capillary. An advantage of this 
design is the ease with which any desired rate of diffusion can be
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produced "by • simply adjusting the liquid level. This method of changing 
the rate of diffusion requires calibration at only one temperature and 
is more suitable for routine applications.

The diffusion dilution cell used in this study which is shown in 
Figure 3 was modeled after Savitsky and Siggia (93). The liquid level 
in the capillary is adjusted by opening the valve (B) and.forcing liquid 
into the capillary against the internal gas pressure with the rubber 
bulb (k ). When the desired level is reached, the valve is closed.
Liquid in the capillary slowly evaporates and diffuses into a stream of 
carrier nitrogen passing over the mouth of the capillary. Since the 
rate of diffusion is temperature dependent, a circulating constant 
temperature water bath with a precision of ± O.Q5°C was used to maintain 
the capillary at 30°C. The temperature of the bath was measured using ■ 
a calibrated mercury in. glass thermometer which was accurate within 
0.1°C. The rate of diffusion is calculated from the following equation 

(93):

S = ; F  ' , ( v m )

where: S = rate of diffusion of sample vapor into stream, g/sec.
X = a constant for the liquid compound at temp. T,.cm^/sec.
P = density.of liquid compound at temp. T, g/crn̂ .
A = cross sectional area of the capillary, crn̂ .
L = length of diffusional path, cm.
= depth of liquid meniscus below the capillary mouth, cm.

The value of X must be experimentally determined for each liquid 
at each temperature at which the cell is to be used. X is determined



(A) Precision 0 5mm bore capillary 
tubing (20  cm length)

(B) Teflon valve
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(E)Sample gas outlet

(F) 2 4 / 4 0  Ground glass joint

(G) S in ter

(H) Water ja c k e t

(I) Constant temperature water 
inlet m

(J) Water  outle t

(K) Rubber bulb

Fig. 3. Diffusion dilution cell.
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by measuring L with a cathetometer over a period of days which was read
2with a precision of ± 0.001 cm. A plot of L vs. time gives a straight 

line of slope X. Once X is known for a. given temperature any desired 
value of S can he produced hy simply adjusting the liquid level in the 
capillary. Sample concentrations were calculated using equation vi.
In using the cell for obtaining a wide range of sample concentrations, 
equilibrium times were found to be too long when the diffusion rate was 
varied at a fixed carrier Eg flow rate. By varying the carrier Eg flow 
rate over the cell at a fixed rate of diffusion equilibrium times were 
reduced from hours to minutes. Equilibrium time in this experiment 
was the time required for the system to return to equilibrium after the 
sample concentration was changed. Equilibrium times were determined by 
observing the time required for the output signal of the detector to 
stabilize. Carrier E^ flow rates of 0.08 to 1 l/min. were used to ob
tain sample concentrations of kO to 800"ppb. This range of carrier Eg 
flow rates did not affect the rate of diffusion from the cell (95).

The reservoir portion of the diffusion dilution cell had to be 
immersed into the constant temperature water bath because room tempera
ture fluctuations affected the liquid level in the capillary. The 
liquids investigated have rather high thermal expansion coefficients.



CHAPTER III

RESULTS AND DISCUSSION

Emission- Profiles '
S2 and flame "background emission profiles were obtained by- 

varying the mask height above the burner tip in 1.6 mm. increments. 
Figure h represents typical profiles generated by this method using 
dimethyl disulfide as the sulfur probe. The Sg emission intensity at 
each mask position was determined by subtracting the flame background 
emission intensity from the total signal. Sigmoidal-type curves are " 
generated which indicate that the emission intensity drops off near the 
burner and well above the burner. In order to determine the change in 
emission intensity with changing mask position, the derivative curves 
were calculated from the data which are shown in Figure 5- Mathemati
cally, these curves represent the change in emission intensity per 1.6 
mm. change in mask height (AR/AMH) versus the average mask height .
(AVG. MH) above the burner. Physically, the curves express the emission 
.intensity as a function of distance above the burner tip. The profiles 
of Figure "5 are remarkably similar to emission profiles generated by 
raising and lowering a spectrometer with a fixed horizontal slit 
(66, 70). However, the derivative curves only generate a viewing area 
that has a fixed vertical dimension, the horizontal dimension of the 
viewing area is defined by the walls of the flame housing. - Thus, any 
change in the flame geometry with respect to varying the gas flow "

ko
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parameters may affect the response of the photomultiplier tube. Inter
pretation of the profiles indicates that the region of maximum emission 
represents the reaction zone which is rather broad due to the conical 
shape of the flame, and the decrease in emission intensity above the • • 
reaction zone represents the decay in emission with time. The solid 
• lines through the experimental points represent the best curve fit and 
are intended for visualization purposes only.

It was decided to perform, all profile experiments (including 
those shown in Figures  ̂and 5) without the 39^ nm. narrow band inter
ference filter so that flame background emission profiles could be ob
tained, Therefore, the concentration of sulfur compounds added to the 
flame were kept well below 1 ppm to avoid the catalytic effect of sulfur 
on the OH emission (8k, 86) which would have affected the sulfur emis
sion readings. Since the entire S^ emission spectrum would be exposed 
to the photomultiplier tube, emission profiles were conducted with and 
without a 39̂ - nm« interference filter - to determine if this procedure 
would be valid. The results indicated that under the flame conditions 
used there is no noticeable difference between the two sulfur profiles 
within experimental error. Without the interference filter, the flame 
background and S^ emissions of the whole flame increased about 210 and 
35 times respectively. Also,emission profile experiments, which were 
conducted to determine the influence of the Og/Hg flow ratio on the S^
emission, gave optimum O^/H^ ratios for SO^, H^S and CHgSH that agree •
with the results of Eckhardt et al. (3U) who studied sulfur emissions 
with a 39k rm. interference filter. The raw data for determination of 
the curves presented in Figures 4-31 are given in Appendix A.



Total Flow Study 
The. influence of total flow (Eg and + 0^) on the flame 

structure and Sg emission was investigated by varying the gas flow 
rates (Eg, 0 )̂ to the narrow bore burner while keeping the gas
composition constant. The gas composition was fixed in an attempt to 
keep the flame and sulfur chemistries constant so that the physical 
change of the flame could be studied with respect to total gas flows. 
This was achieved by maintaining constant gas flow ratios (Og/Eg and 
O2/CN2 + Or))) throughout the experiments. Gas flow ratios were chosen 
to give a hydrogen-rich flame and near-optimum, sulfur . emission. Since 
the Eg carrier which contained a fixed concentration of sulfur dioxide 
and Eg + 0g streams entered the detector via the bore of the burner 9 
the sulfur dioxide concentration entering the detector decreased as the 
total flow increased, however,• the sulfur dioxide mass flow rate re
mained constant.

