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\EA brief review is presented of atomic absorption and
atomic fluorescence methods of trace wear-metal analysis of
jet engine lubricating oil. The theory of atomic fluorescence
in flames is presented for the case of a continuum excitation
source.

A system for atomic fluorescence measurements is de-

scribed that employs an electrically-heated graphite rod and

R . a NZO/CZHZ flame atomizer with a 300-W Eimac xenon arc as the
continuum excitation source. With this system, small samples
wieas hifea

(1 9*) having complex matrices can be analyzed rapidly, con-
veniently, and with no pretrcatment.

Analytical calibration curves are given for Cr, Al, and
Mo, and these mectals are determined in synthetic and real jet
engine lubricating oils. The determinations of these elements
are evaluated with respect to the accuracy and repeatability

} criteria of the Interservice 0il Analysis Program.
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Sources of errors associated with sampling, inter-

ferences, and the graphite rod are discussed.
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INTRODUCTION

Application of trace element analysis to the determina-
tion of wear metal particles suspended in lubricating oils of
railroad and aircraft engines has been used for many years.
The first-used methods of analysis included colorimetry and
a number of direct atomic emission spectrographic techniques.
Atomic absorption spectroscopy (AAS) emerged in the 1960's
as the primary method of analysis of trace wear metals in
lubricating oils (1).

In 1964, atomic fluorescence spectroscopy (AFS) was
developed as an analytical technique by Winefordner and
Vickers (2) and Winefordner and Staab (3). Atomic fluores-
cence spectroscopy was slightly later used by West (4) and
Dagnall, West, and Young (5).

Atomic fluorescence spectroscopy has a number of advan-
tages over AAS. Atomic fluorescence spectroscopy is especi-
ally valuable for determinations of very low concentrations
of certain elements, and through the use of a continuum
source, for rapid, multielement determinations. In addition,
the linear working concentration range for AFS is about ten
times that of AAS (6).

The first commercial atomic fluorescence spectrometer,

based on the design of Mitchell and Johansson (7) in 1970,
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consisted of six sequentially pulsed hol’ow cathode lamps.
The instrument was marketed for only a short time, and
presently, there is no AFS system commercially available.

Preliminary investigations of AFS for wear-metal analysis
in lubricating oils were made by Smith, Stafford, and
Winefordner (8) and Miller, Fraser, and Winefordner (9).
Smith et al. used electrodeless discharge tubes as spectral
sources and total-consumption burners supporting hydrogen-
argon-entrained-air or hydrogen-air flames. They obtained
satisfactory results for Ag, Cu, Fe, Mg, Ni, and Pb, but not
for Al, Cr, Sn, or Ti. No pretreatment of the oil samples
was required. Using the premixed hydrogen-air flame, the
authors performed a ten-fold dilution of the oil samples with
methyl isobutyl ketone.

Miller et al. used a 150-W Eimac xenon arc continuum
source and a total-consumption nebulizer-burner with a hydro-
gen-argon-entrained-air flame. The 0il samples were diluted
four-fold with carbon tetrachloride. Good results were
obtained for Fe, Cu, Ag, and Mg.

Although spectral continuum sources generally give poorer
detection limits than intense line sources, they have the
advantages of being more stable, more reproducible from day
to day, and have longer life. More importantly, one source
can be used to excite all elements (10). :

Johnson, Plankey, and Winefordner (11) tried both a
pulsed xenon lamp and a cw xenon arc point source with a

special mirror enabling the transfer of nearly all the
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radiation to the absorption cell. For both source types,
they studied good atomizing flames (argon-separated air/CZH2
or NZO/CZHZ)' They reported analytical figures of merit for
Ag, Cd, Co, Cr, Mg, Mn, Se, and In using the air/CZH2 flame

and for Al, Be, Ti, Mo, and V using the NZO/CZH flame. They

2
also determined Fe, Mg, Cu, Ag, and Cr in used jet engine
lubricating oils. The same authors (12) demonstrated the
utility of the continuum source for determining wear metals
in oil. They obtained analytical data for Ag, Cr, Cu, Fe,
Mg, Ni, and Pb without sample dilution.

Johnson, Plankey, and Winefordner (13) refined their
technique (11, 12) by the addition of a computer-controlled,
slewed-scan spectrometer. They obtained detection limits and
analytical calibration curves for 18 elements in aqueous
samples (Ag, Au, Cd, Cr, Co, Cu, Fe, In, Mg, Mn, Ni, Pb, Pd,
Pt, Sn, Sr, Tl, and Zn) with the air/C.H, flame and 5 ele-

2 2

ments (Al, Be, Mo, Ti, and V) with the NZO/CZH flame. They

2
determined 5 elements in lubricating oils (Fe, Mg, Cu, Ag,
and Cr).

In 1972, Molnar et al. (14) described a simple, elec-
trically-heated graphite rod atomizer with a hydrogen-argon-
entrained-air flame around and above the rod for atomic
absorption studies. Measurements were made for Ag, As, Au,
Cr, Cu, Fe, Mg, Ni, and Pb in aqueous samples.and for Ag, Cu,

and Fe in jet engine lubricating oil samples diluted ten-fold

with isooctane. Reeves et al. (15) used the same atomizer
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for atomic abosrption determinations for Ag, Cr, Cu, Fe, Ni,
Pb, and Sn in jet engine lubricating oils.

