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Abstract

A novel analytical device has been developed for gas chromatography. It is based on optical emission from a counter-current (i.e.
counter-flowing) air or oxygen flame, which burns in an opposing stream of hydrogen and column effluent. The flame is typically posi-
tioned “upside down” on the upper (air) jet, which faces the lower (hydrogen+ effluent) jet. It can also be positioned on the lower jet, be
connected to both jets, or be suspended in the gap between them. Excellent stability can be obtained in any of these modes. Overall, this
new “counter-current flame photometric detector” (ccFPD) responds to analytes in the manner of a conventional flame photometric detector
(FPD); however, it can be operated over a much wider range of gas flows. For instance, the same physical ccFPD burner easily supports stable
flames of air flows between 5 and 200 ml/min and corresponding hydrogen flows between 5 and 10,000 ml/min. Visual observation of the
counter-current flame, in the presence of sulfur and phosphorus as test analytes, reveals intense, steady luminescence under a wide variety
of conditions. Additionally, and in contrast to the commercial FPD, flame conductivity signals can be obtained that are similar in quality to
those produced by a conventional flame ionization detector (FID). Thus the ccFPD is a flexible, easily optimized photometric detector. The
exceptional flow stability of the ccFPD was used to explore the earlier reported phenomenon of strong signal/noise (S/N) ratios, which had
been obtained for hetero-elements of the iron group from a conventional FPD with a small, stoichiometric flame. Results using the ccFPD,
which also exhibits this unusual response, indicate that these high S/N ratios are only partly due to the predictable decrease in flame noise
with decreasing flame size. Contrary to expectations, the absolute analyte signal often increases as the flame size decreases to the point of
extinction. The signal intensity and the magnitude of the observed changes depend to some degree on the flame composition (H2/O2 ratio).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The flame photometric detector (FPD) has been one of the
most widely used detectors in gas chromatography (GC) for
over three decades. This is largely due to its sensitive and
selective response for compounds containing sulfur, phos-
phorus, tin, and several other elements[1–9]. During the
course of the FPD’s extensive use in such areas as pesti-
cide residues, petroleum chemistry, and air pollution, several
other devices have been developed that incorporate similar
operating principles and hence impart FPD-like responses.
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Examples include the dual-flame FPD[10], the pulsed-flame
FPD[11–13], and the reactive-flow detector[14].

In recent years a study from our (Dalhousie) group
demonstrated that an FPD using a small, stoichiometric
flame could produce unexpectedly sensitive signal/noise
(S/N) responses for iron-group metals[15]. It was found
that its iron, ruthenium, and osmium emissions consisted
of very similar spectral continua. This contrasts with the
typical atomic lines and metal-oxide molecular band sys-
tems that some of these metals, e.g. iron, are known to
generate in the larger flame of a conventional FPD[16],
in the pulsed-flame FPD[12], and of course in the still
far hotter flames or plasmas of atomic spectroscopy. Fur-
thermore, the S/N response increased steadily as the flame
was made progressively smaller. Ultimately, the small, sto-
ichiometric flame bordered on extinction when some of the
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lowest MDLs (minimum detectable limits) were recorded.
These compared favorably with the best values reported for
atomic emission detection, making this FPD method a use-
ful alternative for the GC analysis of volatile organometallic
compounds of these metals[15] (or of their ions after ap-
propriate derivitization[17]). However, flame extinction
limited the study of this excitation source at still lower
gas flows, and hence prevented a better spectrochemical
understanding of the underlying phenomena.

For instance, the fact that the analytical emissions of these
elements are spectrally different in flames of different size
and composition is easily rationalized. However, it is quite
remarkable that the S/N ratios increase so strongly as the size
and energy of the flame is lowered. Since much lower (as
well as much higher) gas flow conditions were not accessible
on the then-used system, the response characteristics of a still
weaker flame, and how it would compare to a much larger
flame of the same composition, had to remain unknown.
Such information about signal and noise over a wide range
of flame conditions could, however, have been quite helpful
in understanding the mechanism of the strong emission. But
in order to conduct a study of this nature, a more stable
flame system was needed.

In its most conventional design, the FPD is based on pho-
tometric emissions emanating from a fuel-rich hydrogen–air
flame receiving GC effluent. The flame burns on a set of
concentric tubes that deliver the reagent gases. This is a
common burner design[18]. Similar burners/combustion
modes (e.g. premixed flames, etc.) produce reliable re-
sponses in a multitude of other flame-based GC detectors
[19]. As well, a variety of interesting slot or multi-capillary
type burners have served to sustain larger flames for an-
alytical use, for spectroscopic excitation[20–22], or for
monitoring gas-phase reactions[23].

Indeed, combustion research has often been facilitated by
the advent of novel, unconventional burners, which are then
used to study such topics as the ignition, stability, flow pro-
files, and burning velocity of flames[24]. Counter-current
flames are a good example of this. In this respect, “current”
refers to the flowing current of flame gases, and is some-
times also referred to as a “counter-flowing” flame. In these
systems, fuel and oxidant are introduced as opposing gas
streams from burners directly opposite (usually above and
below) one another[25,26]. This unique burner arrangement
is frequently used to study combustion flow profiles and
flame structure during ignition. Yet despite its potential an-
alytical interest, we are not aware of any prior study where
such a system has been incorporated into a GC detector.