- The emission profiles of Figure 6 show the flame background in
tensity rising with increasing total flow. Calculations of.Reynolds 
numbers (Re).indicated.that the gas flows through the burner tip were 
laminar at all total flows studied (Re << 1000). Thus5 it appears that 
the diffusion flame remained essentially laminar with increasing total 
flow. . The rate of combustion in laminar diffusion flame's is dependent 
on the rate of mixing or molecular diffusion of the flame gases (8l). 
Since the rate of mixing is independent of laminar gas flow, the rate of 
combustion should remain constant as the total flow increases. Also, 
since the gas composition is fixed, the concentrations of the gases



entering the combustion zone are constant and thus the mean flame tern-. 
perature should be essentially constant. Thus, it is expected that any 
change in the background emission intensity in a viewing area some dis
tance above the burner would be due to a change in flame geometry as a 
function of the total flow. • The observed increase in the emission in- ■ 
tensity can be explained as follows: As the total flow increases, the
laminar diffusion flame elongates according to-equation iii. At the 
same time, the cone angle adjusts to accommondate the increased gas 
velocity (8o) resulting in a broader flame. Although the concentration 
of combustion products (H, OH, H^O, etc.) in the flame remain constant, 
the total mass of products increase due to the increasing mass flow rates 
of the gases (Ĥ  and O^). Thus, the photomultiplier tube will be exposed 
to a greater area of emission when the flame size increases. Also, at 
a Ng + 0r> flow of 120 ml/min the greatest increase in emission has oc
curred near the burner with virtually no increase well above the burner 
as indicated in Figure .6. Since the flame is just below its blow-out 
limit at 120 ml/min, it appears that the flame has lifted to some dis
tance above the burner tip but the height of the flame with respect to 
the burner has remained essentially constant.

Figure T represents the distribution of the emission with re
spect to distance above the burner. The profiles were calculated by di
viding the change in emission intensity per 1.6 mm change in mask posi
tion (AR/AMH) by the total emission intensity (R) of the flame. The 
profiles indicate that the 8  ̂emission zone has moved a greater distance 
from the burner and has broadened with increasing total flow. It. appears
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that the sulfur reactions are occurring further downstream from the 
"burner due to the increase in the gas velocities and the emission is 
spreading out due to the.increase in the size of the flame. Visually9 
the Sg emission appeared as a diffuse blue glow that extended to the 
walls of the flame .housing with no visible glow near the burner tip.
The visual appearance agrees with the observations of other workers (6,
. 20). In chemiluminescent processes the desired molecular product usu
ally forms via reactions involving flame-generated species (especially 
H atoms) which diffuse from the actual flame front into lower tempera
ture zones outside of the hotter flame.

Since the SOg concentration is decreasing with increasing total 
flow3 it is expected that the Sg emission intensity would decrease. 
However9 the emission profiles presented in'Figure 8 show the emission 
intensity increasing with increasing total flow. For a given total flow 
rate through the detector, the system can be considered to be a constant 
volume. Then the Sg emission intensity will be proportional to the 
square of the S atom mass in the "flame". Also, the production of S 
atoms will be dependent on the H atom mass and the Sg molecule production 
will be proportional to the square of the S atom mass. The increase in 
the volume of the sulfur reaction zone outside of the flame front due to 
the increase in total flow may be negligible compared to the influx of 
the flame generated species and ^ . In essence, within the experimental 
gas flow parameters studied, the FPD sulfur response may be mass flow 
dependent with respect to the flame gases.

Optimization of the FPD with the narrow bore burner was investi
gated by examining sulfur response, signal-to-background ratio (S/B) and
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signal-to-noise ratio (S/N) with respect to total flow and mask position 
parameters. Figure 9 represents sulfur S/B ratio profiles and shows the 
improvement in the detector sensitivity at higher total flows. The pro
files also show the optimum position of the mask with respect to the S/B 
ratio at each total flow. Figure 10 illustrates the S/B ratio (AR/AB) 
as a function of distance (AVG. MH) above the burner. The profiles show 
that greater sensitivity is attained with higher total, flows and give 
the optimum position for a slit 1.6 mm in height, extending horizontally 
to the walls of the flame housing. The noise is about 60 times lower 
than the background emission and the S/N ratio roughly corresponds to the 
trend and position of the S/B ratio. However5 at the + Og flow of 
120 ml/min the S/N ratio is a little less than the S/N ratio at 100 
ml/min which reflects the instability of the flame near its blow-out 
limit.

It appears from the studies that the total flow parameter (H^ 
and Ng + Og) affects the geometry of the diffusion flame. It has been 
shown that the flame size affects the position of the region of maximum 
82 emission relative to the burner., and the 82 emission intensity may be 
mass flow sensitive with respect to the flame gases. This suggests that 
the total flow parameter should be held constant when mechanistic studies 
of sulfur chemistry in the flame and gas composition studies are per
formed. Also, the 82 emission profiles indicate that a movable slit of 
fixed, dimensions capable of viewing a small volume of the "flame” should 
be used in mechanistic studies to minimize the influence of flame size 
and to isolate the region of maximum 82 emissions. In terms of optimi
zation, operating the detector at the highest total flow possible but not
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near the blow-out limit will result in the highest sulfur response and 
• sensitivity.

Comparison of Burners
The performance of the two burners were compared by.examining• 

flame background and Sg emissions obtained under identical experimental 
conditions. This was accomplished by repeating the total flow ,study 
with the wide bore burner. As expected, both the flame background and 
$2 emission intensities increased with increasing total flow. However, 
comparison of the emission profiles illustrated in Figures 6, 8,.11, and 
12 shows that both the flame background and sulfur responses are lower 
with the conventional burner at all total flows. Thus, it appears that 
the narrow bore burner enhances the response of the detector. The ap
parent enhancement may be related to the different sizes of the flame on 
the two burners. According to equation iii the height of a laminar dif
fusion flame is independent of burner radius at a fixed set of gas flow 
conditions. However,.at a given total flow the flame will broaden as 
the burner bore radius becomes larger. . This can be seen from the follow
ing relationship (derived from equations i, ii and iii):

V o = P_8ls^0 (ix)
Trr̂

The relation predicts that as r increases the angle 0 between the burner 
axis and flame front increases proportionately to maintain a constant 
burning velocity VG. Since the concentrations and mass flows of the 
gases■and SO^ are the same for the two burners at a given total flow, 
the broader flame will effectively lower the concentrations of the
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flame-generated species and Ng resulting in a decrease in the flame back
ground emission. This dilution effect may contribute to the observed 
decrease in the Sg.emission.

Table I contains the detector response (R̂ /R̂ r) and S/B ratios of 
the two burners under three different total gas flow conditions and at 
two mask positions. The data shows that the narrow bore burner gives 
by far the greatest enhancement in response and sensitivity at the, low
est total flow with a much less pronounced enhancement at the higher 
total flow. In fact.) the wide bore burner gave virtually no sulfur re
sponse at the lowest total flow (see Figure 12). Also, about a three
fold improvement in the S/N ratio was noticed with the narrow bore • 
burner.

Table II shows the comparison between the two burners at their 
respective optimum gas flow conditions. ■ The optimum conditions for the 
conventional burner are those of Fckhardt et al. (3U) and for a dis- 
cussiqn of the optimum conditions for the narrow bore burner see the 
section on Burner Optimization. It can be seen that the two sets of 
optimum flow conditions result in about the samfe detector response and 
sensitivity. Notice that the gas flow ratios are the same for the two 
burners. Also, it is evident that the optimum flow conditions for the 
narrow bore burner requires much lower gas flow rates. Thus, the FPD 
can be operated with the narrow bore burner at lower gas flow rates 
without any loss in 80^ response and sensitivity.

