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SUMMARY

The research performed on Contract F33615-75-C-1130 was done in
two widely separated areas of trace chemical analysis. This wasdue to a M~ajor shift in emphasis of the contract work. Origi-

funded through the Aerospace Research Laboratories (ARL). At
that time, the primary emphasis was the development of methods
for measuring environmentally significant pollutants related to
Air Force operations.

On 30 June 1975 ARL was disestablished. Contract F33615-75-C-1130
was subsequently transferred to the Materials Laboratory (ML)
where a new direction was given to the research. The principal
thrust became the development of methodology to support the Air
Force Spectrometric Oil Analysis Program (SOAP). In response to
this redirection, a two-task research plan was developed. Task
I was designed to assess the role of nonmetallic oil indicators
in predicting engine wear. Task II had as its goal the develop-

t ment of a rapid, semiquantitative flight-line method for
assessing the iron content in aircraft lubricating oil.

The work on the ARL portion of the contract was done in two areas.
The first area was the development of methodology to analyze for
aqueous nitrates and nitrites and gaseous oxides of nitrogen.
The method we developed was based on the nitration of an aromatic

Wcompound (e.g., benzene) in the presence of concentrated sulfuric
acid to form nitrobenzene. The resulting nlurobenzene, which is
stable, can be detected with great sensitivity by electron cap-
ture gas chromatography (EC-GC). The detection limit of nitro-
benzene by EC-GC was found to be ca. 10-12 gram. The efficien-
cies of conversion of nitrate, nitrite, an3 nitric acid were very
good, as borne out by an evaluation of the procedure for aqueous
nitrate determination that was made on human urine and city
drinking water supply samples. The conversion of nitrogen diox-
ide to nitrobenzene was studied using a permeation train. Eight
samples containing 3 to 5 ppm nitrogen dioxide were analyzed by
our method. Recoveries were excellent and the sensitivity was
very good at these levels.

The other area of research on the ARL portion of the contract
was the development and evaluation of a sampling and hydrocarbon

* classification system for jet engine exhaust analysis. Due to
the complex mixture of organic compounds with varying potentials
for affecting the environment, there was a need for an inter-
mediate analytical method that was inexpensive and relatively
fast for routine or multiple analysis. Initial invistigations
into this analytical problem were conducted by Technology Incor-
porated at ARL under another contract. Under this phase of
Contract F33615-75-C-1130 MPC tested, evaluated, and improved the
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existing system, and ran and evaluated analyses of combustion
exhaust samples.

Using this dual system (sampling and analysis), the exhaust was
sampled by collection on a combination sorbent trap. The analy--
tical system included a tube furnace and heated gas sampling
valve for desorbing the sorbent traps into a gas chromatograph
equipped with a dual flame ionization detector. The column sys-
tem consisted of two analytical columns, a four-port switching
valve, and a removable subtractor column.- The data obtainable
from this sytem were divided into the following classifications:

(a) total unreactive hydrocarbons (paraffinic compounds)
(b) olefins (+ acetaldehyde)
(c) oxygenates + aromatics
(d) total reactive hydrocarbons (nonparaffinic compounds)
(e) total hydrocarbons

Exhaust samples for five jet fuels plus isooctane were collected
from a T-56 combustor rig at the Air Force Aero Propulsion Labor-
atory and analyzed by the system described above. The analytical
system performed very well on these samples and the precision on
replicate samples was good. However, breakthrough occurred in
the sampling system and placed serious limitations on the data
obtained. Perhaps minor changes such as increasing the trap
volumes would eliminate the problem. Such changes could not be
explored because of the change in contract direction.

However, subject to the limitations expressed above, some tenta-
tive conclusions can be drawn from the analytical data obtained:

(1) The major portion of the hydrocarbon exhaust from all fuels
tested is reactive in nature.

(2) For a given fuel, the percentage composition of reactive com-
pounds increases as the power is increased.