Other workers also investigated furnace atomizers for
trace metal analysis of oil-based samples. Brodie and
Matousek (16) used a graphite mini-Massmann furnace to deter-
mine Ag, Al, Cu, Cr, Mg, Ni, and Pb in [-pl undiluted oil
samples. Alder and West (17) used a graphite rod atomizer
for Ag and Cu in diesel engine oil. Omang (18) determined
Ni and V in crude petroleum in a graphite tube furnace.
Reeves, Molnar, and Winefordner (19) sequentially atomized
Ag and Cu from a graphite rod with a multielement hollow
cathode lamp spectral source for atomic absorption measure-
ments.

Patel et al. (20) used the graphite rod atomizer de-
scribed by Molnar et al. (14) for atomic fluorescence studies.
Using electrodeless discharge lamps as sources, they deter-
mined Ag, Cd, Cu, Hg, Pb, Sn, Tl, and Zn in aqueous samples
and Ag, Pb, and Sn in oil-based samples.

More recently, Katskov, Kruglikova, and L'vov (21)
reported using an electrically hcated graphite chamber in
an air/CZH2 or NZO/CZHZ flame. They made atomic absorption
determinations on 27 elements, including Ti, V, Mo, and Si
in ores, rocks, slags, metals, rcfractory-metal oxides,
biological materials, paper, and oils. The same chamber was
used by Razumov (22), combined with a natural gas flame, for

both atomic absorption and atomic fluorescence studies.
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This study employed a graphite rod furnace essentially
the same as described by Molnaretal. (14), except that it was
modified with a circular burner to support an argon-sheathed
NZO/CZHZ flame. The graphite rod allowed the direct intro-
duction of small-sized samples having complex matrices,
eliminating the need for dilution or other pretrecatment cf
the sample. This graphite rod-flame atomizer, when combined
with a continuum source for AFS, provided an operationally-
simple, sensitive system for multiclement trace analysis for

the elements Cr, Al, and Mo in samples having complex

matrices.




THEORY

Although the furnace used in this work incorporated a
graphite rod, the experimental data were interpreted on the
basis of flame theory since the absorption was performed
within the flame region assumed to be in thermodynamic
equilibrium (23, 24).

The sample cell was assumed to be a parallelepiped (sce
Figure 1) with absorption path length £cm, luminescence path
length L cm, and height 2' cm. A cylindrical cell is more
difficult to treat exactly; however, a cylindrical cell of
radius r results in about the same luminescence radiance as
a parallelepiped with a square cross section of 22 where £
is related to r by 2 = r V/m. It was assumed that the analyte
absorbers were equally and uniformly distributed within the
cell and that no interferences were present, that is, that
only the analyte absorbed and that only the analyte lumi-
nesced. Because fluorescence was being mecasured perpendicular
to the excitation beam, it was also assumcd that all the
luminescence from the face of area 242' was mcasurcd and that
the entire front surface of area L&' was fully illuminated,

that is, that there were no prefilter and postfilter effects.

[f the spectral radiance of a continuum source is B

(erg st em? grl

SA0
nm-l) at the excitation wavelength X, then

N e B L o




Excitation

Measurement

Schematic diagram of cell assumed for luminescence
radiance expressions, showing dimensions of unit

cell (25]).

Figure 1.
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the source spectral radiance flux ¢SA° (erg 5'1 nm'l) inci-
dent upon the cross-sectional area of dy&' cm2 of the volume

element dydxQ' cm3 is

®ch0 = Bgyo QE[dyz'][m ]TE (1)
where QE is the solid angle (sr) of exciting radiation col-
lected by the entrance optics and imaged upon the volume
element dydx%'; m, and m, are source image magnification
(dimensionless) at the cell surface in the longitudinal and
the horizontal directions; TE is a factor (dimensionless) to
account for absorption and reflection losses due to optical
components between the source and the absorption cell. The
m

quantities QE’ m H and TE are assumed to be independent

L
of excitation wavelength, which is a reasonable approximation
for mirrors or lenses not used near their absorption cutoff
wavelengths, assuming the wavelength range is not too large
(less than about 1000 K).

Then, from the Beer-Lambert absorption law, the spectral
radiant flux at any distance x from the front surface of the

1

cell, &g, (x) (erg S nm-l) is given by

¢SA(X) = ¢Sxofexp(-kxx)] (2)

where kA is the absorption coefficient (cm-l) of the analyte
at the excitation wavelength X (i.e., the fraction absorbed).
The radiant flux absorbed at wavelength per unit wave-

length interval by the small volume element of path length
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dx is then given by

dég, = ®c,0 kx[exp —kAx]dx (3)

To convert radiant flux absorbed by the volume element
dxdy®' to radiant flux luminesced, it is necessary to use
YA(A'), the luminescence spectral power efficiency (dimen-

sionless), which is given by

Y, (A1) = Y £()

where Yp is the power yield of luminescence (i.e., the
luminescence radiant flux divided by the absorbed radiant
flux and is dependent on the excitation wavelength A for
gaseous atoms and diatomic molecules with widely separated
vibrational levels; f(A') is the spectral distribution of
luminescence (dimensionless) and is dependent only on the
luminescence wavelength A'. The product f(A')dA' represents
the probability that an emitted photon has a wavelength
between X' and X' + dX', that is, Z f(x')drx' = 1. Therefore,
f(1') represents the normalized shape of the luminescence

line or band and is given by

Ky i
F(A') = A

o]