Recently, during a study of various GC burner designs, we
began working with counter-current flames. Their remark-
able stability and emission characteristics strongly suggested
future analytical usage, especially where either very small
or very large flames had to be accommodated. For instance,
subsequent to this study, our (Calgary) group found that
small counter-current flames could be potentially helpful for
portable, miniaturized, low-flow analytical devices[27,28].

This format also differs from other micro-analyzers employ-
ing more conventional flames[29,30]. On the other hand,
larger counter-current flames may prove to be beneficial to
supercritical fluid chromatography, where large volumes of
rapidly expanding carrier must enter the detector. Of par-
ticular interest, however, was the counter-current flame’s
potential to overcome the stability limitations encountered
earlier with the small, stoichiometric FPD flame[15].

In this study, we construct a counter-current flame device
and operate it as a photometric GC detector, in order to
examine the extent to which useful analytical responses can
be derived from such a system. Additionally, the response
characteristics of this “counter-current FPD” (ccFPD) are
evaluated over a wide range of conditions and for a num-
ber of photometrically active elements. Some discussion
of flame chemistry and structure, as they relate to analyte
emission, are also presented.

2. Experimental

A schematic diagram of the ccFPD is shown inFig. 1. The
device rested on the base of a commercial flame ionization
detector (FID) atop a GC (a Tracor model 550 in earlier, a
Shimadzu model GC-8a in later studies). A new housing was
constructed from a 3 in.×4 in. aluminium block machined to

Fig. 1. Schematic view of the ccFPD.



K.B. Thurbide et al. / J. Chromatogr. A 1029 (2004) 193–203 195

fit the GC detector base (1 in. = 2.54 cm). A 2 cm i.d.
hole was drilled vertically through the housing. It accom-
modated a 10 mm i.d. quartz tube, which surrounded the
original detector burner and extended through its full height
inside.

The top of the housing was machined to fit a cap. This
cap contained holes that allowed flame exhaust to leave,
but not light to enter. Through the center of the cap was
threaded a 1/4 in. Swagelok stainless steel tube stub that
guided a 6 mm o.d.× 1.8 mm i.d. stainless steel burner tube
downward, to any desired height opposite the original FID
burner nozzle. Horizontally through the center of the block,
a 1.5 in. i.d. hole was drilled. Into one end of this hole, a
movable aluminium cylinder with a polished concave mirror
was inserted and held in place by an O-ring. From the other
end, a water-cooled photomultiplier tube (PMT; R-374 or
R-1104 with wavelength range 185–850 nm; Hamamatsu,
Bridgewater, NJ, USA) was pushed in through an O-ring.
Its photocathode was situated directly opposite the mirror
for efficient light collection.

Typically but not exclusively, hydrogen and column ef-
fluent were introduced into the quartz enclosure through the
original FID nozzle (forming the ‘lower burner’) and air
was delivered from the top through the ‘upper burner’. A
borosilicate column, 2 m× 1.8 mm i.d., packed with 10%
Apiezon L on Chromosorb W (45–60 mesh), was used to
perform separations on the Tracor instrument with a typical
nitrogen flow of 12 ml/min through the column. Separa-
tions on the Shimadzu instrument were performed on an
EC-5 [(5% phenyl)-95% methylpolysiloxane] megabore
column (30 m× 0.53 mm i.d.; 1.00�m thickness; Alltech,
Deerfield, IL, USA), using 5 ml/min of helium as carrier
gas. Chemicals for standard solutions were used as re-
ceived from Aldrich, and gases were obtained from Praxair.
Spectra were acquired using a 1/4 m Jarrell-Ash monochro-
mator (1180 lines/mm grating, 3 nm/mm bandpass), or an
Oriel model 77250 1/8 m monochromator (No. 77298 grat-
ing; 1200 lines/mm, 6 nm/mm bandpass). Other variations,
as well as the optimized gas flow settings, are described
later.

3. Results and discussion

3.1. General operating parameters

The unique arrangement of fuel and oxidant gases en-
tering in opposite, i.e. “counter-current” directions allows
great flexibility in situating and operating the flame at var-
ious positions and conditions within the detector. We have
examined numerous parameters and found that the ccFPD
system is able to produce stable flames in a variety of eas-
ily controlled operating modes. Most notably, this apparatus
can support flames situated on the lower burner, flames on
the upper burner, flames disconnected from but stably sus-
pended between the two burners, or even flames connected

to and spanning the full distance from the upper to the lower
burner. These flames can assume oval, flat, bell-shaped and
many other forms, in very small and also in very large sizes.

The common and consistent observation made in prac-
tically all of these cases is that the flame, at appropriately
chosen conditions, remains stable and does not flicker or
extinguish, even when a 10-�l solvent injection is made,
or when the burners are placed off-axis to one another. Of
further interest is that, depending on the ccFPD burner ar-
rangement, the system can produce stable flames by using
gas flows ranging from only a few milliliters all the way
up to several liters per minute. As one might expect, the
resulting flames vary greatly in size, shape and temperature.
For example, the use of 30 ml/min each of hydrogen and
air results in a roughly spherical counter-current flame of
about 3 mm diameter, which registers about 200◦C on a
thermocouple dipped into the lower, hydrogen-rich region
where analytes such as sulfur emit (although, nearer to the
upper burner, the outer and inner cone regions measure
about 500 and 900◦C, respectively). In contrast, when us-
ing much larger flows of 200 ml/min of air and 10 l/min
of hydrogen, the resulting flame is about 10 mm in diam-
eter and measures 1200◦C at its center, due to the inner
cone extending throughout much of the visible flame vol-
ume. Since both air or oxygen counter-current flames can
be readily supported in the opposing stream of hydrogen,
the ccFPD device has the potential of providing a variety
of unique flame conditions/compositions within the region
spanning the two burner jets.