The above discussion suggests that a burner with an even smaller 
bore diameter should give further improvement in detector response and
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Table I. Comparison of the burners as a function of 
total flow and mask position

W - Narrow Bore (8 mm)- Burner Og/Hg 0.24
¥ - Wide Bore (l8 mm) Burner 0g/(Kg + Og) 0.16

Total Flow 
'Parameter 
(ml/min) • 

Eg N2 + O2
S02 (115 ppb) 

% / %

FlameBackground
rw /r¥

(S/B)n
■(s7 b )w

Mask
Position (mm)

0

I 
k

. very large
3.7 ; 
3.6

~9.5 0
very large 4.8

67 100 2.8
3.U

2.0
1.9

1.4
1.8

0
4.8

so 120 1.6 
• 1.8.

1.8
1.4

0.9
1.3 4r- 

O 
bo
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Table II. Comparison of the burners at their
respective optimum gas flow.conditions

N - Narrow Bore (8 nsji
Optimum Conditions 

) Burner W - Wide Bore (18 mm) Burner
Eg. - 67 ml/min 
Og - l6 ml/min 

Ng. + Og - 100 ml/min
Ogt/Hp —

Og/(l 2̂ ^2) ~

Hg 
, Og

N2 + 02 
0.2%

0.l6

- 100 ml/min
- 2% ml/min
- 150 ml/min

Flame
SOg (115 ppb) Background (S/B)w Mask

% / % % / % (S/B.)w Position (mm)

1.2 0.9 1.2 0
l.l 1.0 1.1 U.8



sensitivity at even lower gas flow rates. However3 the blow-out limit 
of the flame must be considered. In general, blow-out is dependent on 
burner dimension and gas composition (8l, 82). Specifically, at a fixed 
gas composition blow-out is a function of the gas velocity through the 
burner. During the total flow-constant gas composition experiments with 
the narrow bore burner, some difficulties were encountered in maintain
ing the flame at a Hg + Og flow of 120 ml/min. At this flow rate the 
flame was just below blow-out. However, no such problems were encoun
tered, when the wide bore burner was operated at 150 ml/min. Although 
the blow-out characteristics of the wide bore burner were not investi
gated, the background emission profile at 150 ml/min shown in Figure 11 
did not have the unusual rise in emission near the burner which is 
characteristic of the narrow bore burner near blow-out. (as an example
see Figure 6). Since the gas velocity through the bore of the smaller
burner is about five times greater than the gas velocity through the 
conventional burner at a given total flow,, it appears that a further 
reduction in the size of the bore will result in blow-out occurring at
lower gas flow rates. Thus, the lower blow-out limit will reduce the
available range of gas flow rates.

Gas Composition Study 
The effects' of gas composition on flame structure and Sg 

emission were investigated by varying the gas flow ratios to the de
tector. The flow ratios (O^/Hg and Og/Ch^ + Og)) were varied by chang
ing the Op flow while maintaining a fixed total flow parameter (Hp and 
Np + Op flows). The Hp +• Op flow through the bore of the burner was
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maintained "by adjusting the makeup Ng flow. In this case, the mass flow 
and concentration of SOg entering the detector remained constant. Most 
of the experiments were performed with the narrow bore burner and no 
attempt was made to compare the two burners with respect to gas composi
tion. • In many cases it was more convenient to examine the response of 
the entire flame with the 39 -̂ nm. interference filter instead of gener
ating profiles with the mask. Thus, a small portion of the background 
continuum would be the only part of the emission background spectrum of 
the flame viewed by the photomuliplier tube with the filter in place.

The concentrations of combustion products will increase as the 
■ ■ . • ' =: ‘

O2 concentration is increased in a hydrogen-rich flame ('76) • The in
creased combustion results in a rise in the mean flame temperature.
This rise in temperature with increasing Og concentration was observed 
by monitoring the detector block temperature which is illustrated in 
Figure 13. .A rise in the temperature of the diffusion flame will lead 
to a decrease in the flame height according to equation*iv. Also, the 
width of the flame will become smaller as the flame is made increasingly 
oxygen-rich (76). The flame background emission distribution profile 
showed a slightly greater percent of emission occurring near the burner 
when the Og flow was increased from 20 to 28 ml/min. Thus,, it appears 
that the size of the diffusion flame is reduced when.the Og concentra
tion in the flame is raised. At the same time, an increase in the Og 
concentration will lead to a rise in the background emission due to the 
greater concentration of flame-generated species (H and OH). This ef
fect is illustrated in Figure lb which represents the background emis

sion profiles as a function of 02 concentration. Figure 15 represents
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the Sg emission profiles and shows that the greatest emission occurs at 
the optimum flow conditions of the wide bore burner (Op/Hp - 0.24;

+ Op) = 0.'l6). Note that the background and emissions do not 
follow each■ other.. This is further illustrated in Figure l6 which re
presents the emissions of the entire flame (i.e.,without the mask).
■It is seen that the background emission steadily rises until the stoi
chiometric ratio (O^/Hg = 0.5) is reached and then falls above the 
stoichiometric O^/H^ ratio. This observation agrees with the visual 
behavior of the flame, background emission in premixed flames (76) where 
the greatest visual emission occurs when the ratio is approximate-
. ly stoichiometric. In contrast5 the Sg emission steadily decreases, with 
increasing 0  ̂concentration and the greatest emission occurs at the 
lowest C>2 concentration (Og/^p ~ 0.27; Op/(^p + 0^) = 0.l6) at a point 
just below blow-out on the narrow bore burner. It might have been 
expected that t h e e m i s s i o n  would increase with increasing 0^ concen
tration since the flame volume would be smaller and the concentration 
of flame-generated species would increase. The observed fall in the Sg 
emission suggests that other effects are predominant in the flame. The 
rise in the flame temperature would increase the dissociation of .Sp 
molecules (if 9 30) and at higher gas flow ratios the oxygen in the flame 
would prevent the formation of the 8^ species by competitively reacting 
with the sulfur atoms to produce SO species (32).