([)kx,dx'

where kA' is the absorption coefficient (cm'l) for the lumi-

nescence wavelength A'.
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The luminescence spectral radiant flux dQLA' from the
small volume element dxdy&' is the product of the flux
absorbed, the luminescence spectral power efficiency, and

a factor to account for loss of luminescence due to self-

absorption, and so

de = d¢SA YA(A')[exp -kA,y]dy (4)

LA

The spectral radiant flux of luminescence can be con
verted to the spectral radiance of luminescence by dividing
d¢LA‘ by 4m (there are 4m sr in a sphere of isotropic
luminescence), by the area dAS of the six surfaces of the

volume element, and by nz, where n is the refractive index

of the flame environment, and so

i 1 1
s d¢LX'{ 2][“Kg] (5)
For a gas such as a flame, n % 1.

The luminescence radiance dB| (erg s”! em 2 sr°1) from

the volume element dxdy&' is therefore given by

i o [PE[|erdxdy || TE 1 6)
L am dAg L ]
RO K 80
0 A

-{g ¢Sx,kk[exp ~kxx]dA][£ kax,[exp -kx,y]dX']

If this equation is integrated with respect to x and y be-

tween the limits 0 and £ for x and 0 and L for y, then the
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luminescence radiance BL is given by

e E Le' e 1y
L Aw||2Le" + 228" + 2LR|| 2 P
LIy My

(f (1-exp -k, ,L)dr’
0

(7)

-[é BSAOCI' exp -kkl)dx]

J Lk, ,dx’
&R

This relationship is specifically the total line luminescence
radiance, BL, for the right angle case of continuum source
illumination-measurement.

The first integral in Equation (7) is the absorbed
radiance. The integral ratio on the far right is the self-
absorptior factor, fs, and accounts for the reabsorption of
lumirescence by analyte species. The ratio fs is unity or
nearly unity for the case of atomic fluorescence involving
a dilute atomic gas and transitions terminating in the ground
state. However, for atomic fluorescence of concentrated
(kA.y >> 1 for \'s near Aé) gases, the selfabsorption factor

is less than unity and is given by

J(1 - exp -k!,z)dx'
_ S 2/a" (8)

S Gt '
[ 2k}, dr’ /T kG 2)

0 ’

where z = L for the right angle case and ko is the peak atomic
absorption coefficient for pure Doppler broadening for the

fluorescence line, and a' is the damping constant (dimension-
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less) (accounts for collisional as well as Doppler broadening)

for the fluorescence line and is given by

where AAé is the collisional half width (nm) of the fluores-
cence line and AX)) is the Doppler half width (nm) of the
fluorescence line.

The first integral in Equation (7) is more difficult to
evaluate because of the two wavelength-dependent terms, BSAO
and (1 - exp -kxk). For atomic fluorescence being excited
with a continuum source (source having a constant spectral
radiance over the entire absorption line or band) the inte-

gral becomes

P P

g Bgyo(l - exp -k,2)dx = ngo 5(1 - exp -k,2)dA (9)
where BEA is the spectral radiance of the continuum source
at the pegk absorption wavelength. The integral in Equation
(9) is readily solved for absorption lines or bands having a
Voigt profile and resulting from either very low or very
high concentration of absorbers. A spectral line or band
with a Voigt profile (a line or band broadened by both

Lorentzian and Gaussian effects) has an absorption coeffi-

cient of
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kw2 g g, c;p(-yz)dy
“mg= % (¥ = ¥)

where a is the damping constant (dimensionless) and is given
by vIn 2 times the ratio of the Lorentzian half width to the
Gaussian half width of the line or band, ko is the peak
absorption coefficient (cm‘l) for pure Gaussian broadening
(for atoms, Doppler broadening) for the excitation process,
v is the relative wavelength (dimensionless) of any point in
the absorption line in terms of Doppler half width,and y is
a variable relative wavelength (dimensionless) taken with

respect to v.

A

a = vln 2 s
AX
D
(A - A
v = 2V/In 2 ——m
AAD
) )
y = 2¥1n ZWD

In the above relationships, AAC is the collisional half width
(nm), AAD is the Doppler half width (nm), A is any wave-
length (nm), Ao is the peak wavelength, and § is a variable
distance from X - Ao (nm) .

The integral in Equation (9) is called the total absorp-
tion and given the symbol At' It can be evaluated for two
limiting cases. For a low concentration (kol 2 0.05) of

absorbers,
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o L /m k AAD ')
[ (1 - exp -k, 8)dr = [ k,2d) = g (10)
0 0 2V/In 2
and for high concentration (koz Y 10) of absorbers
o Y ko La
({ (1 - exp 'kxz)dl = A)\D _TI_\_T_ (11)

Combining Equations (7), (9), (10), and noting that fs
is about equal to unity, gives the radiance expression for a
continuum source using right angle measurement and for a low

concentration of analyte.

o N L2y’ Tg
I P e a oy w ey ol
n mLmH

/T k. AA
“¥. B e 1
L CAO 2/n 2

For high concentration of analyte for atomic fluorescence
terminating in the ground or near ground state and a con-

tinuum source, Equations (7), (8), (9), and (11) result in

5w LE Ly TE
LT |@w| |20 2 2R |2
n mLmH

5 k. £ aa'll/2
p By 5t iy AA
0 (o]

Y D

From these relationships, some generalizations can be

made for BL' The luminescence radiance, BL’ is directly
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proportional to the absorption coefficient, ko, and thus to
the concentration of analyte as long as the concentration of
analyte, n, is low because ko, the maximum absorption co-
efficient, is directly proportional to n, the concentration

of analyte in the lower state,

4
oA 2V1n 2 Ao no Au,l

t 8mv/T C A

D

where AO is the peak absorption wavelength (cm), n, is the
concentration of analyte in the lower state involved in the
absorption transition (cm's), Au,l is the Einstein coefficient
of spontaneous emission (s-l), c is the speed of 1light (cm
s-l), and AAD is the Doppler half width of the atomic line
(cm).