(3) There is a general decrease in absolute concentration of all
classifications of compounds as the power is increased.

(4) The distribution of hydrocarbon species into the various
classifications does not differ appreciably for JP-5 fuel
compared to DEL-5 fuel, even though DEL-5 is JP-4 with in-
creased aromatic content.

(5) Greater than 55% of the total hydrocarbons sampled from
actual jet fuels was classified as either aromatic or
oxygenated.

(6) The pure isooctane showed marked reduction in total hydro-
carbons compared with actual jet fuels and had the highest
percentage contribution from unrea.tive compounds.

4



After :ransfer of the contract to ML, work began in the area of

oil analysis. Task I sought to discover if lubricating oil under-

goes some detectable change prior to the onset of inordinate en-

gine wear which can be used as an indicator of impending wear. Of

the five analytical techniques examined, gas chromatography was

the most promising, anC this method was studied more thoroughly.

Initial investigations in this area concentrated on the analysis K
of MIL-L-23699 lubricant because the oil samples available were
from a single manufacturer. The gas chromatograph (equipped with

a flame ionization detector and glass column packed with 3%
Dexsil 400 on 90/100 mesh Chromosorb W), was capable of eluting

all 15 esters from the base stock ester of MIL-L-23699 lubricant
without the aid of standards or other confirmatory methods.

Due to the complexity of the chromatogram, the additives used in

MIL-L-23699 oil were only partially identified using the flame

ionization detector, but they were easily identified when a

nitrogen-phosphorus detector was used. Several differences were
found between the chromatograms of used and unused MIL-L-23699

oils, but we were unable to correlate these to either lubricant
degradation or engine wear.

The jet engine lubricants currently most widely used in the U.S.

Air Force are of the MIL-L-7808 type. The problems associated

with the analysis of used MIL-L-7808 oils are complicated by the

fact that six different manufacturers supply this lubricant and,

in general, the compositions vary widely. Every used oil exam-

ined by GC was a mixture of two or more manufacturers' formula-

tions. Therefore, we developed a process of visual pattern

recognition based on a unique plotting technique that produces a

circular plot by condensing the chromatographic data. A computer-

assisted pattern recognition method was then developed which is

capable of identifying and approximating the contribution of

each lubricant in a mixture.

Task Ii of the oil research sought to develop a rapid, portable

flight-line method for assessing the iron content in jet engine

lubricating oil. Present procedures call for lubricating oil

samples to be sent to a laboratory for detailed SOAP analysis.
Such a procedure can produce considerable lag time between sam-

pling, analysis, and action which might be dictated by the analy-
tical results. This creates the possibility that corrective

response time may in some cases be too long to prevent engine
failure. A simple, on-the-spot test for a major wear indicator

such as iron would be of value in eliminatirg this problem. In
some instances it would also serve as a first-line screen for
identifying samples which should receive the more detailed SOAP

analysis and thus minimize the number of comprehensive analyses
~performed.

~5
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We developed a "solvent ext- .±cd ion-chelaton '" method to determine
the concentration of iron 7'7 -iajor wear indicator! in synthetic
jet engine lubricating oils. The concept of analysis by solvent
extraction-chelation generally iPvolves four steps:

(1) !xtraction of all iron into an immiscible laver,
(2) Conversion of iron to an appropriate oxidation state,
(3) Chelation with a colorimetric indicator, and
(4) Determination of color intensity.

The procedure we developed uses sulfuric acid to extract the iron
from the oil phase into the aqueous phase, eliminating inter-
ference from the oil. Isoamyl alcohol is used to prevent emul-
sions and keep the aqueous layer clear. The aqueous phase is
buffered to pH 4 with sodium acetate and the iron is reduced to
the ferrous (+2) state with hydroxylamine hydrochloride. The
indicator, bathophenanthrolinedisulfonic acid, forms a red com-
plex with iron that is indicative of the iron concentration. The
iron concentration can be quantitated by measuring the red aqneous
layer with a spectrophotometer or colorimeter at 530 mm.