A number of burner arrangements were initially tested in
simple glass housings, in order to observe the process by
naked eye. Typically, the two opposing burner jets, of in-
side diameters between 0.5 and 10 mm, were examined at
varying distances between 1 and 30 mm from one another.
While all trials supported flames over a wide range of gas
flows, the most stable counter-current flames were obtained
when the upper air tube was situated inside the lower quartz
tube, which was of slightly larger diameter and carried the
counter-flowing stream of hydrogen and column effluent.
In order to preserve chromatographic resolution, the origi-
nal narrow-bore FID nozzle was later incorporated into the
quartz tube, which formed a sleeve around the upper air
burner (seeFig. 1). In this way, the upper air tube was fully
contained within the lower hydrogen/effluent tube. This is
an unconventional set-up compared to arrangements typi-
cally used in counter-current combustion studies[25,26]. In
such a ‘tube inside a tube’ mode, the most stable and ver-
satile counter-current flames were produced on a stainless
steel upper burner (2 mm i.d. tubing× 2 mm wall thickness)
situated inside a quartz sleeve (10 mm i.d. tubing× 1 mm
wall thickness). This arrangement was used in subsequent
experiments and is represented inFig. 1, which shows the air
burner at a typical separation gap of about 10 mm from the
original FID nozzle. Also indicated inFig. 1 is the charac-
teristic flame burning upside down (or, so to speak, ‘hanging
from’) the upper air burner into the counter-flowing stream
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of hydrogen plus column effluent emerging from the FID jet
below.

3.2. General characteristics

3.2.1. Background and noise of the pure flame
In general, and similar to a conventional FPD, the

ccFPD’s baseline appears to be comprised of fundamen-
tal, i.e. “white” (random) noise, which is correlated to
the square root of the number of photoelectrons gener-
ated by the PMT. This can be illustrated by using the rms
= (Ieg/t)1/2 relationship, where rms is the root-mean-square
(Gaussian standard deviation) of the baseline fluctuations,
I the baseline current in A,e the charge of the electron
(1.6 × 10−19 A s), g the photomultiplier gain for the volt-
age used, andt is the integration time of the measurement
(i.e. the effective time constant of the acquisition system)
[31]. Under typical ccFPD conditions employing a PMT
gain of 3× 104 (at 700 V as specified by the manufacturer)
and a system time constant of 1 s, the resulting baseline
current of 457 pA is found to generate 1.7 pA of noise,
which compares well with the calculated value of 1.5 pA.
This implies that there is very little “flicker” noise present
in the ccFPD baseline generated by the background flame
emission. While we have not carried out extensive studies
of ccFPD noise characteristics, it is interesting to note that
these findings do agree with the visual observation of a
smooth, stable flame emission.

For a hydrogen–air flame as shown in the ccFPD arrange-
ment ofFig. 1, a considerable range of gas flows are avail-
able that provide stable flames. We investigated flows from 5
to 10,000 ml/min of hydrogen and 5–200 ml/min of air. For
a given set of conditions, the background level, and hence its
noise, increases with increasing air and decreasing hydrogen
flow. Thus, the lowest background emission is generally ob-
tained at relatively high hydrogen and low air flow settings.

This behavior is as expected and its origin can be con-
firmed visually. If the air flow is decreased, the flame front
that extends from the upper air burner becomes smaller and
smaller, until ultimately parts of it appear to retreat into the
stainless steel tube (burner jet). Thus, for lower air flows,
the tube shields some of the brightest parts of the flame
from view of the PMT, thereby causing the background to
decrease (in addition to the general decrease caused by the
reduction in temperature). Comparable results can be ob-
tained in the ccFPD by using paint-blackened quartz tubing
as the upper burner; however, stainless steel is better suited
to the task. This shielding effect, here exerted upside-down,
is reminiscent of early commercial FPD models. These in-
cluded a steel cylinder that surrounded the lower parts of the
flame like a cup and could be raised or lowered for maxi-
mizing the S/N ratio.

Generally, increasing the hydrogen flow decreases the
flame’s background emission intensity and extinguishes oc-
casional glowing from the burner tip. This is easily rational-
ized by considering the extremely high thermal conductivity

of hydrogen and, consequently, the much lower temperatures
of an air flame front immersed in a hydrogen counter-flow.

3.2.2. Ionization responses of the ccFPD
The question of whether the counter-current flame would

produce analytically useful levels of electrical conductivity
was obvious, interesting, and easily answered. The system
was run with (optimized) flow rates of 20 ml/min hydrogen
and 130 ml/min air, and with the existing electric leads
from the original GC–FID unit. The FID polarizer was
positioned at the upper air burner, and the FID collector
at the lower hydrogen/effluent jet. Under these conditions,
the counter-current flame proved highly sensitive to the
test compounds dodecane and naphthalene. For example,
dodecane yielded an MDL of 10 pg/s of carbon, with a sen-
sitivity of 10 mC/g of carbon. These figures-of-merit agree
well with the FID’s literature specifications[19,32].