Also, BL is dependent only on the cell volume and not
the cell shape as long as the concentration of absorbers is
low, and as long as the entire cell cross-section of L&' cm2
is fully illuminated and the entire luminescence from the
right hand face of 2&' cm2 is measured. The luminescence
radiance depends directly on the spectral radiance of the
continuum source and directly on the luminescence power
efficiency. Finally, B, 1is independent of the spectral
profiles of the absorption and luminescence bands as long
as the absorber concentration is low and as long as a con-
tinuum source is used.

For any given atom, line, and flame, the quantities a,

Y, AAD, L, and % are constant, and for any given source, BCA
o

s




r““

-16- !

. o . k.
is constant. Thus, for low concentrations,

BL = constant Xx ko = constant x n

The concentration, ng» of atoms in the lower state in-

volved in the absorption process is determined by the Boltzmann

distribution equation and is given by

m

- B
& 0 i
5 AR T °XP T

where K5 is the statistical weight of the lower level (usually

ground state), n, is the total concentration of atoms in all

states, E, is the excitation energy (erg), T is the tempera-

ture of the system (°K), and ZT is the electronic partition

function given by

-E_
= )

where g; is the statistical weight of state i, and Ei is the

excitation energy of state i. If Ei Y 0.5 eV for the lowest

lying excited state and if T ¥ 3000°K, then n, o n, within
5%. For atoms with many levels (e.g., transition metals,

n, < N,
rare earths), o t

The basic expression relating ng (ground state atoms

cm-s) to analytec concentration, C0 (moles cm-s), is given by

F €B Cogo
Qeeglr

23

ng = (b x 1977)
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where F is the solution transport rate (cm3 s'l), Qt is the

flow rate of unburnt gases into the flame (cm3 5-1), er

RS AN

(dimensionless) is the expansion factor of flame gases rela-
tive to room temperature, and €B is the efficiency (dimension-

less) of producing atoms from the sample. In flames, €B is

often many times less than unity, but it should be near unity
for substances that are completely vaporized from a cuvette.

If the sample is vaporized in a cuvette (cylindrical
cell with an open end), the peak atomic concentration of
analyte is given by

m_€B g

23 a
R = (6 x10") ==
o echMaZT

where VC is cuvette volume (cm3), m, is analyte mass (g), Ma
is the atomic weight (amu) of the analyte, and eg is the gas
expansion factor (dimensionless) between the heated gas
temperature and room temperature.

If the sample is vaporized from a heated filament into
a continuous flowing stream of inert gas, and if the analyte

mass is vaporized as a plug in time t, then the peak concen-

tration, np, is given by

where Qa is the flow rate of the inert gas (cm3 5-1) past

the filament.
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Actually, the analyte concentration will vary with time.
The time-dependent concentration, n(t), is a complex function
of the amount of analyte on the filament, the type of fila-
ment, the area of coverage, the diffusion rate of analyte,
the filament temperature, and other factors.

Growth curves consist of plots of the logarithm of the
luminescence radiance, BL (or a function of BL), versus the
logarithm of the concentration of absorbers, n,. The shape
of the growth curves is the major factor in determining the
shape of the analytical calibration curves (plots of the
logarithm of instrumental signal due to luminescence, Sp»
versus the logarithm of the concentration, CO, of the analyte
placed in the measurement cell). Analytical calibration
curve plots of log SL versus log Co should have the same
slope as the growth curve plots of log B, versus log n  as
long as SL is linear with B, and ng is linear with Co. The

L

instrumental signal should be linear with B, over a large

L
range of radiances, and the concentration of absorbers

should be linear with respect to Co over a wide concentra-
tion range. Typical atomic fluorescence growth curves for

a continuum source assuming right angle measurement are shown

in Figure 2.




Figure 2.

Bl e e AL
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log ng

Atomic fluorescence growth curves for atoms
excited by a continuum source and assuming right
angle measurement. The dashed lines and arrow
indicate the result of increasing prefilter and/or
postfilter effects (26).
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EXPERIMENTAL

Lxperimental System

A schematic of the experimental system is shown in
Figure 3.

The excitation source was a 300-W Eimac xenon arc lamp
(Varian Associates, Eimac Division, San Carlos, CA 94070).
The Limac lamp is a prefocused point source with a paraboli-
cal reflector that is highly efficient in producing atomic
fluorescence for elements having resonance spectral lines
with wavelengths longer than 200 nm (27).

The mirror and lenses Ly and L2 were set at the dis-
tances indicated in Figure 3 to focus the excitation beam to
a spot 4 mm in diameter.

