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ABSTRACT

NUCOR's flame spectrometer for phosphorus analysis was
evaluated. Response to phosphorus in the form of H3PO4
was linear from 3 jg/liter, the detection limit, to 120
mg/liter, the highest concentration tested. .Metal ions
depress phosphorus emission and must be removed by
cation exchange prior to analysis. High concentrations
(>5 mg/liter) of sulfur interfere positively. Volatile
phosphorus compounds produce a larger signal for a given
phosphorus concentration than nonvolatile compounds.

River water samples were spiked with inorganic and
organic phosphorus and analyzed. The measured phos-
phorus concentrations were  10-25% lower in river water
than in deionized water.
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SECTION I
CONCLUSIONS

Flame emission spectrometry is suitable for determlnlng
dissolved phosphorus in natural waters if metal ions are
. first removed by treatment with a cation-exchange resin.

Total phosphorus analysis requlres a method for
solubilizing particulate phosphorus.

Sulfur is a possible 1nterference in phosphorus
determinations.

The spectrometer delivered to the EPA is not completely
satisfactory for routine operation, because background
and sensitivity drift with time,



SECTION II
RECOMMENDATIONS

The flame spectrometer should be modified to minimize
drift in background and sensitivity.

A 51mple chemical procedure for solubilizing. particulate
phosphorus must be developed to make total phOSphorus
analysis possible.



SECTION III
INTRODUCTION

The total phosphorus concentration in a body of water is
a measure Ilmportant to studies of eutrophication (1).
The standard method for total phosphorus is to convert
all phosphorus to orthophosphate by wet-acid digestion,:
followed by colorimetric determination of orthophosphate
using the reaction with ammonium molybdate to form
molybdophosphoric acid (2).

Flame emission spectrometry is a possible alternative
method for total phosphorus that would not require
conversion of all phosphorus to orthophosphate. In a
cool hydrogen-air flame, phosphorus forms POH which
emits a broad band spectrum peaking at 525 nm. (3).
This emission is used to selectively detect phosphorus-
containing gas chromatography effluents (4) and can
also be used to measure phosphorus in detergents (5,6),
lubricating oil (7) and rocks (8). However, the only
reported method with sufficient sensitivity for phos-
phorus analysis in water requires a nebulization chamber
heated to 9000 C (9).

A flame emission spectrometer, built specifically for
total phosphorus analysis in water by NUCOR Corporation
under EPA contract, achieves the additional sensitivity
needed for water analysis by ultrasonic nebulization to
convert the sample to an aerosol, rather than pneumatic
nebulization as in conventional flame spectrometry.

With ion exchange pretreatment to remove interfering
cations, the spectrometer successfully measures dissolved
phosphorus at concentrations likely to be found in nature.
It does not respond to particulate phosphate.



SECTION IV
EXPERIMENTAL
SPECTROMETER

The flame emission spectrometer is described in detail
in the final report for the contract between NUCOR
Corporation and the EPA (10). The essential..components
of the spectrometer are an air-cooled burner, an inter--
ference filter to selectively pass the emission at 525
nm, and a photomultiplier to measure emission intensity.
The burner is separated into a flame chamber and an -
emission chamber by a 1 mm orifice. - This confines the
flame to an area not seen by the photomultiplier, thus
reducing the flame's contribution to background light
intensity.

Hydrogen is supplied directly to the burner. Air is
drawn into the burner by using an air driven aspirator
to create an area of reduced pressure downstream from
the burner. Because both the hydrogen flow and the air
flow through the burner are drawn into the area of
reduced pressure, the flow of air to the burner varies
inversely with hydrogen flow for a given a5p1rator
settlng.

The gas flow system on the spectrometer delivered by
NUCOR was modified for the evaluation. House air was
used to drive the aspirator and cool the burner because
the compressor supplied by NUCOR was too noisy. The
compressor could be used for field work. Hydrogen,
aspirator air, and cooling air were all monitored by
flowmeters controlled by needle valves. No attempt was
made to measure air flow to the burner because inserting
a flowmeter in the air line would reduce the flow rate.