The sulfur response was investigated at other Ng + Og flows to 
determine if the same trend in emission occurs with changing Og concen
tration. Figures 17 and 18 show the detector response trends at various
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Ng + Og flows, vith respect to the O^/H^ and O^/CN^ + 0^) flow ratios.
It is seen that the trend in emission changes as the IT2 + Og flow 
changes. For instance, at the Eg + Og flow of %0 ml/min the response 
reaches a maximum at higher flow ratios (Og/Hg = 0.3^ ; §2. / +  Og) " 
0.3^) while the response at 100 ml/min maximizes at lower flow ratios^ 
(Og/Hg = 0.2U; Og/XNg + O2) = 0.17)• It appears that the lower the N2 
+ O2 flow rate, the higher the gas flow ratios must be for maximum re
sponse. The sulfur response at other H2 flows was also investigated to . 
determine if any trends in emission occur with changing O2 concentra
tion. Figures 19 and 20 represent the responses obtained at various Bx) 
flows with respect to the flow ratios at a fixed %) + O2 flow. The 
first point to be made is that the response increases when the Hg flow 
decreases in the range of low O2/H2 flow ratios (0.2 - 0.32) and low 
°2^N2 + °2^ flow ratios (O.lk - 0.26). This observation agrees with 
the results of other workers (32, 4l). This effect also occurs at other 
Eg + 0^ flows except that the increase in response with decreasing Eg 
flow becomes less dramatic at lower + flows. Secondly, the trend
in response at the various flows shown in Figure 19 is about the 
same with respect to the O^/H^ ratio. It is seen that the response 
maximizes at about 0.2k - 0.28. This characteristic trend also occurs 
at other + 0^ flows, i.e., the Eg flow does not affect the Og/Eg ratio 
at which the response maximizes to any great extent. Finally, the re
sponse trend with respect to the 0g/(Eg + 0g) flow ratio does change 
with different Eg flows. As seen from Figure 20, the response maximizes 
at lower 0g/(Eg.+ 0g) ratios with lower Eg flows. Again this particular 
trend is seen at other Eg + 0g flows. In general, it appears that in
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the hydrogen-rich flame (low Og/Hg ratios) lowering the flow and
+ Og) ratio and raising the + O2 flow will increase the sul

fur response. Also9 it appears that the maximum sulfur response at the 
higher total flows investigated occur approximately within the range of 
gas flow ratios needed for the optimum Sg molecular production.(see 
Introduction3 p. 22). The maximum sulfur response at lower total flows 
seems to fall outside of the optimum range of gas flow ratios 3 perhaps 
because at low total flows the flame size is sufficiently small to af
fect the concentration of reactive species in the "flame".

The sensitivity of the detector in terms of the S/B ratio with- 
respect to flow ratios is represented in Figures 21 and 22. The plots 
show that the S/B ratio increases with decreasing gas flow ratios at all 
N2 -+ Og flows studied. Also, decreasing the flow in the range of low 
flow ratios improves the S/B ratio. It appears that operating the de
tector at the lowest flow ratios and Eg flows as possible will yield
the greatest sensitivity.

It appears from the studies that the gas composition does affect 
the geometry of the diffusion flame. The position of the region of 
maximum S2 emission was shown to change very little over the range of 
gas flow ratios studied using the conventional burner. In terms of op
timization, operating the detector with the narrow bore burner at the 
lowest Eg flow and 0^/(N̂  + 0^) flow ratio as possible in the range of 
low 02/E2 flow ratios and high + 0g flows (e.g.,100 ml/min) will re
sult in the highest sulfur response and sensitivity. Also, it appears
that the maximum sulfur response at the higher total flows is obtained
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approximately within the range of gas flow ratios (O^/Hg and Og/fhg +
Og)) needed for the optimum production of Bg molecules.

Burner Optimization
The optimization of the narrow bore burner in terms of response 

and sensitivity with respect to total flow and flow ratios has been 
discussed, previously. The only other parameter which must be considered 
is the blow-out limit of the flame. This parameter will determine the 
region of operation for maintaining a stable flame. The effect of gas 
flow conditions on flame stability is illustrated in Figure 23. The 
flow conditions above the dotted line represent flame instability, the 
region where, the flame is difficult to sustain.

In summary, for the best or optimum operation of the detector, 
a little lower + Og flow and a little higher Hg and Og flows are de
sirable for flame stability. Thus, with respect to response, sensi
tivity, and flame stability a Eg flow of about 65 - TO ml/min. Op flow 
of 16 - 17 ml/min, and Eg + Og flow of 100 ml/min (Og/Hg - 0.2h;
Og/(Ng + Og) = O.I6) would be about the optimum flow conditions. The 
Og/Hg flow ratio of 0.2k was chosen since the greatest sulfur response 
and sensitivity is obtained at this ratio when considering flame sta
bility.

Optimization of the detector with respect to mask position was 
illustrated in Figure 9» At the optimum flow conditions for the narrow 
bore burner, the best position of the mask for greatest sensitivity 
(S/B) is seen to be anywhere from 0 to 4 mm above the burner. The ' -
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preferable position would be 4 mm to maintain selectivity against 
■ carbon compounds.

The use of the mask in conjunction with the narrow bore burner . 
as a means of eliminating the makeup carrier line to the detector 
was also investigated. The makeup line provides additional carrier gas 
•to the detector after the chromatographic column to maintain a constant 
optimum sulfur response by providing a constant + Op mixture to the 
detector. The objective of the investigation was to see if an appro
priate mask position -would give a constant detector response and sensi^ 
tivity when the Np flow (thus the Np + Op flow) to the detector was 
varied. It can be seen from Figures 2U and 25 that the mask does not 
aid in maintaining a constant response and sensitivity. However5 a slit 
may prove to be analytically useful in this context. The Sp emission 
profile shown in Figure 26 indicates that a slit 1.6 mm in height ex
tending horizontally to the walls of the flame housing and positioned 
about 3 mm above the burner would yield a constant response when the Np 
flow is varied from about 50 to 90 ml/min. Figure 27 shows’ the corre
sponding S/B profile and illustrates the point that the sensitivity 
also remains relatively constant. The investigation suggests that a 
suitable size slit approximately positioned above the narrow bore burner 
may have merit as a substitution for the makeup carrier line and still 
yield reasonable response and sensitivity. Further studies are defi
nitely needed to confirm the suspected usefulness of a slit.

A few comments concerning the optimum flow conditions and mask 
position of the detector when using the conventional burner will be 
made. If the Op concentration to the detector is lowered somewhat by
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decreasing the 0^ flow rate with the remaining flows set at the optimum 
conditions5 the flame background emission will be greatly reduced (see 
Figure‘iH) resulting in an appreciable increase in sensitivity without 
an appreciable loss in sulfur response. This is illustrated in Figures 
28 and 29. Also, the S/N ratio substantially.increases when the 0g 
flow is lowered. In addition. Figure 29 shows that a mask position of 
about 5 - 8  mm would give the optimum S/B ratio at an flow of 20 
ml/min. Thus, it may be advantageous to operate the detector with the 
wide bore burner at a little lower Og flow than is usually employed.

Sulfur Compound Study 
• The purpose of the study was to investigate the response of the 

FPD towards various types of sulfur-containing compounds. The nature 
of the relationship between concentration of the sulfur compound and 
response with respect to gas composition' was of particular interest. 
Eckhardt et al. (3̂ -) have shown that sulfur compounds with different 
types of bond-structures yield maximum responses at different optimum 
gas flow conditions. The relationship between response and concentra
tion can be expressed as follows:

' R  = R 0c n  (x)

where R is the observed response due to the Sg species and C is the 
concentration of sulfur atoms entering the detector. The value RQ re
presents the response per unit concentration of sulfur atoms and N re
veals the concentratibn-response dependency.of the particular sulfur 
compound. The values R0 and N are both constant under a given set of 
experimental gas conditions. Eckhardt et al. (3b) have demonstrated
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that the exponential power N in equation x varies with changing gas 
flow parameters and reaches its maximum value at the optimum gas flow 
condition for.the particular sulfur compound.