The atomizer (sce Figure 4) consisted of a cylindrical
bakelite block 8.2 cm in diameter and 2.6 cm high with
water-cooled, copper blocks on either side to support a
graphite rod and provide electrical contact with the power
supply (SCR Power Supply, Electronic Measurements, Inc.,
model 10-250, Oceanport, NJ 07757).

A standard spectrographic-grade graphite‘rod (pPOCO
Spectrographic Electrode, grade FXI, POCO Graphite, Inc.,
Decatur, TX 76234) was held firmly in place by small brass

plates screwed into the tops of the copper blocks.

1
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Figure 3.
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Schematic of system. Lenses Lj, Ly, and L3 focus
the illumination and mecasuring beams. M is a 6-in.
spherical mirror. C is the chopper. Sy and S; are
light stops with apertures set at 1.0 cm dia-
meter. F is the furnace and T is the light trap.
Not shown are the SCR power supply, illuminator
power supply, PMT power supply, and the programming
unit.




Figure 4.
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Combination graphite rod-flame atomizer.
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Inset into the bottom of the bakelite block was an
aluminum block with 56 holes 1.3 mm in diameter to maintain
an argon sheath. A circular burner, consisting of 83 capil-
lary tubes 1.0 mm inside diameter and 3.8 cm long, supported
a NZO/CZH2 flame above and around the rod.

A removable light trap surrounded the copper blocks and
graphite rod. The light trap was a sheet metal box approxi-
mately 5.5 cm by 7.2 cm by 6.4 cm high with 2 cm by 3 cm
openings cut on three sides for the excitation and measurement
beams. The inside of the trap was painted a nonreflective
black.

Graphite rods 50 mm long and 6.15 mm in diameter were
machined to leave a center section 25 mm long, 2.5 mm high,
and 2.5 mm wide. Reproducible sample location on the rod was
achieved by drilling a cavity on top of the rod. A He-Ne
laser beam was used to align this cavity 4 mm below the inter-
section of the excitation and measurement beams.

The entire assembly was mounted on a Perkin-Elmer chamber
nebulizer system (Perkin-Elmer Corp., model 303-0352, Norwalk,
CT 06856) that had the drain and intake clamped closed.

A locally-constructed programming and timing unit (28)
was used to establish gas flow sequences as well as the
durations and temperatures for the dry, ash, and atomization
cycles of the furnace. A schematic diagram of the circuit
for the programming unit and a description of its operation

is given in Appendix A. The programming unit controls the
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amount of current supplied to the furnace to heat the graphite
rod.

A photomultiplier detector was mounted at the exit of a
0.5 m Jarrell-Ash monochromator (Jarrell-Ash Co., Newtonville,

MA 02160). The wavelength of the monochromator was set at

the center of the desired fluorescence line by using an
appropriate hollow cathode lamp; a nanoammeter was used to
detect the photocurrent. The monochromator was scanned until
the nanoammeter showed a maximum output for the desired
spectral line.

All analytical measurements were performed with a lock-in
amplifier detection system. The photomultiplier output was
amplified by a variable gain preamplifier (Ithaco, model 164,
Ithaca, NY 14850) prior to detection by a lock-in amplifier
(Ithaco Dynatrac 391, Ithaca, NY 14850) referenced to the
Eimac source chopped at 250 Hz (Princeton Applied Research,
model 125, Princeton, NJ 08540). The amplifier output was
recorded by a chart recorder (Linear Instruments Corp., model
261, Costa Mesa, CA 92626) from which the signal peak height

(mv) was measured.

Experimental Procedures

The programming unit was calibrated for graphite rod
temperature by using a W-W/Re thermocouple probe to determine
the temperature of the rod at various settings of the pro-

gramming potentiometers. The resulting data were used to
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construct curves of temperature versus potentiometer settings.

The curves were used to set an approximate temperature for
the graphite rod for the dry, ash, and atomization cycles
(see Appendix B) by setting the potentiometers on the pro-
gramming unit.

Gas flows were measured by rotameters calibrated in
1 min-1 using a mass flow meter (Teledyne Hastings-Raydist,
Hampton, VA 23661) and a digital voltmeter. Stock 1000 ppm
aqueous standard solutions were prepared from reagent-grade
materials according to the procedures outlined by Smith and
Parsons (29). These stock solutions were used to prepare 1,
5, 10, 25, 50, 100, and 500 ppm solutions. The oil standards
were the Special Spectrometric Calibration Standards obtained
from the Naval Air Rework Facility, Naval Air Station,
Pensacola, FL. These standards contained the elements Al,
Cr, Cu, Fe, Pb, Mg, Ni, Si, Ag, Mo, Sn, and Ti at concentra-
tions of 0, 3, 10, 30, 50, and 100 ppm. Synthetic and real
correlation oil samples from the Naval Air Rework Facility
were analyzed for the metals of interest.

According to Parson ct al. (30), atomic fluorescence
intensity is dependent on the following parameters:

1. oxidant gas flow rate,

2. fuel to oxidant ratio,

sheath gas flow rate,

w

4. height of measurcment above graphite rod,

slit width.
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In addition, the graphite rod variables include the time for
each cycle, which depend in a complex manner on each sample
matrix, as well as the temperature for each cycle. Because
very low limits of detectionwere not a requirement for this
study, no attempt was made to maximize all parameters,

In order to minimize formation of analyte oxides, the
NZO/CZHZ flame is adjusted to a "red feather'" (31) resulting
in flow rates of 7.2 1 min—1 for N,0 and 4.3 1 min-1 for

CZHZ' An aqueous aluminum standard solution was used to

optimize sheath gas flow rate and slit width. The values

giving the best signal-to-background were an argon flow of
2.4 1 min ! and s1it width 350 um (see Appendix C).