The flame was lit by reducing the air flow to the
aspirator, turning on a spark generator, and gradually
increasing the hydrogen flow. Lighting of the flame is
indicated by a characteristic "popping" sound accom-
panied by an increase in background signal. Immedlately
after the flame ignites, the air flow through the
.aspirator is increased to the normal operating level.

Throughdut most of the evaluation, the flame went out
spontaneously every 30-45 minutes except when the
burner was unusually hot. This happened when enough



water vapor condensed in the burner to block the 0.31 cm
i.d., 5 cm tube from the emission chamber to the
aspirator. The problem was later corrected by enlarging
the tube diameter, '

NEBULIZER

Sample aerosol is generated ultrasonically by a Mistogen
EN142 electronic nebulizer normally used for inhalation
therapy. The aerosol is blown out through a flexible
plastic tube reduced to 0.62 cm i.d. at the outlet. The
outlet is aimed at the sample inlet port of the spec-
trometer and positioned 4 cm away. It is clamped onto

a ringstand held rigidly in position. When the
aspirator air is turned on in the spectrometer, aerosol
is drawn into the burner.

The rate of aerosol generation varies from sample to
sample (l1l1). However, this does not affect observed
emission intensity as long as the rate at which aerosol
comes from the nebulizer exceeds the rate at which
aerosol is drawn into the burner.

Sample can be added directly to the nebulizer (requiring
100-150 ml for aerosol generation), or it can be added
to medication cups that fit into the nebulizer vessel,
thus reducing the minimum sample requirement to 10 ml.
Both the nebulizer vessel and the medication cups are
plastic, which can lead to problems with phosphorus
compounds that tend to adsorb on plastic.

_PROCEDURES

Interference studies and calibrations of emission vs.
phosphorus concentration were done by making standard
additions to 250 ml of solution in the nebulizer

vessel. The nebulizer vessel was calibrated by weighing
out 250 grams of water. It was then used volumetrically.

Response to phosphorus in different compounds was
measured and analytical gquality control samples were
analyzed using the medication cups.

Because 10-20 seconds are required for the aerosol to
stabilize, the first 30 seconds of aerosol flow were
blocked from the spectrometer by a paper towel. This
led to sharper emission peaks and reduced the amount of



water collecting in the sample inlet through aerosol
condensation. When drops form in the sample inlet,
they must be removed by a paper towel so that the
guantity of aerosol reaching the flame is not reduced.
Sample cups can be exchanged readily and total time for
one emission readlng lS approx1mate1y 60 seconds.

Phosphorus . standards were prepared by weighing. Dilute
standards, <25 mg/liter, were prepared fresh daily.



SECTION V
RESULTS AND DISCUSSION
FLAME CONDITIONS

Figure 1 shows phosphorus emission intensity and
background intensity as a function of air flow through
the aspirator for fixed hydrogen flows. At low flow
rates increasing aspirator air flow increases the
observed phosphorus emission, probably by drawing more
aerosol into the flame. Above a certain flow rate,
increasing the aspirator air leads to a decrease in
phosphorus emission and a sharp increase in background.
The decrease in phosphorus emission occurs because the
flame is no longer hydrogen rich, the condition favoring
POH emission (12, 13). Because air flow to the burner
varies inversely with hydrogen flow, the optimum aspira-
tor flow rate is greater for higher hydrogen flow rates.

Normal operating conditions were hydrogen flow 800-1000
cc/min., aspirator air 8-9 liters/minute and cooling air
1 liter/minute.

RESPONSE TO PHOSPHORUS

Emission intensity vs. phosphorus concentration is linear
from 0.003 mg/liter, the detection limit, to 120 mg/liter,
the highest concentration tested, for phosphorus in the
form of H3PO4. Figure 2 shows raw data over the range
0-0.15 mg/liter.