The extraordinary stability of the counter-current flame
allows facile switching from low to high flow rates, and from
hydrogen-rich to air-rich environments. Hence, it is easy to
alternate between conditions optimized for either optical or
electrical response. That this is significant can be appreci-
ated from the fact that conventional FPD constructions often
include electrical sensors. These are obviously designed to
accommodate analytical customers. However, the response
of such merely added conductivity sensors is noisy and far
below that of an FID proper. In order to obtain optimum
photometric or optimum ionization responses from these
units, the operator is often required not just to change flame
conditions but to reverse detector gas inputs and/or burn-
ers. Such rearrangements are not necessary for the ccFPD,
which may also not demand large changes in flame condi-
tions when being switched from one type of response to the
other.

For instance, it was found that the counter-current flame
conditions for producing optimal ionization signals from
reduced carbon were not all that different from those pro-
viding optimal chemiluminescence signals from sulfur,
phosphorus, and other standard analytes tested later in this
study. It is therefore possible to obtain simultaneous electri-
cal and optical signals from the ccFPD, with a minimum of
degraded performance in either. This opens the possibility
of two-dimensional response with the desired minimum of
correlation between the two detector response characteris-
tics. Such two dimensional response has been investigated
previously in a variety of detector formats[13,33,34]. While
the counter-current flame approach may also prove use-
ful to other established gas chromatographic sensors, such
as the well-known nitrogen–phosphorus detector (NPD)
[1–3], no such experiments were initiated in the current
study.

3.3. Photometric response of sulfur and phosphorus

Since its introduction, the conventional FPD has most
often been used to analyze compounds containing sulfur and
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phosphorus, and a large amount of literature is available on
the results. It is therefore incumbent on a study like this to
examine how well the ccFPD can emulate the responses of
the conventional FPD to these two benchmark analytes.

With tris(pentafluorophenyl)phosphine as the test com-
pound, the optimal flame gas flows for phosphorus in
the ccFPD are found to be 95 ml/min of hydrogen and
141 ml/min of air; with ethyl sulfide as the standard an-
alyte, optimal ccFPD response for sulfur is obtained at
40 ml/min of hydrogen and 91 ml/min of air. Incidentally,
these optimal-flow settings are found to decrease somewhat
when a tube of slightly larger diameter is used for the upper
air burner. However, this decreases flame stability and does
not improve response: it has therefore not been investigated
further. As well, the addition of up to 10 ml/min of nitro-
gen or argon to the hydrogen flow increases the optimal
response in some cases. While similar increases have been
noted in the literature for the conventional FPD, the effect is
likewise not well reproduced in the ccFPD and only yields
an improvement factor of less than five.

Of greater interest is that the optimal ccFPD flame gas
flows for both sulfur and phosphorus, while still hydrogen-
rich, are close to stoichiometric values (H2/O2 ratios be-
tween about 2 and 3). This is in contrast to the optimal gas
flows in a conventional FPD, which are usually much richer
in fuel (H2/O2 ratios between about 4 and 10)[18]. This
feature of the ccFPD may prove quite useful. As alluded
to earlier, the difference between the optimum flowrates for
the ionization response toward carbon on one hand, and the
photometric response toward sulfur, phosphorus and other
elements on the other, is much smaller in the ccFPD than in
the conventional FPD. This makes it fairly easy to establish
a compromise flowrate that will yield analytically accept-
able optical and electrical responses at a single set of condi-
tions and for a greater variety of hetero-atoms. The cause of
this pronounced difference in optimum gas composition be-
tween the two detector types is likely related to the structure
of the flame.

Fig. 2 depicts the difference between the typical flame
of a conventional FPD (Fig. 2a) and that of the ccFPD
(Fig. 2b). As schematically illustrated here, the conventional
FPD often produces flame profiles with oblong or pointed
inner and outer diffusion cones. In comparison, the ccFPD
creates a flame that is much more compact and spherical.
Perhaps more importantly, in the most common form of
the conventional FPD, analyte enters the flame concentri-
cally about the axial air burner. Under these conditions, at
least some of the analyte is first exposed to the relatively
high-temperature, oxidizing environment of the flame’s in-
ner cone, and it is likely that a considerable amount of
the eluting sulfur and phosphorus is first converted to oxy-
genated species. Such conversion certainly takes place in the
original Brody-Chaney FPD design, which adds analyte to
the flame via the air stream[35]. Pre-oxidation is also de-
liberately supported in some successful dual-flame FPD de-
signs that initially burn the analyte in an oxygen-rich flame

Fig. 2. Illustration of gas flow dynamics in (a) the conventional FPD and
(b) the ccFPD. The superimposed dashed lines depict the region where
sulfur emission is typically observed.

before passing it on to a second, hydrogen-rich flame for
emission monitoring[36].