The values N and R0 in equation x were determined for various 
sulfur compounds at their respective optimum.gas flow condition. The 
optimum gas flow conditions were determined hy following the response 
as a function of the changing.gas flow parameters, for a particular 
sulfur concentration. Since most sulfur response-concentration studies 
have been done with the Melpar FPD (30, 3^, 36, 37, 38), the experiments 
were performed with the conventional burner. Therefore, the gas com
position to the detector was changed by varying the 0g flow with the 
total flow parameter (Hg and Ng + Og) set at the optimum conditions for 
the wide bore burner (Table III). Also, the experiments were performed 
without the 394 nm interference filter, instead the mask was positioned 
8 mm above the burner to reduce some of the emission reaching the PM 
tube to avoid saturation. This was particularly applicable to the ex
perimental determination of N and R0 where the sulfur concentration was 
varied over a wide range. Also, a mask position of 8 mm was found t o ' 
give approximately the optimum S/B ratio for all of the compounds in
vestigated at Og/Hg gas flow ratios from 0.2 to 0.3. The optimum gas 
flow ratios obtained for each sulfur compound are given in Table III 
along with the observed maximum responses and the particular sulfur 
concentrations used. The data shows that the optimum conditions for the 
dioxide, sulfide and disulfide compounds are the same while the two 
mereaptans require greater oxidizing conditions for maximum response.
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Table III. Optimum gas flow conditions of sulfur compounds

Hg - 100 ml/min 
Ng + Og - 150 ml/min

Response Concentration 
Compound Og/Hg Og/(Hg + Og) (mv x po^) (ppt Sulfur)

Sulfur Dioxide 0.2U 0.16 66 159
Methyl Mercaptan 0.26 0.17 U9 ' 192
Ethyl Mercaptan 0.32 0.21 1^9 2^5

• Dimethyl Disulfide 0.24 0.l6 ?4 228
Diethyl Sulfide 0.24 0.l6 80 205
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This anomalous behavior of mereaptans has also been observed by Eckhardt 
et al. (3̂ )- However, the optimum gas condition for ethyl mercaptan 
was not readily apparent and this point will be discussed later.

The values N and R0 for ethyl mercaptan, diethyl sulfide and 
dimethyl disulfide were determined from calibration curves of the data 
obtained by monitoring the detector response at various sulfur concen
trations. The sulfur concentrations ranged from approximately ho to 
700 ppb. To obtain a linear relationship between detector response and 
concentration the logarithm of equation x. was used:

log R = N log .0 + log Eg (xi)

where R is in units of millivolts and C is in units of ppb of sulfur 
atoms. N and R0 were calculated by least square regression analysis of 
the response-concentration data using equation xi. The results are 
summarized in Table IV. The N values for sulfur dioxide and methyl 
mercaptan shown in Table IV were taken from Eckhardt et al. (3̂ ) and the 
R0 values were computed from the response and concentration data pre-r- 
sented in Table III by using equation x. Since not all of the expert-, 
ments were performed with the same set of instruments, the different 
gains of the instruments will affect the R0 value. In order to compare 
the R0 values of the compounds, dimethyl disulfide was evaluated with 
both sets of instruments and the RQ values shown in Table IV were nor
malized relative to dimethyl disulfide. The N values of the compounds 
investigated show that the response relates in a nonlinear manner to the 
sulfur concentration, including the disulfide compound, at their re
spective optimum gas flow conditions. The unexpected nonlinear



response-concentration dependency of dimethyl disulfide verifies the ob
servations of other investigators (30, 35)• It is also noted that the 
same N value (1.88) for dimethyl disulfide was obtained with or without 
the 39k nm interference filter. More significantly, the results show 
that the N and R0 values of the compounds are remarkably ̂ similar at the 
optimum gas flow conditions. This trend is in marked contrast to the 
results of Sugiyama et al. (35) "who obtained a wide range of N and R0 
values for the same type of compounds (mercaptan, sulfide, disulfide). 
The authors performed their experiments at a fixed set of gas conditions 
(Og/Hg = 0.it) and their operating conditions do not necessarily reflect 
the optimum conditions for all of the compounds' investigated. In fact, 
the authors N values are lower than the N values given in Table IV for 
the corresponding type of compounds. This is most noticeable in the 
case of butyl mercaptan, where the authors reported an N value of ap
proximately 1. Table V gives the R0 values based on the mass flow of 
the sulfur compound (ng/min) entering the detector. The results show 
that the responses per unit mass of compound follows the order of in
creasing sulfur content of the compounds. This indicates that the com
pounds investigated respond according to their sulfur content at their 
respective optimum gas conditions. The raw data for determination of 
the response factors N and R0 presented in Tables IV and V are given in. 
Appendix A.

The relationship between the response factors N and R0 with re
spect to gas composition was investigated for ethyl mercaptan by deter
mining ' calibration curves at various gas flow conditions. The results
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Table IV. Constant N and R0 values 
conditions

at optimum gas flow

% ■Normalized
Compound N (mv x 105) . *0

Sulfur Dioxide b1.95 ± 0.03 3.37 0.88 -
'Methyl Mercaptan ^l.82 ± 0.04 3.41 0.89
)Ethyl Mercaptan 1.930 ± 0.0U3 3.765 0.99 •
Dimethyl Disulfide 1.875 ± 0.0U0 3.8.1.4

' 1^Dimethyl Disulfide 1.875 ± 0.007 10.04
cDiethyl Sulfide 1.915 ± 0.007 9-443 0.94

aResponse"per unit sulfur concentration.
^Determined by Eckhardt, Denton and Moyers (3U). 
cCalibration curve determined with 39^ nm interference filter.
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Table V. Comparison of RQ values to 
compounds

sulfur content of

o5s • Normalized % Sulfur
Compound - (mv x 103) Ro Content

^Diethyl Sulfide 0.8273 . 0.29 35.6
Sulfur Dioxide 0.678 0.63 50.0
Ethyl Mercaptan 0.6879 0.64 51.6
Methyl Mercaptan 0.946 0.88 . 66.6
Dimethyl Disulfide 1.078

l 68.1
^Dimethyl Disulfide 2.840 *

aResponse per unit compound mass.
"^Calibration curve determined with 39̂ * nm interference filter.
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presented in Figure 30 show that both N and R0 are very dependent on the 
gas composition. It is also evident that as N increases R0 decreases 
which suggests that N and R0 are inversely related. Figure 31 illus
trates the response obtained with changing gas composition as a function 
of the concentration of ethyl mereaptan. A comparison of Figures 30 and 
31 points out that the changes in R0 and response with changing gas com
position agree with each other fairly well for sulfur concentrations 
less than approximately 150 ppb. However, there, appears to be little 
correlation between N and response except that above approximately 200 
ppb the maximum N value corresponds to the maximum response. Therefore3 
it was decided to use the gas composition (Og/Hg = 0.32) that yielded . 
the maximum N value as the "optimum” gas flow condition for ethyl mer- 
captan. As indicated in Table IV, the H and R0 values for ethyl mer- 
captan under these conditions agreed quite well with the values of the 
other compounds.