The blank enmission for deionized water is usually less
than the background emission in the absence of aerosol.
Increasing the hydrogen/air ratio increases the water
blank relative to background.

‘Response to phosphorus is most sensitive immediately
after the flame is first lighted, i.e. when the spec-
trometer is coolest. As the instrument warms up, the
sensitivity for phosphorus decreases. At least 15
minutes warmup is necessary to achieve sufficient
stability to perform an analysis.

Prolonged continuous operation of the spectrometer (over
one hour) leads not only to a loss of sensitivity but
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Figure 2. Raw data showing phosphorus emission as a
function of concentration from 0 to 0.15
mg/liter in 0.03 mg/liter increments -



also to a substantial increase in background. The
background remains high when the flame is turned off,
indicating that heating of the photomultiplier tube is
responsible. Modification of the spectrometer design
to eliminate this problem should be simple.

Table 1 lists relative emission per unit phosphorus

for several phosphdrus'containing compounds. Volatile
phosphorus compounds give a larger signal than non-
volatile compounds. This is consistent with the
observation that response to vapor phase triethyl phos-
phate is over 10 times more sensitive than the response
to aqueous triethyl phosphate for the same amount of
phosphorus reaching the flame per unit time (10). As
aerosol evaporates in the flame, the volatile phosphorus
compounds presumably vaporize sooner than the non-
volatile compounds leading to more efficient excitation
of POH emission.

A series of phosphorus-containing pesticides were to be
run, but these compounds adsorbed on the plastic medica-
tion cups so rapidly that their phosphorus emission was
impossible to measure satisfactorily. Of the -compounds
tried, only ruelene was stable. Triethyl thiophosphate
adsorbed fairly rapidly, so the emission reading was
taken immediately after the dilute solution was prepared.
The medication cups used with adsorbing organic phos-
phorus compounds slowly desorbed phosphorus during sub-
sequent use and had to be thrown out.

Because the organic compounds dissolved in natural
waters are not likely to be volatile (14-16), the fact
that volatile compounds give greater response per unit
phosphorus is probably not a problem for phosphorus
analysis in natural waters.

SULFUR INTERFERENCE

The hydrogen-air flame efficiently excites sulfur S»
molecular emission peaking at 394 nm. (3,4,9,12,13).
Some sulfur emission occurs at 525 nm, the wavelength
of maximum phosphorus emission. Because two atoms
produce one emitting S molecule, emission intensity
varies with the sgquare of the sulfur concentration. .
Figure 3 plots the relative emission intensities for
phosphorus and sulfur as a function of sulfur concentra-
tion. Above 5 mg/liter, sulfur rapidly becomes a
significant interference.

10



Table 1. EMISSION

INTENSITY PER UNIT PHOSPHORUS FOR
DIFFERENT COMPOUNDS (relative to H3POg4)

Emlssion . .

Compound . Intensity Volatility
H4PO, 1.0
Sodium 1.0
~glucose
phosphate
Ruelene* 1.3
Triethyl 1.7 b.p. 215°
phosphate - 950/10 mm
Triethyl 3.2 b.p. 1009/
thiophosphate 16 mm

*The structure of ruelene is

CH3-O—L-N/H

\CH3

Cl

CHy-C-CHy
CH,

11



AN

Inyrns whb/UuoTSSTWS
snazoydsoyd wb/UOTSSTWS

Se pPauTISpP ST AITATIOSTSS *UOTIRIJUSOUOD
InjIns Jo uotjlouny ® se snaxoydsoyd
I0J UOTSSTWS auweT3 JO AJTATIOSTSS

*¢ 2anbta

|
100

l
10
LOG SULFUR CONCENTRATION, mg/liter

1000 —
100 |~

SNYOHdSOHd ¥04 ALIAILD313S 907

10



If sulfur emission is suspected, its presence can be
detected by diluting the sample to determine whether
response is first or second order.