The colorimetric method in its present form is capable Uf analy-
zing for iron up to %90 ppm in oils containing equal amounts of
12 metals and up to %120 ppm if only iron is present. A calibra-
tion curve from 0 to 500 ppm iron in oil was obtained by increas-
ing ths indicator strength. The indicator is effective if the
pH is maintained between 1 and 7.

Twenty-nine used oils were analyzed by the colorimetric, atomic
absorption, and particle independent methods. The colorimetric
data compared very well with the atomic absorption data. Pre-
cision data were obtained on six used and synthetic oil samples
which covered a range from " 4 to L48 ppm iron. Standard devia-
tions were acceptable at each level.

The colorimetric method gave lower results than did the particleindependent method when synthetic oil samples containing >1 ;im

pure iron powder were analyzed. The colorimetric method was
modified by heating the reaction bottle during the extraction
step. This gave improved results but more research is needed on
this modification.

Development of a workable colorimetric method led to the design
afid construction of a successful prototype flight-line kit con-
taining individual analysis packets. Six such portable colori-
metric iron kits and 1491 analysis packets were delivered to the
Air Force. A detailed operating manual explaining the new pro-cedure we developed was also prepared, and a copy was included

in each kit. The Air Force used the kits in a field test designed
and administered by the Air Force Materials Laboratory.:XI
A 6
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SECTION 1

GENERAL INTRODUCTION

The research dlescribed in this report is in two widely separated
areas of trace chemical analysis. This is the result of a major
shift in emphasis in the work being performed under Contract
F33615-75-C-1130. Originally the "Trace Chemical Analysis Method-
ology" contract was funded through the Aerospace Research Labora-
tories (ARL). At that time, the primary emphasis was on developing
methods for measuring environmentally significant pollutants
related to Air Force operations. Under this charter, two methods
were developed: a method for measuring oxides of nitrogen in
various matrices, and a method for characterizing the hydrocarbon
fraction of jet engine exhaust according to specific compound
classifications.

On 30 June 1975 ARL was disestablished. Contract F33615-75-C-1130
was subsequently transferred to the Materials Laboratory (ML)
where a new direction was given to the research. The principal
thrust became the development of methodology to support the Air
Force Spectrometric Oil Analysis Program (SOAP). In response to
this redirection, a two-task research plan was developed. Task I,
"New Concepts in Predicting Engine Wear Through Oil Analysis," had
as its goal the assessment of the role of nonmetallic oil indica-
tors in predicting engine wear. The goal of Task II, "Rapid
Techniques for the Analysis of Wear Metal in Lubricating Oils,"
was to develop a rapid semiquantitative flight-line method for
assessing the iron content in used engine lubricating oil.

Appendix A is an extensive bibliography of SOAP related material
collected during the course of our study. This bibliography is
by no means exhaustive, but it represents a substantial portion
of the literature particularly in the area of metal analysis in
lubricating oil.

A
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SECTION 2

ANALYTICAL METHODOLOGY FOR AIR FORCE RELATED POLLUTANTS

im
2.1 ANALYSIS FOR AQUEOUS N:-TRTES AND NITRITES AND GASEOUS

OXIDES OF NITROGEN BY ELECTRON CAPTURE GAS CHROMATOGRAPHY

2.1.1 Introduction

Nitrogen oxide gases and aqueous soluble nitrites and nitrates
are all of primary environmental concern because of their toxi-
city and reactivity as well as the synergistic effects they
exhibit with other compounds. Several methods of analysis have
been developed and are presently being evaluated by the U.S.
Environmental Protection Agency [1-4].

In a preliminary report on an earlier contract [5] we described

a gas chromatographic method of analysis which showed promise for
gaseous oxides of nitrogen [nitrogen dioxide (NO2 ) and nitric
oxide (NO)] as well as aqueous soluble nitrate (NO3), nitrite

(NOj), and nitric acid (HNO3 ). Glover and Hoffsommer [6) have
published a note on the analysis of aqueous standard potassium
nitrate and potassium nitrite.