In contrast, in the ccFPD the analyte is first subjected
to the relatively cool and hydrogen-rich environment pre-
vailing below the counter-current flame. Under these con-
ditions, any reduced precursors to analyte excitation may
be formed directly, without oxygenated intermediates[17].
This is consistent with our visual observation of the two de-
tectors. For instance, sulfur emission in a conventional FPD
typically occurs in a region encompassing the entire flame
volume and especially the peripheral area, as indicated by
the dashed line inFig. 2a. In contrast, sulfur emission in the
optimized ccFPD appears as a centered “disc”, well ahead
(“ahead” in terms of analyte flow) of the counter-current
flame situated on the upper burner (Fig. 2b). Clearly, this
process is facilitated by the fast diffusion and relatively
slow recombination of hydrogen atoms. Under compara-
ble conditions, it has been demonstrated that considerable
degradation of hetero-atomic compounds (as well as con-
comitant analyte emission) can occur in hydrogen-rich
environments outside the visible hydrogen-air flame region
[23,37]. These findings indicate that precursor species to
chemiluminescent excitation are formed well before the
analyte reaches the basic flame.

The responses to different amounts of phosphorus- and
sulfur-containing analytes were measured with gas flows
corresponding to S/N maxima. The results are given in
Fig. 3. As shown there, the response to phosphorus re-
mained linear for about four-orders of magnitude, down
to a minimum detectable flow of 1× 10−12 gP/s at an ex-
trapolated S/N ratio of two (noise was measured as the
peak-to-peak fluctuations of the baseline). Similarly, the
response to sulfur yielded the familiar non-linear slope
and a minimum detectable flow of 2× 10−11 gS/s. Also
included in Fig. 3 is the response toward carbon, which
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Fig. 3. Calibration curve in the ccFPD for phosphorus (�) as
tris(pentafluorophenyl) phosphine, sulfur as tetrahydrothiophene (�), and
carbon as benzene(�) in the filterless, non-dispersive mode, and sulfur
as tetrahydrothiophene (�) monitored through a 590 nm long pass filter.
Conditions are listed in the text. Inset: a GC-ccFPD chromatogram show-
ing a 1�g injection of trimethyl phosphite eluting just after the solvent
peak.

was found to be approximately the same under either
optimum-sulfur or optimum-phosphorus conditions. Car-
bon response was non-linear with a slope of less than
one, over only one-order of magnitude, down to a min-
imum detectable flow of 2× 10−8 gC/s. This translates
into a phosphorus-over-carbon selectivity (i.e. mol P/mol C
for peaks of equal height) of about four-orders of magni-
tude, and a similar sulfur-over-carbon selectivity of about
three-orders of magnitude (as measured at lower range).
These values agree very well with those of the conventional
FPD [18], indicating that the two detector types produce
similar responses to sulfur and phosphorus. Spectra of mi-
grating peaks confirm that, as in the conventional FPD, the
blue sulfur emission of the ccFPD stems from S∗

2, while its
green phosphorus emission originates from HPO∗. Accord-
ingly, by adding a 394 nm or a 520 nm interference filter to
the photometric channel, the respective ccFPD responses
towards sulfur and phosphorus could be monitored with
increased selectivity.

3.3.1. Linear sulfur response
Given the similarity of the ccFPD’s behavior to that of

a conventional FPD, it seemed reasonable to investigate its
response toward sulfur above 600 nm. In this region, the ex-
cited sulfur species HSO∗ provides the conventional FPD,
the pulsed-flame FPD, and the reactive flow detector with
linear sulfur response, albeit at lower sensitivity than the
quadratic S∗2 [11,14,38]. This occurs despite the fact that

the red HSO∗ chemiluminescence is not visually observ-
able and can only be monitored by suppressing the blue S∗

2
bands through the use of a long-pass and/or interference fil-
ter [14,38].

Initial attempts to observe HSO∗ in the ccFPD made use
of the same 590 nm long-pass filter that enabled linear sulfur
response to be monitored in the conventional FPD. However,
in the ccFPD this filter resulted in little change to the slope
of the calibration curve, indicating that S∗

2 still remained the
dominant observable emission. Subsequent attempts to opti-
mize the lower hydrogen and upper air flows, or to monitor
different regions of the counter-current flame also failed to
yield any substantial evidence of the HSO∗ bands.

The mechanism of HSO∗ formation in the FPD has not
been elucidated. However, if a precursor such as SO is re-
quired to react with a hydrogen radical in order to form the
excited species, then an oxygen-richer environment should
facilitate the formation of HSO∗. Such an environment
would be chemically similar to the region surrounding the
inner air cone of the conventional FPD flame, where HSO∗
is readily produced.

In order to test this hypothesis, we added air to the lower
hydrogen burner such that the counter-current flame re-
mained situated on the upper air tube, but was now burning
in an opposing stream of hydrogen and air. With opti-
mized flows of 91 ml/min air through the upper tube, and
210 ml/min hydrogen plus 90 ml/min air through the lower
tube, this approach proved successful. AsFig. 3 demon-
strates, the addition of premix air to the hydrogen flow
contributes to the formation of HSO∗ and results in a linear
calibration curve that spans about four-orders of magnitude
down to a minimum detectable flow of 7× 10−11 gS/s.
These figures agree well with those found earlier for HSO∗
emission in a conventional FPD[38].

As mentioned above, the red HSO∗ emission is very
difficult to detect visually amidst the prominent blue S∗

2
luminescence in a conventional FPD, even if the flame is
optimized for HSO∗ response. In comparison it is interest-
ing to note that in the ccFPD, with air added to the hydrogen
stream and conditions optimized for HSO∗, the red emis-
sion is readily seen and much less blue emission appears.
This suggests that the ccFPD may be capable of providing
additional optimization parameters for elements with more
than one emitting species. However, no experiments have
yet been carried out on this topic.