One-pl samples were introduced onto the graphite rod
using a Micropettor A syringe (Scientific Manufacturing In-
dustries, Emeryville, CA 94608) using disposable capillary .
tubes. One series of standard and unknown samples were
determined rapidly on a single graphite rod in order to
minimize the effects of aging of the graphite rod.

For aqueous solutions, optimum graphite rod conditions

were dry cycle temperature of 120°C for 10 s, ash cycle

temperature of 400°C for § s, and atomization cycle time of
3 s (the graphite rod wall temperature was about 2700°C as

F determined by an optical pyrometer).

For oil samples, the dry cycle was elimiﬁated. The ash

temperature was increased to 550°C for 7 to 9 s to allow the

dissipation of smoke from the oil ignition. The atomization




time and temperature remained the same as for the aqueous

samples.

The gas flow sequence for all samples is given in Table 1.

Table 1. Gas flow sequence.
Cycle Gas

air NZO CZHZ Ar
dry ON OFF OFF ON
ash OFF ON OFF ON
atomization OFF ON ON ON
cool ON OFF ON ON




RESULTS

Chromium (359.3 nm), aluminum (396.1 nm), and molybdenum

(313.2 nm) were measured in aqueous and oil standard solu-

s tions. The elements were then determined in synthetic and
real jet engine lubricating oil samples using calibration
curves obtained at tue same time as the samples. The oil ;
samples were paired correlation samples* of the Interservice
0il Analysis Program and were provided by the Naval Air Re-
work Facility, Naval Air Station, Pensacola, FL. The samples
included a pair of synthetic samples and a pair of real
samples. The experimental conditions are given below in ]

Table 2.

1 Each corrclation sample set consists of 4 individual sam-
ples. Two samples are synthetic samples known to contain
the elements of interest. The other two samples are real
samples taken from aircraft engines, and these two samples
may or may not contain the elements of interest.

«28-
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Figure 5. Analytical calibration curves for Cr, Al, and Mo
in aqueous standards.
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Analytical calibration curves for Cr, Al, and Mo

in oil standards.
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Table 2. Experimental conditions.

Gas flow rates

N202 7.2 1 min~1
C,H, 4.3 1 min-!
Ar 2.4 1 min~1
Time constant 40 ms
PMT voltage -700 V
Il1luminator power supply 20 A
Monochromator
slit width 350 um (10 R bandpass)
slit height 5 mm
Chopper 250 Hz

The results of the oil analyses are given in Table 3.
These results are evaluated with respect to the accuracy and
repeatability criteria of the Interservice 0il Analysis Pro-
gram (32). The reported mean values of the paired samples
are plotted, one on the horizontal axis, the other on the
vertical axis (point A in Figure 7). A 45-degree line is
drawn through point A. A rectangle is drawn centered around
point A such that the ends of the rectangle indicate the
accuracy criteria limits measured from point A along the
45-degree line, and the sides of the rectangle indicate the

repeatability criteria limits measured from the 45-degree

line. The experimental data are plotted for each pair in the

same manner as for the reported mean values. Experimental
data falling within the rectangle satisfy both the accuracy

and repeatability criteria.
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Limits of detection in the o0il samples were 0.4 ppm for
Cr, 0.3 ppm for Al, and 1.0 ppm for Mo. The linear dynamic
range in the oil samples was about 100 ppm for Cr and Al,

and slightly less than 500 ppm for Mo.




DISCUSSION

The results obtained in this study compared favorably
with the Interlaboratory Correlation results for the real oil
samples. Analyses for 6 of 7 real-sample pairs met the
military criteria for both accuracy and repeatability. In-
cluding the synthetic oil samples, however, only 8 of 14
pairs of determinations were within the criteria. For the
sample pairs that failed the criteria, all but one were low.
The overall relative standard deviation was about 23%.

The described system was simpler and more convenient to
operate than standard atomic absorption instruments used for
0il analyses. A single excitation source was used for all
elements, the samples required no pretreatment, and the
system was capable of rapid analysis. For example, 3 sets
of samples were analyzed for 2 elements (24 determinations)
in 20 to 30 minutes. In addition, the system was capable of
detecting and measuring elements such as Al and Mo that are
not routinely determined by standard atomic absorption flame
methods. Titanium was also detectable with this system, but
not at low cnough concentrations to perform oil analyses.

The contribution to the error from the detection and
measurement system was assumed to be small compared to the

total error. The light trap shielded the detector from black
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body emission from the heated graphite rod. It was also
assumed that the gas composition and flow rates were exactly
reproducible and thus remained constant for all measurements.

Sources of errors that must be considered include
chemical interferences, errors associated with sampling
small volumes, and errors associated with properties of the
graphite rod.

Chemical interferences affecting the free-atom fraction,
B, include ionization of analyte, compound formation of the
analyte with flame gas products or the graphite rod, and
solute vaporization interferences.

The extent of ionization depends primarily on the flame
gas temperature, the analyte type, and the concentration of
free electrons in the flame. The free-atom fraction due only
to compound formation is dependent on the flame gas tempera-
ture, analyte type, and the concentration of the flame gas
products involved in the formation of the compound. Solute
vaporization efficiency, e, is affected by flame gas com-
position and tempcrature.