The analyses are based on the nitration of an aromatic compound,
e.g., benzene (C6H6 ), in the presence of concentrated sulfuric
acid to form nitrobenzene (C6HsNO 2 ). The reagents used in the
Saltzman [2] method form relatively unstable diazo dyes, and A
analyses must be performed soon after absorption. In contrast,

[1] Environmental Protection Agency, "National Primary and
Secondary Ambient Air Quality Standards," Federal Register,
36:228, 22384-22397 (Nov. 25, 1971).

[2] Saltzman, B. E., "Colorimetric Microdetermination of Nitro-
gen Dioxide in the Atmosphere," Anal. Chem., 26, 1949 (1954).

[3) Baumgardner, R. E., Clark, T. A., and Stevens, R. K.,
"Comparison of Instrumental Methods to Measure Nitrogen
Dioxide," Environ. Sci. and Technol., 9, 67 (1975).

[4] Environmental Protection Agency, "Standards of Performance
for New Stationary Sources," Federal Register, 36:247,
24891-24893 (Dec. 23, 1971).

[5] Ross, W. D., "Trace Analysis for Metals in Aerospace Mate-
rials by Gas Chromatography," 8th Quarterly Progress Report,
Contract F33615-72-C-1304, May 15, 1974.

[6] Glover, D. J., and Hoffsommer, J. C., "Gas Chromatographic
Analysis of Nitrate and Nitrite Ions in Microgram Quantities
by Conversion to Nitrobenzene," J. Chromatogr., 94, 334
(1974).
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nitrobenzene is relatively stable (if the organic layer is sepa- h
rated from the aqueous layer). Therefore, field samples can be
collected and treated to form nitrobenzene, and then shipped to
an analytical laboratory for immediate analysis or storage until
the analysis can be performed. The commonly accepted mechanism
of nitration with a mixture of nitric and sulfuric acids involves
the following sequence of reactions:

HONO2 + 2H2SO - H 30
+ + 2HS0. + NOI (1)

+ 1H
NO + C6H 6 - C6H 5  (2)NNOz

NO2+ /H

C6 1. + HSO - C 6HsNO 2 + H 2SO4 (3)

The resulting nitrobenzene can be detected with great sensitivity
by the electron capture detector, and determinations can be made
with excellent selectivity even at very low concentrations.

2.1.2 Experimental

2.1.2.1 Reagents

Fisher and Allied Chemical A.C.S. reagent grade sulfuric acids
with nominal analysis specifications of 0.00005% and 0.00002R
nitrate, respectively, were used. It was necessary to further
treat the sulfuric acid (H2SO 4 ) with benzene to remove additional
nitrate for ultratrace analysis. Furthermore, different lots of
sulfuric acid varied considerably in nitrate impurity content.
For analysis of low levels of nitrate, it is desirable to check
the blank levels in the available bottles of sulfuric acid and
select the one with the lowest impurity level. This is not nec-
es :y when measuring higher concentrations of nitrate. Exposure
of ie sulfuric acid to the atmosphere should be minimized to
pr nt contamination from atmospheric oxides of nitrogen (NO,).
Mallinckrodt nanograde benzene arid 0.1 molar hydrogen peroxide
(prepared by dilution of 30% Fisher A.C.S. certified reaqent
grade hydrogen peroxide) were used. Nitrobenzene (Chem-Services,
Inc.) and National Bureau of Standards nitrogen dioxide (Standard
Reference Material 1629) were employed.