3.4. Photometric response of metals in the ccFPD

3.4.1. Flow conditions
The ccFPD’s performance for sulfur and phosphorus

having thus been established, its response toward several
metals was investigated over a wide range of gas flows,
some of which had not been available to the earlier stoi-
chiometric FPD flame study[15]. The metals chosen for
testing were primarily those that had shown unexpected
sensitivity at that time. And, indeed, initial optimization of
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Fig. 4. Response of ferrocene (closed symbols) and ruthenocene (open
symbols) in the ccFPD for various air flows at hydrogen flows of 300
(�), 90 (�), 20 (�), and 5 (�) ml/min.

the ccFPD responses to iron and ruthenium clearly indicated
a dramatic increase in S/N as the flame decreased in size
and decreased in hydrogen flow, to the point of becoming
stoichiometric or even air-rich.

Fig. 4 displays some of these S/N curves from the opti-
mization procedures for ferrocene and ruthenocene. In the
ones shown here, the air flow was varied for several con-
stant settings of hydrogen flow. As can be appreciated from
Fig. 4, the S/N range for each of the different sets in-
creases several orders of magnitude as the hydrogen flow
decreases from 300 ml/min to 5 ml/min, and as the maxima
shift to lower air flow rates. For these iron-group metals,
then, the ccFPD provides the best response under conditions
that yield a relatively small, slightly air-rich flame. This
agrees with the behavior of the small stoichiometric flame
employed previously in a conventional FPD[15]. It con-
trasts, however, with earlier studies that made use of much
larger, hydrogen-rich FPD flames[39]. Such a contrast is
not surprising, though, since the two studies optimized and
monitored different spectral features. For example, iron pro-
duces a broad continuum in a small, stoichiometric flame,
but emits atomic lines (and minor molecular bands) in a
larger, strongly hydrogen-rich flame.

Fig. 5 shows the calibration curves for ferrocene and
ruthenocene under S/N-optimized conditions in the ccFPD.
Also included inFig. 5 are compounds of the main-group
element lead (as tetraethyl lead) and the non-iron-group
element manganese (as MMT, i.e. methylcyclopentadienyl
manganese tricarbonyl). Overall, the analytical figures-of-
merit compare well with those of the small, stoichiometric
FPD flame[15] and confirm that, as anticipated for these
metals, the ccFPD offers similar performance.
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Fig. 5. Calibration curve of ferrocene (�), ruthenocene (�), tetraethyl
lead (�), and MMT (�) in the ccFPD. Flame gas flows are 5 ml/min of
hydrogen and 20 ml/min of air.

In this context it is fortuitous that the ccFPD extends the
experimental flow conditions considerably beyond those of
the conventional FPD. In other words, this represents an op-
portunity to use the ccFPD’s wider flow range to investigate
how certain flame parameters such as size and stoichiom-
etry affect metal response. Such information is of interest
not only to the problem of the small stoichiometric flame
study[15], but also to a wider range of questions, touching
even on atomic flame spectroscopy. To wit, from the latter
perspective it would seem rather odd that a flame should be
more effective the smaller and cooler it became and that,
indeed, it should render its best analytical performance just
before it expired.

A particular feature ofFig. 5 warranted further explo-
ration. While ruthenium and lead yield linear calibration
curves (slope= 1 in a log–log plot) over much of their
range, iron and manganese start at a gentler slope that
further decreases and then, unexpectedly, increases again.
Since there appeared to be no obvious reason for this
behavior, further experiments were carried out to charac-
terize the effect of flame composition on the calibration
curve.

Fig. 6 does this for ferrocene, using hydrogen flows at
or near the optimum value of 5 ml/min, together with an
air flow appropriate for the chosen molar gas ratio. The
tilde-shaped calibration for iron is again apparent, here for
H2/O2 ratios of 1 and 1.3. This effect appears to vanish,
however, for the purely stoichiometric flame of H2/O2 = 2.
The slope of that calibration curve is 0.75, as it is in the lower
portions of the two nearby curves. Whether this 3/4 exponent
is accidental or indicates a complex kinetic relationship is
at present unknown.
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Fig. 6. Calibration curve of ferrocene in the ccFPD using flames of
different stoichiometry. The hydrogen and air flows in ml/min (with the
hydrogen/oxygen ratio given in brackets) are: 5 and 25 (1) (�), 5 and
20 (1.3) (�), 8 and 20 (2) (�), and 24 and 90 (1.3) (�).

As shown in the figure, the iron response decreases
within an order of magnitude when the gas supply changes
from its optimum hydrogen/oxygen (as air) ratio of 1.3, to 1
(air-rich) or 2 (stoichiometric). However, as expected from
the optimization trials, significantly hydrogen-richer set-
tings decrease the response severely. For instance, a hydro-
gen/oxygen ratio of 4 (hydrogen: 24 ml/min, air: 30 ml/min)
provides little or no response to microgram injections of
ferrocene (not shown inFig. 6). Thus, analytically useful
response toward iron in the ccFPD is clearly obtained from
flames that are leaner in hydrogen. Spectral examination of
the iron emission under optimum S/N conditions reveals
a continuum situated between about 350–500 nm. While
few distinguishing features appear superimposed on this
continuum (at an optical bandpath of 6 nm), it does emit in
the same region as, and bears a coarse resemblance to, the
iron-oxide band systems observed in the conventional FPD
[16].