The above discussion indicates that in order to obtain similar 
compound response-concentration characteristics (N and R0), the FPD must 
be operated at the optimum gas conditions of the sulfur compounds. This 
observation suggests a possible GC analytical use, at least in a semi- 
quantitative sense. An appropriate sulfur-containing compound could be 
used as a standard for the.determination of the concentration of any 
other sulfur-containing compound. A standard calibration curve (log R 
vs. log C) is prepared at the optimum gas condition of the standard.
The analysis of the sulfur compound of interest in a sample would be 
performed at its respective optimum gas condition and the standard cal
ibration would be used to obtain the concentration of the compound. An
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appropriate standard, would "be a ' sulfur compound that is readily avail
able such as sulfur dioxide. This method would eliminate the need for 
standards for each compound under investigation. • Of course, a previous 
knowledge of the optimum gas conditions and column characteristics 
(retention time) of the particular sulfur compound would he required. 

Further studies are definitely needed to determine the feasibility of 
the proposed technique.

Suggestions- for Further Research ■
Since it was found that the typical FPD diffusion flame dis

perses the S^ emission throughout a large portion of the flame housing 
due to the conical shape of the flame, a burner configuration that 
yields a flat flame may be worth investigating. Such a diffusion flame 
configuration is the impinging-jet diffusion flame (96). In this 
apparatus, the diffusion flame is formed at the boundary between op
posing fuel and oxidizer streams, thus two opposing burners are needed. 
Depending on the fuel and oxidizer flow rates, a cylindrical shaped 
flame or flat disc flame can be produced. The only flame systems that 
have been studied with this apparatus are hydrocarbon and CO flames (97). 
Of course, the gas flow characteristics (total flow and gas composition) 
of the flame would have to be. investigated to determine the optimum 
conditions for flame shape and emission. It would be expected that 
the flat flame would yield greater concentrations of reactive species 
than the conical flame and would confine the sulfur reaction zone lead
ing to an enhancement in Sg emission intensity. ,
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Another possibility which could be investigated is the use of 
a movable slit of fixed dimensions incorporated between the. flame and 
photomultiplier tube. The slit would allow the isolation of that por
tion of-the emission which would yield the best S/B and S/N ratios. 
With the proper slit dimensions and slit position, the 8^ emission 
viewed.should be less dependent on the gas flow conditions since the 
flame volume viewed would be very small. Also; the slit could be used •
in conjunction with a light-guide, such as fiber optics, to enhance • 
the light transmission and isolate the photomultiplier tube from the 
flame, thus reducing the noise level. A slit might also be capable.of 
giving some degree of selectivity for sulfur against other functional 
groups, possibly eliminating the need for an interference filter which 
would greatly improve the response.

Further studies in characterizing the response factors (W and 
Rq ) at optimum gas flow conditions of more complex sulfur compounds such 
as pesticides and herbicides are. needed to test the postulates put forth 
previously. Tabular data of optimum gas conditions and response factors 
of. such complex molecules would be useful to residue chemists. The 
tabulated data could possibly allow the analyst to choose an appropriate 
standard which would give a reasonable idea of the levels of particular 
residues in field studies and thus simplify the monitoring procedure. 
Also, the effect of the presence of other heteroatoms such as N and Cl 
on the emissive response of sulfur-containing pesticides could be in
vestigated.

The slit could also be used to investigate some aspects of the 
mechanism of Sg emission. With an appropriate size slit, the dependency



of N and R0 with distance (time) above the burner could possibly be 
determined. Any change in N and R0 with distance would reflect the 
change in concentrations of reactive species in the "flame" regions. 
Also 9 the slit could be used to isolate the region of maximum Sg emis
sion and under the optimum gas flow conditions for the particular 
sulfur compound5. the value of N should be 2 since no decay of sulfur 
atoms is occurring in this region. Thus5 a slit may be capable of op
timizing the detector with respect to the response factors of sulfur 
compounds. The slit may also be able to shed some light on the anoma
lous behavior of the mere apt an s.-



APPENDIX A

SUMMARY OF RAW DATA FOR FIGURES AND-TABLES

This section represents the raw data for determination of the 
curves presented in Figures k - 31 and the response factors (N and Ro) 
presented in Tables IV and V.

96
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Al. Summary of raw data for Figures V, 5

ch3s2ch3 Op/Hp *- 0-24 Wide Bore (l8 mm) Burner
110 ppb Op/(^2 + Op) -- 0.16 , Rel. Att. 64 x 10^
37 ng/min Ng + Og -.150 ml/min

Eg - 100 ml/min

Mask Total Flame Sulfur
Position (mm) Signal (mv) Background (mv) Response (mv)

0 19.51 1 . 28 . 18.23
1.6 18.81 1.17 17.64
3.2 16.27 •0.94 15.33
4.8 13.25 0.68 12.57
6.4 10.17 0.49 9-68
8.0 7.70 0.36 7.34
9.6 5.66 0.29 5.37
11.2 4.02 0.22 3.80

.: 12.8 2.79 0.17 2.62
l4.4 1.85 0.12 1.73
16.0 1.08 0 . 07 1.01
17.6 0.48 0.03 0.45
19-2 . 0.30 0.02 v' 0.28
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A2. •Summary of raw data for Figures 6 - 10

S02
115 ppb 
13'ng/min

02/H2 •— 0« 2b.
Og/ (Ng ■*" Og ) — 0 .16

Narrow Bore (8 irmi) Burner 
Rel. Att. 6k x 10^

Total Flow Parameter Mask Total Flame Sulfur
(ml/min) Position Signal Background Responsecvo+CXI

$ (mm) . (mv x 10 )̂ (mv x 10 )̂ (mv x 10 )̂

hi 70 0 . 126 70 56
1.6 111 65 46
3.2 86 57 294.8 62 46 16
6.4 . 46 36 10

'• 8.0 35 . 29 6
9-6 28 23 5
11.2 : 22 19 3

. 12.8 17 : 15 2
• 14.4 12 11 1

16.0 8 7 1
17.6 5 5 0
19.2 4 4 0

67 100 0 294 96 198
1.6 269 88 181
3.2 224 74 150
4.8 172 59 113
6.4 , 127 46 : 81
8.0 95 36 59
9.6 72 29 43

. 11.2 53 23 30
12.8 39 18 21
l4.4 28 13 . 15
16.0 19 9 10
17.6 11 6 5
19.2 8 4 4
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A2, continued

Total Plow Parameter Mask Total Flame Sulfur
(ml/min) Position Signal Background Respons

Hg Ng + Og (mm) (mv x 10 ) (mvx 10 ) (mv x 10 y

80 • 120 0 3^2 117 225
1 .6 305 ' 9b 211
3.2 .257 76 181
U.8 208 6o 148
6.h l 6 l 46 . 115
8.0- 122 37 85
9.6 91 29 62

11.2 66 23 43
12.8 kS 18 30
ik.k 33 13 20
16.0 21 9 12
17.6 12 6 6
19.2 8 4 4

(DCXJ
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A3. Summary of raw data for Figures 11* 12

S02 Og/Hg - 0.2b Wide Bore (l8 mm) Burner
115 pp"b OgCNg + Og) - 0. l6 Pel. Att. 64 x 10^
13 ng/min