Additional reagents used for the analysis of nitrate, nitrite,
and nitric acid samples were potassium nitrate (Fisher, certified
reagent), potassium nitrite (Matheson, Coleman and Bell, reagent
grade), and nitric acid (Mallinckrodt, A.C.S. reagent grade).
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2.1.2.2 Standard Solutions

Nitrobenzene standard solutions were made by dissolving weighed
amounts of nitrobenzene in benzene to produce the following con-
centrations: 2.50 x 10- 7 g/mL, 5.00 x 10- 7 g/mL, 1.00 x 10-6 g/mL,
5.00 x 10-6 g/mL, and 1.00 x 10-5 g/mL. Standard aqueous solu-
tions were prepared with triply distilled and deionized water at
the following concentrations: potassium nitrate, 2.50 x 10-6 g/mL,
5.00 x 10-6 g/mL, 1.00 x 10- 5 g/mL, and 2.50 x 10 - 5 g/mL; potas-
sium nitrite, 1.00 x 10- 5 g/mL and 5.00 x 10- 5 g/mL; nitric acid,
5.00 x 10-6 g/mL and 2.5 x 10-s g/mL.

2.1.2.3 Chromatographic Conditions

The gas chromatographs used were Hewlett-Packard Models 402, 810,
and 5713, equipped with electron capture detectors (Ni63 or ti-
tanium tritide). The chromatographic columns were 1-m by 3-mm ID
glass or Teflon® packed with 3.8% Union Carbide W98 silicone on
80/100 mesh Diataport S. Isothermal column and injection port
temperatures in various experiments ranged from 1001C to 120°C.
The argon-methane (90/10) carrier gas flow rate was 60 mL/min.

2.1.2.4 Analytical Procedure for Aqueous Nitrate and Nitrite
a. A l-mL aliquot of the sample is added to 10.00 mL of

benzene in a 125-mL Erlenmeyer flask with a 24/40

Standard taper ground glass neck.

b. For nitrite ion analyses, 1 mL of 0.1M hydrogen
peroxide is added to convert the nitrite to nitrate.

c. Ten milliliters of concentrated sulfuric acid is added.

d. The reaction flask is sealed with a ground glass
stopper and shaken briefly by hand, then the pressure
is relieved by slightly loosening the stopper.

e. The stopper is replaced and secured, and the flask is

placed on a wrist-action shaker for 10 minutes.

f. The benzene, layer is decanted and a I-1jL aliquot is

injected into the gas chromatograph for analysis.

g. The peak height of the nitrobenzene produced from the
sample is compared with that of standard nitrobenzene
solutions which have been subjected to the identical
analysis procedure (see Calibration Procedures,
section 2.1.3.4).
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c. The small silicone rubber stopper is removed from the
opening in neck b, and 25 mL of the adsorbing solution
used in EPA Method 7 [41 is quickly added.

d. The silicone rubber stopper is replaced, and the flask
is briefly shaken by hand, then placed on a wrist-action
shaker for 1 hour.

e. The absorbing solution is transferred to a 30-mL sample
vial, and an appropriate aliquot (2 to 10 mL) is taken
by pipette and placed in a 125-mL Erlenmeyer flask
(fitted with a standard taper 24/40 ground glass stopper'
containing 10.00 mL of benene.

f. This absorbing solution aliquot is subjected to the
analysis procedure for aqueous nitrate described in
section 2.1.2.4 (steps c through g). The amount of con-
centrated sulfuric acid added in step c of the aqueous
nitrate procedure should be five times the volume of
the absorbing solution aliquot in order to insure that
the final acidity is sufficiently high to cause quanti-
tative conversion to nitrobenzene. CAUTION: Excessive
heat may be generated when large volumes of H2SO 4 are
used. Adequate safety precautions should be taken,
and sample loss must be prevented.

2.1.3 Results and Discussion

The high sensitivity and selectivity 
of electron capture gas

chromatography (EC-GC) make it an attractive method for deter-
mining very low concentrations of compounds which are susceptible
to the method. The nonvolatilitv of nitrates and nitrites, the
high reactivity of NO 2 , and the low sensitivity of NO to EC de-
tection prohibit the use of this method for the direct analysis
of these species at low concentrations. However, the conversion
of these species to a compound which is stable, volatile, and
sensitive to electron capture detection could p~ovide the basis
for a valuable analytical method.