Given that the S/N-optimized ccFPD flame composition
for the iron group is found at a hydrogen/oxygen ratio of
about 1.3, it is further interesting to investigate how the size
of this flame at the same stoichiometry affects response.
Fig. 6 therefore includes a larger flame, also of H2/O2 =
1.3, which uses 24 ml/min of hydrogen and 90 ml/min of air.
As seen in the figure, the smaller flame, with a total flow
of 25 ml/min, yields a much more sensitive response than
the larger flame with a total flow of 114 ml/min. In fact,
the analyte amounts required to elicit the same ccFPD re-
sponse differ by an astonishing 3.5-orders of magnitude be-
tween these two flames of equal H2–O2 composition. (Note
that the two slopes differ slightly and that the cited ratio
of response-equivalent analyte amounts therefore depends,
though to a minor degree, on the signal level at which the
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Fig. 7. Response of ferrocene (�), ruthenocene (�), tetraethyllead (�),
MMT (�), and the corresponding baseline peak to peak noise (�) in the
ccFPD for various flows of hydrogen and air that create a counter-current
flame of fixed stoichiometry. The hydrogen/oxygen ratio is 1.

evaluation is made.) The ccFPD experiments thus establish
the superior sensitivity of a small, slightly air-rich flame to-
ward iron (as well as toward several other metals) compared
to much larger flames of the same composition.

3.4.2. Flame size and composition
Since Fig. 6 uses “signal” rather than “signal/noise”

values as the ordinate, it indicates directly that the ana-
lyte emission can actually increase while the flame size
decreases. The fact that absolute response would increase
in this fashion, even at the approach to flame extinction,
was entirely unexpected. In this context it is important to
distinguish between “signal” and “signal/noise”, with their
different spectral and analytical connotations, for a ccFPD
flame of changing size. A series of experiments, using in-
tensity ordinates and including noise measurements, was
therefore designed to investigate the extent and generality
of this behavior; its dependence on composition and size
of the ccFPD flame; and its potential applicability to other
analytes, such as transition and main-group metals.

Figs. 7–9 address these issues, and show the signals
of standard analytes containing iron, ruthenium, lead, and
manganese from ccFPD flames increasing in size (here
indicated by the “total flow” of fuel gases) at constant hy-
drogen/oxygen ratios. The ratios are 1 (air-rich,Fig. 7); 2
(stoichiometric,Fig. 8); and 4 (hydrogen-rich,Fig. 9). In
each case the total flow of hydrogen and air was varied
between the extremes of approaching flame extinction and
reaching detection limit. It should be noted that, across the
three sets of runs, the generated energy of the flame was
not exactly proportional to the total flow of its fuel gases.
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Fig. 8. Same asFig. 7 except the hydrogen/oxygen ratio is 2.

For instance, at 60 ml total flow (the approximate position
of minima in several curves) the flows of H2O(g) generated
were 10, 17.2 and 13.3 ml/min inFigs. 7–9, respectively.

Examination of the curves illustrates that, as the total gas
flow increased from about 25–300 ml/min, the correspond-
ing noise increased by roughly two (hydrogen-rich) to four
(air-rich) orders of magnitude. (Note that the ordinates of
Figs. 5–9use the same arbitrary units, i.e. peak height times
attenuation, and that data can therefore be freely compared
among graphs.)

The increase in noise leads to a commensurate decrease
in the signal-to-noise ratio for each test analyte. Spectral
examination of the flames indicates that the sole monitored
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Fig. 9. Same asFig. 7 except the hydrogen/oxygen ratio is 4.

background emission was that of OH∗ (maximum at ca.
306 nm). This spectral feature increased greatly as the total
flame gas flow increased. It correlates with the observed
increase in the noise (see above) and originates in the inner
cone of the flame.

What is most striking aboutFigs. 7–9is the variation in
analyte signal as the total flow decreases. For the stoichio-
metric and hydrogen-rich flames (Figs. 8 and 9), the signal
weakens as the flame size decreases, but only until the to-
tal flow reaches about 60 ml/min. With further decreases in
flame size the signal begins to strengthen again, in some
cases quite dramatically. In the air-rich flame (Fig. 7), a sim-
ilar behavior is observed for Fe, Pb and Mn, although this
now occurs at ca. 100 ml/min of total flow. The Ru curve
differs in shape from those of the three other elements, but
still shows a shift at the same flow rate.

It is not clear why minima should be observed or why
signal strength should increase at lower flows. The fact that
a similar pattern of behavior is observed for such disparate
elements as Fe, Pb, Mn and Ru argues for an effect of the
flame rather than of a particular analyte. Yet, a change in
emitting species could not be ruled out by experiment, since
the S/N ratio is too small at high flowrates for adequate
spectral analysis.

The noise curves are smooth and correspond to what one
would expect for a flame that changes evenly in size, energy
and temperature. In contrast, the analyte signal curves show
minima. In fact, one could interpret the analyte signal as
the superimposition of two curves, one dominating at low,
the other one at high flowrates (and temperatures). If this
were the case, it would be tempting to assign the former to
chemical, the latter to thermal excitation.