Total Flow Parameter Mask Total Flame Sulfur
(ml/min) Position Signal Background Response

Hg Kg + 0g (mm) (mv x 10 )̂ (mv x 10 )̂ (mv x 10 )̂

Urf TO 0 21 ■' 19 2
. 1.6 19 18 1

3.2 16 16 0
4.8 12 13 —
6.4 9 10 —
8.0 7 8 —
9.6 .6 7 -

11.2 4 5 —
12.8 3 4 _

. 14.4 2.5 3 —
16.0 2 2 -
17.6 1 1 —
19.2 1 1 -

67 100 0 120 49 71
i. 6 109 46 63
3.2 88 40 48
4.8 64 31 33
6.4 44 24 20
8.0 30 19 11
9.6 22 . 15 7 ’

. 11.2 16 12 4
12.8 12 9 3 .
14.4 ' 9 7 2
16.0 • 6 5 . 1 .
17.6 4 3 1
19-2 2.5 2 0.5
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A3, continued

Total Flow Parameter Mask Total Flame Sulfur
(ml/min) Position Signal Background Respons

Hg Ng + Op (mm) (mv x 10^) (mv x 10^) (mv x 10 j

80 120

100 150

(mm) (mv x !

0 206
1.6 191
3.2 162
U.8 127
6.4 98
8.0 66
9.6 50

11.2 . 35
12.8 27
14.4 20
16.0 14
17.6 9
19.2 .7
0 271
1.6 251
3.2 216
4.8 . 167
6.4 130
8.0 102
9-6 80
11.2 60
12.8 45
l4.4 32
l6.o 21
17.6 13
19.2 9

66 i4o
62 129
54 108
43 84
33 65
25 4i
20 30
16 19
12 15
9 11
6 8
4 5
3 ' 4

103 168
94 ' 157
77 , 139
60 107
46 . 84
36 66
28 52
22 38
17 28
13 19
9 12
5 8
4 - 5

roc
D
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AU. Summary of raw data for Figure 13

Ng + Og ■ 100 ml/min Harrow Bore (8 mm) Burner

Eg Flow 
(ml/min) 02/H2

Gas Composition
02/(Ng, + 02)

Detector 
Temperature (°C)

60 0.24 0.14 . 108
0.28 0.17 110
0.32 0.19/ 116

80 0.20 0.16 110. 5
0.28 0.22 117
0.32 0.26 122

. 100 0.20 0.20 ' 116
0.24 0.24 119
0.28 0.28 123
0.32 .0.32 130
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A5. Summary of rav data for Figures l4, 15» 28, 29

so2

115 ppb 
13 ng/min ■

Hg - 100 ml/min 
Wg + 0g -150 ml/min

Wide Bore (l8 mm) Burner 
Eel. Att. 64 x 101+

Gas Composition 
Og/Hg Og/Clg + o2 )

Mask
Position

(mm)
Total 
Signal 

(mv x 10^)
Flame 

Background 
(mv x 10^)

Sulfur 
Response 
(mv x 10^)

0.20 0.13 0 172 46 126
1.6 162 42 120
3.2 139 35 104
4.8 113 • 27 86
6.4 88 21 67
8.0 68 16 52
9.6 53 13 4o

11.2 38 10 28
12.8 28 8 20
14.4 20 6 14
16.0 13 4 9
17-6 8 ' 2 6
19-2 6 1 9

0.24 0.16 0 271 103 168
1.6 251 94 157
3.2 - 216 77 139
4.8 167 60 107
6.4 130 46 84

' 8.0 102 36 66
9-6 80 28 52

. 11.2 , 60 22 38
12.8 ' 45 17 28

. 14.4 32 13 19
l6.o 21 9 12
17.6 13 5 8
19.2 9 4 5
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A5, continued

Mask . Total Flame Sulfur
Gas Composition ' Position Signal . Background Response

Og/Hg Og/fEg + 02) 
0.28 0.19

(mm) (mv x 10 )̂ (mv x 10?) (mv x 10 )̂

0 332 185 •147
1.6 301 164 137
3.2 252 132 120
4.8 197 102 95
6.4 150 78 72
8.0 114 60 54
9.6 88 46 42

11.2 67 36 31
12.8 50 28 22
14.4 35 20 15
16.0 23 14 9
17.6 14 9 5
19.2 10 6 4
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A6. Summary of raw data for Figures l6 - l8, 21, 22

S02
250 ppb 
29 ng/min

H2 - 70 ml/min Narrow Bore (8 mm) Burner 
39^ nm Interference Filter 
Mask Position - 0 mm 
Eel. Att. 16 x 10^

N2 + 02 Flow 
(ml/min)

Gas
o2/h2

Composition 
02/(N2 + 02)

Total 
Signal 

(mv x 10 )̂
Flame 

Background 
(mv X 10^)

Sulfur 
Response 
(mv x 102)

' 70 0.14 ' 0.14 43 0 43
0.17. 0.17 62 0 62
0.20 0.20 93 1 92
0.24 0.24 175 2 173
0.27 0.27 195 ■ 4 191
0.30 0.30 211 6 205
0.34 0.34 233 10 223
0.37 0.37 233 16 217
o.4o 0.40 . 219 20 199
0.43 0.43 199 28 171

. 80 0.20 0.175 199 1 198
0.24 0.21 279 2 277
0.28 0.245 285 4 28l
0.32 0.28 291 8 283

90 0.20 0.155 288 l 287 ■
0.24 0.19 352 2 .350' ..
0.28 0.22 335 4 331
. 0.32 0.25 333 8 325 •

. 100 0.20 0.14 . 319 l 318
0.24 0.17 4 01 2.5 398
0.28 0.20 372 4 368
0.32 0.22 ' 363 8 355

110 0.24 0.15 447 3 . 444
0.28 0.18 397 4 393
0.32 0.20 371 8 363



106

A6» continued

Ng + C>2 Flow 
(ml/min)

Gas Composition
Total
Signal

Og/Hp. + 0^) (mv x 10^)
Flame 

Background 
(mv x 10 )̂

Sulfur 
Response 
(mv x 102)

120 0.27 0.16 389 3 386
0.31 0.18 . 373 ■ 6 367
0.34 0.20 356 10 346
0.38 ' 0.22 330 15 315
0.4l 0.24 295 22 273
0.45 0.26 247 29' 218
0.48 O.28 205 33 172
0.51 0.30 l4l 30 111
0.54 - 0.32 48 22 26
0.57 0.33 43 16 27
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A7. * Summary of raw data for Figures 199 20

SOg
250 ppb 
29 ng/min

^2 + O2 - 100 ml/min Narrow Bore (8 mm) Burner 
39̂ - nm Interference Filter 
Mask Position - 0 mm 
Eel. Att. l6 x IcA

Total Flame Sulfur
Eg Flow Gas Composition Signal Background Response
(ml/min) Og/Hg 0g/(Eg + 0g) (mv x 10^) (mv x 10^) (mv x 10^)

.60 0.25 0.15 460 1 459
0.28 0.17 429 2 427
0.32 0.19 427 4 423
0.35 0.21 412 7 405
0.37 ■ 0.22' 399 9 390
o.Uo 0.24 362 15 347