Such a procedure offers several important possibilities:

1. The conversion of highly reactive species such as NO2 to a
more stable compound which can be stored and/or shipped
before analysis.

2. The ability to analyze for many different species (NO, NO3 ,
NO2, etc.) using the same instrumentation (i.e., EC-GC) and,
with minor modifications, the same analytical procedures.
In addition, other environmentally significant compounds
such as peroxyacyl nitrates (PAN's) can also be determined
using the same instrumentation.
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3. The recognized sensitivity of electron capture detection,
which promises the capability of measuring typical environ-

mental levels of these compounds. Furthermore, since the
lower limit of detectability is ca. 10-12 g, only very small

biological samples are required for analysis.

Consequently, we have investigated a method for converting these

species to nitrobenzene which is subsequently measured by elec-
tron capture gas chromatography.

Experiments were designed to evaluate the reactivity of benzene

with nitrate and of the resulting nitrobenzene in the analytical
procedure. Factors studied included efficiency of reaction,

solubility of nitrobenzene in benzene; solvent extraction effi-
ciencies, and the efficiency of oxidation of nitrite-containing
species. Calibration studies were then made in preparation for
the analysis of unknown samples of nitrate in urine and in tap
water.

2.1.3.2 Gas Chromatographic Properties of Nitrobenzene

Nitrobenzene has been found to be very sensitive to electron cap-
ture detection by other investigators [7]. The detection limit
was determined in our study to be ca. 10 -12 g for a 1-pL sample
using the conditions previously described. Figure 2 is a chroma-
togram of a standard solution of nitrobenzene in benzene. The
peak was produced by the injection of 1 VL of benzene containing
5.0 x 10-7 g of nitrobenzene per milliliter.

The chromatograms are remarkably free from interfering peaks
(see Figures 2 and 3). At low concentration levels, small peaks
sometimes appeared at retention times considerably longer that of
nitrobenzene. These peaks only occurred in samples which had
been treated with sulfuric acid. The major impurity was tenta-
tively identified by nuclear magnetic resonance spectroscopy
(NMR) as benzenesulfonic acid. These peaks were minimized or
eliminated by periodic special cleaning of the syringe needle.
Normally the syringe was rinsed with benzene after each injection.
Periodically it was rinsed with the following sequence of sol-

vents: benzene, acetone, water, acetone, benzene.

2.1.3.3 Solubility Studies

When benzene and sulfuric acid are shaken together with nitroben-
zene, the nitrobenzene becomes distributed between the two layers

[7] Hoffman, D., and Rothkamp, G., "Quantitative Determination
of Nitrobenzene in Cigarette Smoke," Anal. Chem., 42, 1643
(1970).
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for serious errors can result if this is not taken into account.

V For example, 25Z of the nitrobenzene was lost in the acid laver

when 10 mL of a solution containina 2.5 x 10
- a nitrobcnzene

per milliliter of benzene was shaken with 10 mL of concentrated

H2 S04 plus 1 mL of water. In this experiment sample reaction

conditions are duplicated. The same percentage was lost in the

acid layer when the initial concentration was 1.0 x 10-5 g/mL

and at intermediate concentrations as well. Consequently, it is

necessary to correct for this loss in the calibration procedure.

2.1.3.4 Calibration Procedures

Four methods of calibration were investigated. When a calibra-
tion curve determined from standard solutions of nitrobenzene in

benzene was used directly, errors resulted due to the partial
solubility of nitrobenzene in the aqueous phase of the reaction
mixture. However, a calibration curve determined with nitro-
benzene in benzene standards which had undergone the same reac-
tion procedure as unknowns, including the incorporation of a
blank (1 mL of distilled-deionized water), accurately depicted
the same reaction parameters as the samples themselves experi-
enced. In this manner the consistent loss of nitrobenzene to
aqueous solubility (25%) and the increase in signal due to reagent
and gYlassware blanks were automatically corrected. For most de-
terminations, this second method of calibration appears to be
most suitable.