However, the counter-current flame is very small and the
analyte signal, besides being found in different flame re-
gions, is very weak on an absolute basis (e.g. compared to
typical atomic-spectroscopy flames). Given this, it would be
quite difficult to establish and define the extent of thermal
emission. We therefore mention this scenario simply as a
point for future discussion.

Also worth discussing is the question whether the ex-
tremely small ccFPD flames are not too small to produce
FPD-like behavior. For instance, calibration linearity could
be clearly affected if the molar ratio of relevant flame gas
flow to analyte flow became too small.

As is well known, several orders of linear response are
commonly obtained for many elements in the larger flame
of the conventional FPD. This results from the fact that the
bi- or ter-molecular reactions, which excite the emitting an-
alyte species, appear here in pseudo-first-order. This occurs
since the large reservoir of energy-carrying flame radicals
dwarfs the minute amounts of analyte. However, a basic cal-
culation of the molar ratio of flame gases and analyte flow
indicates that this is also likely the case for the very small
flame of the ccFPD. We shall select ferrocene and the opti-
mized conditions ofFig. 5 as an example for the following
demonstration.
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Under optimized conditions, 5 ml/min of hydrogen and
4 ml/min of oxygen (as 20 ml/min air) support a ccFPD flame
that is close to extinction. Even for a ferrocene peak of
10−6 g (with a half-width of about 10 s) the flame gas flow
exceeds the analyte flow, very approximately, by four-orders
of magnitude on a molar basis. For the smallest injected
amounts of ferrocene, this difference increases a further few
orders. Compare this to the difference (in flow) between the
smallest flames discussed in this study and the conventional
flames of the FPD[18]: this difference is merely one-order of
magnitude. Based on this evidence it seems unlikely that the
non-linearities of the calibration curve could be attributed to
an inadequate molar relationship between flame and analyte.

Furthermore, the flame ofFig. 5 consumes 2.5 ml/min of
the available oxygen. That leaves 1.5 ml/min for convert-
ing the carbon and hydrogen of analyte peaks to carbon
dioxide and water. To wit, in the above mentioned case of
1�g of ferrocene eluting in 10 s, the carbon and hydrogen
of the two cyclopentadienyl rings in each molecule would
use up 25 oxygen atoms. This amounts to just less than
one percent of the available oxygen. Thus, even when in-
cluding the total combustion of the test compound in the
calculation of the molar excess of flame gases, and assum-
ing typical levels of column bleed and carrier contamina-
tion, the size of the flame still does not appear to be an
issue.

The problem, in this as well as in other cases, is that the
precise reactions that produce optical emission in the FPD
have not been firmly established, and that little informa-
tion exists regarding the various emissive and non-emissive
reaction pathways that consume analytes in flames[40].
In this context, another possibly relevant fact needs to be
mentioned. Recently the photon yields (photons emitted
per analyte atom) of several benchmark elements have been
measured in a conventional FPD at optimized conditions.
While these photon yields are some of the highest among
the few ever established in chemiluminescent processes,
on an absolute scale they are low. For example, the photon
yields for sulfur (S∗2), phosphorus (HPO∗) and iron (Fe∗)
are 2× 10−3, 3 × 10−3 and 4× 10−5, respectively[41].
This may raise the theoretical question of whether the flame
could induce larger amounts of analyte atoms to emit. Thus,
for example, the question of response linearity might be
connected to the apparent limits on photon yields.

However, if these yields are limited by reactions that con-
cern primarily the analyte atom (e.g. if few emission pre-
cursors are formed) whereas the relevant energy carriers
are abundant flame species (e.g. H•) then pseudo-first-order
should prevail even in the very small flame of a ccFPD. In
this case it can be argued that only a very small fraction
of the analyte is involved in the process, further increasing
the vast molar discrepancy between active flame and active
analyte species. Ultimately though, as long as the complete
decomposition/excitation/emission process of the analyte re-
mains in doubt, so will the question of pseudo-first-order
linearity, even with photon yields known.

Still, in the conventional FPD, linearity of the calibration
curve is the typical case (although slight non-linearities can
be encountered when conditions are not optimized). Fur-
thermore, only one-order of magnitude of flow separates
the small ccFPD flame from the conventional FPD flame.
Finally, the calibration curves do not explicitly show the
type of curvatures one would expect for cases in which a
pseudo-first-order behavior changes into a second-order one.
Given these facts, we again tend to believe that flame size
per se is an unlikely reason for the calibration non-linearity
and other response peculiarities occasionally observed in the
ccFPD flame.

4. Conclusions

A novel, counter-current flame photometric detector with
an “upside-down” flame has been designed and tested for
future analytical use. The ccFPD exhibits exceptional flame
stability over a very large range of gas flows. A number of
standard compounds containing photometrically active el-
ements such as sulfur, phosphorus, iron, ruthenium, lead,
and manganese were examined. The results indicate that the
ccFPD is capable of achieving minimum detectable limits
similar to those of a conventional FPD, and that its S/N re-
sponse increases dramatically for certain metals as the flame
size decreases. While this is mostly attributable to a decrease
in noise, a corresponding increase in analyte signal as the
flame approaches its smallest size was also observed. These
results, coupled with excellent simultaneous FID sensitivity
(ionization response to carbon) indicate that useful analyti-
cal responses can be obtained from a counter-current flame
and suggest that these might find applications in other ana-
lytical systems, particularly when very small or very large
flows are to be accommodated, or when two-dimensional
responses need to be obtained.
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