CATION INTERFERENCES

Cation depression of POH emission has been reported
previously (5-9, 13). Figure 4 shows the effect of

- added Ca and Mg on phosphorus emission. Even Na and K
depress phosphorus emission.

Interfering cations were removed by exposing a sample to
20-50 mesh Amberlite IR-120 strongly acidic cation
exchange resin. Resin performance was tested using a
column containing approximately five grams of resin. It
was verified that passing deionized water through the
column did not change the blank. .One mg/l solutions ot
phosphorus in the form of H3PO4 and sodium glucose phos-
phate went through the column without any change in
observed emission intensity. One mg/l phosphorus as
H3PO4 in the presence of {100 mg/l éach of Na, 'K, Ta &and
Mg went through the column with léss than a 10% loss in
emission intensity indicating that the column was satis-
factorily removing interfering cations.

RIVER WATER ANALYSIS

To verify that flame emission analysis for phosphorus
worked on river water samples, a series of analyses was
performed on nutrient reference samples provided by
EPA's Analytical Quality Control Laboratory, Cincinnati,
Ohio. These samples are supplied as concentrates to be
diluted by a factor of 200. Each sample type was
diluted both in deionized water and in filtered river
water. Samples 1 and 2 contain inorganic phosphorus and
samples 3 and 4 contain organically bound phosphorus.

Passing river water through the cation exchange column
resulted in losing the spike beth for inorganic and
organic phosphorus, even though no loss of phosphorus
was observed in deionized water samples. If the ion
exchange resin was added directly to the medication cup,
it depressed the rate of aerosol generation. The pro-
cedure adopted was to add ion exchange resin to a liter
of river water and shake it. This water was used for
the river blank and the sample.  The spiked river water
was again treated with ion exchange resin to remove

13
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metal ions accompanying the spike. The spiking was done
just before analysis so that the sample would not sit
more than 10-15 minutes before being run.

Table 2 shows the results. The nominal concentration is
given in the literature accompanylng the quality control
samples. The percentage recovery is the measured con-
centration of the spike in river water over the measured
concentration of the spike in .deionized water. Some of
the spiked phosphorus is lost. I belileve that it
associates with particulate matter in the river water
and is no longer available for excitation in the flame.
This explanation is consistent with the known behavior
of phosphate in natural waters (17-18). It 'may explain
why the spike was lost using an ion exchange column,
which would filter the sample.

From this behavior and the known susceptibility of the
cool hydrogen-air flame to interference, it may be
concluded that the flame does not possess sufficient
thermal energy to break up particulate matter and excite
particulate phosphorus emission.

The measured spike concentrations in deionized water
agree with the .nominal concentrations within 10%.

Sources of variation in measured phosphorus concentration
include:

. @ variations in sensitivity with time.

e differences in the quantity and droplet
size of the aerosol with different
solutions.

® uncertainties in peak intensity
measurements.

15
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Table 2. ANALYSIS RESULTS |

Measured Measured

Nominal Conc. Deion. Conc. River .
Sample Form of conc. H20 Water (ppm) Percent Source of
Number Phosphorus (mg/liter) (mg/liter) (mg/liter) Recovery River Water
1 Inorganic -%* 0.05%* 0.038, 0.41 82% Filtered Oconee
0.044 River
2 Inorganic 0.300 0.28 0.22 78% Filtered Oconee
0.27 0.21 River
3 Organic 0.170 - 0.17 0.15 88% Filtered Oconee
0.19 0.17 River
4 Organic 0.85 0.79 0.69 85% Filtered Oconee
0.83 0.69 River

For samples 2, 3 and 4 the river water was run twice using separate samples. The

same spiked deionized water was used for both measurements.

was equlvalent to about 0.04 mg/l phosphorus{

procedure. Data are for a synthetic standard.

The river water blank

"* We ran out of quality control standard before arriving at a suitable analytical
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