The peak concentration, np, of analyte in a sample
vaporized in a cuvette is proportional to eB, the efficiency
of producing atoms from the sample. The factor €8 should be
ncarly unity for substances that arc completely vaporized
within a cuvette, assuming that the atmospheré is inert. In
this system, however, the atmosphere is a NZO/CZHZ flame,
and in such a flame eB can be orders of magnitude less than

unity (33). Compound formation with flame gas products is

|
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not strictly an interference because B should be constant :

for any given analyte in a given flame (composition and

temperature constant).

In Figure 8, it is shown that the input power to the
graphite rod (and thus, the temperature) increased as the rod
aged. While the current through the rod remained constant
(determined by the programming unit), the voltage across the
rod (determined by the resistivity of the rod) increased. A
total power change of 75% was observed during the useful life
of a rod. This resulted in a temperature change of about
500°C or 19%. Reported (34) relationships of the heating
rate on peak absorbance vary from linear-to-exponential in-
creases in the signal peak to a decrease in signal peak as
the rate of heating increases further.

Uncertainties associated with using small sample sizes
arise from the act of withdrawing the test sample from a much
larger sample having a complex matrix, and from the repro-
ducible placement of the sample within the atomization cell.

The oil samples were assumed to be homogeneous
because no suspended particulate matter was observed. Most
samples were clear or only slightly darkened, however,
samples 167 and 168 were very black and were more viscous
than the other samples. The reproducible placement of the
samples was enhanced by using the laser to align the cavity
on the graphite rod directly below the measurement cell.

Thus, errors due to sample placement were minimized.
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Figure 8. Change in power input as graphite rod aged.
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Another major source of uncertainty was associated with
the graphite rod furnace atomizer. Syty (35) gave the pre-

cision of measurements from a graphite rod as 5% to 8%.

Molnar et al. (14) recognized that aging of the rod reduced
reproducibility, but they reported that the untreated POCO
graphite gave 2% to 4% reproducibility at advanced age (150-
200 determinations).

Sturgeon (34) recently discussed the problems associated

with electrothermal atomizers for the atomic absorption pro-

cess. While the primary factors influencing the signal-time

characteristics of all elements are the heating rate of the
atomizer and its geometry, a third factor that can alter the
kinetics of atom formation is the physicochemical nature of
the graphite surface (porosity, reactivity, density, perme-

ability). The effects of this third factor are more pro-

nounced with refractory elements such as Mo and Ti.

Factors arising from the physicochemical nature of the

graphite surface are complex and were not experimentally

measured in this study. Certainly many of the cffects are

would the reactivity due to increased contact between the
graphite and the analyte.

While the effects of changes in the physicochemical

nature werc not dircctly mecasured, physical changes in the
graphite rod with age were observed. On a new rod, samples
formed spherical beads, whereas on an older rod, the samples

i interrelated. For example, as the porosity increases, so
|

E | spread out along the rod. This spreading had the effect of
|
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increasing the path length 2. The observed maximum increase
was about 3 times 2. The luminescence radiancc expression
includes the path length in the following term:

Leg!
2L + 222" + 2L%

The result of the observed increase in £ is an increase in

BL by 28%, assuming the concentration of analyte does not change.
A final areca of uncertainty concerns post- and prefilter

effects on the luminescence radiance (36). The reabsorption

in the cell volume of luminescence of an analyte species that

is not being illuminated by excitation radiation decreases

the luminescence radiance by the factor fI (postfilter effect).

For low concentrations of analyte, f 1, but for high con-

I
centrations of analyte (for transitions terminating in ground ;
or near ground states and for the right angle illumination

measurement case), fI is given by

fI = vl + AL/L - vAL/L

JPVLT R

where AL is the thickness of the sample nearest the detector
and not being excited and L is the sample path length being

excited. As AL/L becomes very large (less and less sample

is being excited), fI approaches zero, and as AL/L approaches

zero (more and more sample is being excited), -f. approaches

I
unity.

The luminescence radiance is decreased by a factor fE
for the right angle case if the luminescence in the portion

of the cell nearest the source is not measured (prefilter
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effect). For atomic fluorescence excited by a continuum

source and for high concentration of analyte,

fE = /1 + AR/ - VAR/2

where A% is the cell length over which atomic fluorescence
is not measured and & is the cell length over which atomic
fluorescence is measured. As Af%/% becomes very large, fE
approaches zero and as A%/% becomes very small, fE approaches
unity. The increase in % observed in this system could re-
sult in a fE of less than unity with a corresponding decrease
in the measured luminescence.

In summary, the major source of error was associated
with the aging of the graphite rod. The effects are complex
and sometimes opposite in direction of error. Increasing
path length increases the volume term in the luminescence
expression, but it also contributes to a prefilter factor
that decreases the measured luminescence. The increasing
temperature affects the factor €8, but according to
Sturgeon (34), the effect of increasing temperature is first
an increase in peak absorbance and then a decrease in peak

absorbance.

Lond SRR el o b




CONCLUSIONS

This system demonstrated potential as a simple, rapid,
and convenient method to analyze small samples having complex
matrices. It was particularly promising for elements such
as Al and Mo that are not routinely analyzed in oil samples
by atomic absorption methods.