In the third method, it was learned that sequential external
standards can be used if the detector is less stable than de-

sired (e.g., when detector sensitivity is lowered by successive
injections of samples which contaminate the detector cell). The
procedure involves bracketing the nitrobenzene peak of the un-
known samples with slightly higher and lower concentrations of
standard nitrobenzene in a repetitive sequence, and determining
the concentration from a two-point calibration. For this cali-
bration method, additional corrections for reagent and glassware
blanks, extraction efficiency, and reaction efficiency must be
made.

In the fourth method of calibration evaluated, standard solutions
of potassium nitrate in water were subjected to the same treat-
ment as unknowns and the results were compared. Glover and
Hoffsommer [6] used yet another method of calibration: internal
calibration with added nitrotoluene. However, this method has
the disadvantage that losses of nitrobenzene to the acid layer
are harder to assess.
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2.1.3.5 Efficiency of Reactions

The efficiencies of conversion of nitrate, nitrite, and nitrici acid to nitrobenzene were determined by the analyses of l-mL
aliquote of standard potassium nitrate (KNO3 ), potassium nitrite

(KNO2 ), and HNO 3 solutions. The analyses were performed by the
previously described procedures for aqueous nitrates and nitrites.
The results of this study, listed in Table 1, showed mean effi-
ciencies of conversion of 90.3% for KN0 3 , 99.9% for HNO 3 , and
100.4% for KNO 2.

TABLE 1. EFFICIENCIES OF CONVERoION TO NITROBENZENE

Averagea
Concentration, percent

Solution g/mL conversion Meanb

iN03  2.5 x 10- 6 87.6 ± 8.8
5.0 x 10-6 90.4 ± 9.2
1.0 x 10-5 36.7 ± 3.7 90.P ± 7.9
2.5 x 10-5 96.4 ± 6.8

KNO 2  1.0 x 10-5 103.4 ± 3.9
5.0 x ]0Q9 97.3 ± 1.3 100.4 4 .2

HNO3  0.5 x 10-5 97.0 ± 4.6
2.5 x 10-5 102.9 ± 4.4

aMean of five reactions. Standard deviation of 25
Schromatographic determinations (5 aqueous sample

aliquots, f injections from the reaction of each).

Calculated using all percent conversion values
! (i.e., five values for each concentration) .

By adding the reagents in the concentrations and order described
in section 2.1.2, Experimental, it is possible to take advantage
of the heat generated upon mixing to effect quantitative conver-
sion without the addition of external heat.

2.1.3.6 Analysis for Nitrate in Urine and Drinking Water

An evaluation of the procedure for nitrate determination was
made on two types of samples: human urine, and drinking water
from a city water supply. Five samples of each type were
analyzed. The samples were taken over a period of 1 month; i.e.,
each value in Table 2 represents the nitrate level on a differ-
ent day. It was feund that the nitrate levels were relatively
constant over a l-month period of time, both in the urine from
a single individual and in the Dayton city water supply. The
mean concentration of nitrate in the water supply was 1.i6 ppm.
The relative standard deviation over the 1-month period was
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13.8%. The meam concentration of nitrate in the urine of an
adult male donor was 33.2 ppm, with a relative standard deviation
over 1 month of 13.6%. Figure 3 is a chromatogram of nitroben-
zene formed from the reaction of the nitrate in urine.

TABLE 2. ANALYSIS OF NITRATE IN
X' DRINKING WATER AND URINE

Concentration Standard
Sample type of NO3, ppm deviation

Drinking water 1.29 ±0 04
1.20 ±0.09
1.29 ±0.14
1.15 ±0.08
0.88 ±0.07

Human urine 33.3 ±4.5
37.8 ±2.1
37.3 ±2.4
30.2 ±2.8
27.6 ±1.4

aStandard deviation of five replicate

chromatographic injections of the
same sample.