TO 0.20 0.14 319 1 318
0.2U 0.17 4 01 2.5 398
0.28 0.20 372 4 368
0.32 0.22 363 „  8 355

80 0.20 0 .16 315 3 312
0.2U 0.19 363 3 360
0.28 0.22 355 7 348
0.32 0 .26 343 17 326

100 0.20 0.20 . 245 4 241
0.24 - 0.24 312 6 306
0.28 0.28 323 15 308
0.32 0.32 275 29 246
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A8. Summary of raw data for Figure 23

SO 2'
250 ppb 
29 ng/min

O2/H2 - 0.24 Narrow Bore (8 ram.) Burner 
.394 nm Interference Filter 
Mask Position - Q mm 
Bel. Att. 16 x 10^

Gas Flows Total Flame Sulfur
(ml/min) Signal Background Response

H2 °2 Nr) + Og (mv x 10^) (mv x 10^) (mv x 10^)

50 12 65 70 1 69
70 172 1 171
80 337 - 1 336

60 14.5 ' 65 110 1 109
• 70 167 1 ■ 166
80 295 2 .293
90 387 2 385
100 491 2 489

70 17 65 102 2 100
70 163 2 161
80 279 2 277
90 352 2 350

100 4 01 2.5 398
110 447 3 444

80 19 65 122 4 118
70 189 4 185
80 269 4 265 .
90 328 3 325

100 363 3 " 360
110 ' 388 3 385
120 397 3 394

100 24 64 127 6 121
70 171 6 165
80 233 6 227
90 279 6 273

100 312 6 306
110 332 6 . . 326
120 .342 6 . 336
130 345 6 339
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A9. Summary of raw data for Figures 2U - 27:

S02
113 ppl 
13 ng/min

Eg - 6o 
0g — lU.

ml/min 
5 ml/min

Narrow Bore (8 mm) Burner 
Eel. Att. 6b x 10^

Mask Total Flame Sulfur
Eg Flow Position Signal Background Response
(ml/min) (mm) (mv x 10^) (mv x 10^) (mv x 10^)

56 0 420 75 345
1.6 351 72 279
3.2 223 63 160
b.8 125 50 75
6.U 75 37 38
8.0 49 28 21
9.6 33 22 11

11.2 • 23 ■ 17 6
12.8 l6 13 3
ik.k 11 9 2
16.0 7 6 1
17.6 ' 4 3 1
19.2 3 2.5- 0.5

86 0 890 67 823
1.6 790 50 740
3.2 670 39 631
4.8 540 30 510
6.4 420 22 398
8.0 310 17 293
9.6 223 13 210

11.2 151 9 142
12.8 104 . 7 97
14.4 70 5 65
16.0 45 3 42
17*6 23 2 21
19.2 13 1 12
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A10. Summary of raw data for Figure 30

CHgOHgSH Eg - 100 ml/min Wide Bore (l8 mm) Burner
Permeation rate Eg + 0g - 150 ml/min Mask Position - 8 mm

111 ng/min ■
Eel. Att. 128 x 102 '

Carrier Flow Sulfur Sulfur
Gas Composition Over Tube Concentration Response

0g/Hg 0g/(Eg + Og) (ml/min) (ppb) (mv x 10 )̂

0.20 0.13 913 UU 6
, 812 b9 8

712 56 . 9
6l6 65 12
521 77 16
368 109 30
220 ’ 182 71 
157 255 134

0.24 0.16 812 49 8
718 56 10
616 65 13
521 77 16
366 109 31
220 182 77
163 245 . 132

0.26 0.17 830 48 9
625 64 ' 16
437 92 29
368 109 37
294 136 53
223 . 180 84
163 245 138

0.28 . 0.19 830 48 8
718 56 10
■616 65 14
431 93 22
368 . 109 33

. 294 136 45
220 182 79
163 245 135
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A10, continued

Carrier Flow Sulfur Sulfur
Gas-Composition. Over Tube Concentration Respons

Og/Hg O2/(N'2. + Og) (ml/min) (ppb) (mv x 10

0.32 0.21 93? Us 5
830 48 6
625 64 13
380 105 . 33
298 134 ' 48
223 180 82
163 245 149

(DCXJ
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All. Summary of raw data for Figure 31

CH3CH2SH Hr - 100 ml/min
Hg + Og - 150 ml/min

Wide Bore (l8 mm) Burner 
Mask Position - 8 mm 
Rel. Att. 128 x 102

Sulfur Total Flame
Concentration Gas Composition Signal Background

(ppb) Og/Hg Og/(Hg + Og) (mv x 102) (mv x 102)

2U5 0.2U
0.26
0.28
0.32

0.16

0.17
0.19
0.32

Sulfur 
Response 
(mv x 102)

See Appendix A10.

1U0 0.20
0.22
0.2U
0.26
0.28
0.30
0.32

0.13
0.15
0.16
0.17
0.19
0.20
0.21

69

83
97

112
119
131
143.5

16

25
35
47
56
70
83

53 
58 
62 ' 

65.
63
61

60.5
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A12. !Summary of raw data for Tables IV, V

Eg - 100 ml/min - 0.24 Wide Bore (l8 mm) Burner
Eg + 02 - 150 ml/min OqI (%> + o2) - 0.16

Carrier Sulfur Mask
Flow Concen Compound Sulfur Posi
Over Tube tration Mass Flow Response tion . Pel.

Compound (ml/min) . (ppt>) _ (ng/min) (mv x 10 )̂ (mm) Att.
aCH3CH2SH 937 U3 9.5 5 8 128 x 102

. 830 U8 11 6
(Permeation 625 6h 14 1.3

rate 380 105 23 33
111 ng/min) 298 13U 30 48

223 180 4o 82
163 245 54 149

(ch3 )2s2 625 105 18 23 8 128 x 102
■ 535 ' 122 21 .30.

(Diffusion ^39 149 25 46
rate 37U 175 29 ' 63

138 ng/min) 310 211 36 92
225 291 49 161
169 388 65 257

b (CH3 )2S2 . 859 76 ‘13 33 4 16 x 10^
729 90 15 46

(Diffusion 630 104 17 59
rate 535 122 20 82

137 ng/min) hk6 146 25 . 117
373 ■ 175 29 163
305. 214 36 236
• 226 289 49 '4o6
167 - 391 66 740
89 732 123 ■ 2,340
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A12, continued

Carrier Sulfur Mask
Flow Concen Compound Sulfur Posi
Over Tube tration Mass Flow Response - tion Rel.

Compound (mi/min) (ppb) (ng/min) (mv x 10 )̂ (mm) Att.

b(CH3CH2)0S 956 6l 20 25 4 16. x 10^
. d. 836 70 23 33

(Diffusion 732 80 . 26 4l
rate 625 94 30 56

236 ng/min) 535 109 35 ' 76
441 133 43 110
379 154 50 150
302 194 62 230
226 259 83 378
172 341 110 684
110 532 . 171 1,584
80 732 236 2,876

a02/H2 0,32, 02/(N2 + 02) 0.21
^Calibration curve determined with 394 run interference filter.
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