There was a large uncertainty in the system as evidenced
by the range in RSD of 3-62%. The major source of
uncertainty was due to the rapid aging of the electrically-
heated graphite rod in the NZO/CZHZ flame. An immediate
improvement should be realized by the use of pyrolytic gra-
phite or pyrolyzed POCO graphite in place of the untreated
graphite.

The system was successful in determining Cr, Al, and Mo
in real jet engine lubricating oils. Limits of detection

for Cr, Al, and Mo were 0.4, 0.3, and 1.0 ppm, respectively.
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APPENDIX A

CURRENT CONTROL/TIMING CIRCUIT (28)

The current control/timing circuit consisted of a timing
and control circuit and a current adjusting switching cir-
cuit. Basically, pA 741's were used as voltage comparators
between a reference voltage (summations of Vl’ VZ’ V3, V4,

t g Mgn Vigs
and V5 were the basis for variable time durations in the

and VS) and a time variable voltage, V_, where V
drying, ashing, atomizing, and cooling cycles, respectively.
Voltage V1 gave a present delay period between starting and
drying. Voltage Vi was internally set to give integration
of V; to V, at a ramp of about 100 mV s

Before the start button was pushed, the following con-
ditions held:
Ve V

Es V. =V \'

£ = Vir Yos Vae Vg e

2. operational amplifiers A, C, E, F, and H outputs
were negative, therefore Ql’ Q3, QS’ Q8’ Qg, Qll’
and Q7 were all turned off;

3. opecrational amplifiers B, D, and G outputs were
positive so QZ’ Q4, Q6, and Q10 were -ali turned off;

4. Ky through K¢ were all off.

When the start button, SZ’ was pushed, Q7 was shorted

out, turning on relay K4 and LED DZl' When K4 turned on,

-§5%s

T T
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+20 V was supplied to bias Q7 thus keeping K4 on as well as

When K, was turned on, OAl started integrating Vi’ thus

DZl'

4
building up Vt. When K4 turned on, then ISenSIN was switched
to bc controlled by Kl’ K,, and KS' At this point, K4

switched IsensIN to Kl’ which is off, and shorted IsensIN
L IsensOUT'
When Vt > Vl, then A's output went positive, Q1 was

turned on (Q2 was previously on) thus turning on K1 and LED

D When K, turned on, then I was passed through P8

18° sensIN

to I

1

sensOUT (P8 controlled the current output of the SCR

power supply at that time). Drying was started.

When Vt > V1 i V2,

drove B's output negative, turning off Q, (thereby K,). Since
i 1

then C's output went positive. This

Q4 and Q10 were previously cn, when C went positive, Q3 and

Qg turned on, turning on K2 and Kg. Relay K¢ turned on the

solenoid which switched from air to NZO' When K2 was on,

LED D19 was on and control of I passed through P9 to

sensIN
IsensOUT' Drying was thereby stopped and aghing started.

When ¥, 2 Vi V2 + VS’ then E's output went positive

1

and D's went negative. Thus, Q4 went off as did K, and D1

2
At the same time, Q¢ and Q11 came on, and since Q6 was on,

9-

K3 and K6 camec on as well as LED D,.,. When K, was switched

20 3
on, then IqenslN passed through plO to IsensOUT‘ A solenoid
was thrown when K¢ was on, turning on CZHZ' Ashing was
therefore stopped and atomization started.

When L V1 i V2 * V3 + V4, F's output went positive.

Therefore, G's output went negative, turning off Qe and Qn-




A5
|
When Qqq went off, then K. went off and I ensIN Was then |
.y s d
turned to hl s normally closed position, shorting IsenSIN to

I When QIO was turned off, so was KS. This turned

sensOUT"
off the solenoid, switching NZO back to air. Thus, atomiza- {
tion ended and cooling began.

When Vt > V1 + V2 + V3 + V4 + VS’ then H's output went
positive, turning on Q8' This shorted the +20 V, keeping Q7
on to ground, thus turning off Q7 and K4. When K4 was off,
then Vt went to zero thereby placing all components at their
original status. Since E's output was now negative, Q11 was
turned off. Therefore, KG was off and the solenoid switched

back, turning off the CZHZ' Thus, cooling was over and all

components were ready for a new cycle.
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APPENDIX B
TEMPERATURE CALIBRATION DATA

i | Power Supply

Cycle Potentiometer Voltage Current Temperature¥*
Setting (V) (A) (°C)
dry 0.60 1.2 10 110
0.70 1.6 12 182
\ 0.80 1.8 15 271
0.90 2.0 20 327
1 .60 2.2 22 416
1.10 2.4 25 488
1.20 2.6 29 593
ash 0.60 i2 10 143
0.70 1.6 13 160
0.80 1.8 16 227
0.90 el 20 321
1.00 2.3 23 399
1.10 2.4 25 488
1.20 2l 30 538
1.30 2.8 32 660
1.40 2.9 36 754
1.50 3.1 40 871
atomization 0.60 . 40 954
0.70 3.7 49 1282
0.80 4.6 53 1460
0.90 5.8 56 1816

*

Data obtained by placing a thermocouple probe in the cavity
of the graphite rod until a steady reading was read on a
millivolt meter. The thermocouple was a W-W/Re type.
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APPENDIX C
SLIT WIDTH AND ARGON FLOW OPTIMIZATION

35

25 4

SIGNAL (ARBITRARY UNITS)

100 200 300 400

SLIT WIDTH (um)
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