2.1.3.7 Studies of the Conversion of Nitrogen Dioxide
to Nitrobenzene

The highly reactive nature of NO2 causes major problems in both
sampling and analysis. For this reason, in the generally accepted
methods [1, 2, 4] NO2 is converted into other species before anal-
ysis. In the phenoldisulfonic acid method (EPA Method 7 [4]) an
absorbing solution consisting of dilute sulfuric acid and hydro-
gen peroxide is employed to convert oxides of nitrogen to aqueousnitrate. We reasoned that a similar approach could be used to
convert NO2 to nitrate ion in aqueous solution with subsequert
conversion to nitrobenzene and analysis by the EC-GC procedure
described above.

To investigate this possibility, we conducted preliminary experi-
ments on samples of NO2 in nitrogen. The samples were prepared
with known concentrations of N02 using the permeation train des-

cribed in the Experimental section. Using the method outlined
above, determination of NO2 concentrations were made on eight
samples calculated from permeation data to contain 3 to 5 ppm
NO2 . Recoveries were 98%, 1U0, 97%, 100%, 99%, 100%, 103%, and
98%. There is more than adequate sensitivity to make measurement
at these levels.
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2.2 DEVELOPMENT AND EVALUATION OF A SAMPLING AND HYDROCARBON
CLASSIFICATION SYSTEM FOR JET ENGINE EXHAUST ANALYSIS

2.2.1 Introduction

The incomplete combustion of nonhomogeneous hydrocarbon based
fuels produces an exhaust which contains a complex mixture of
organic compounds. As an illustration of the complexity of this
mixture, Table 3 contains a partial list of compounds identified
in the exhaust from the combustion of JP-4 fuel by the Air Force
School of Aerospace Medicine (AFSAM) [8]. Each of these com-
pounds is of environmental significance depending upon the de-
gree to which it exhibits properties that are detrimental to the
environment or harmful or irritating to the public. Toxicity,
smog producing capability, odor, and eye irritability are ex-
amples of environmentally significant properties. More generally,
certain of these properties have been associated with particular
reactivity classes of compounds. As examples, olefins are known
to be important links in the reaction sequence which produces
smog [91, and oxygenated and aromatic compounds are recognized
as being among the more odorous [10] and toxic compounds [11).
By comparison, the paraffins are relatively innocuous.

Since these compounds have different potentials for affecting the
environment, total hydrocarbon analyses do little to provide use-
ful information concerning the environmental consequences of
hydrocarbon exhaust. On the other hand, a quantitative compound-
by-compound determination, which is the most complete type of
analysis for this purpose, is expensive and time consuming, and
requires instrumental sophistication beyond the capability of
many analytical laboratories. The need for an intermediate
analytical capability (one that could provide enough detail to
reasonably assess the environmental consequences of the hydro-
carbon portion of exhaust, and yet be relatively inexpensive and
fast for routine or multiple analyses) spurred several attempts

[81 Conkle, J. P., Lackey, W. W., and Miller, R. L., "Cryogenic
Sampling of Turbine Engine Exhaust," Snhool of Aerospace
Medicine Technical Report. SAM-TR-75-8, March 1975.

[91 Kerr, J. A., Calvert, J. G., and Demerjian, K. L., "The
Mechanism of Photochemical Smok Formation," Chem. in Brit.,
8, 252 (1972).

[101 A. D. Little Co., "Chemical Identification of the Odor Com-
ponents in Diesel Engine Exhaust," CRC Project CAPE-7-68,
HEW Contract EHSD 71-18, Final Report, June 1971.

[111 Olsen, D. A., and Haynes, J. L., "Air Pollution Aspects of
Organic Carcinogens," NAPCA Report for HEW Contract PH-22-
68-25, September 1969.
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at developing analysis schemes which divide organic exhaust
products into various classifications based on reactivity or com-
pound type j12-161. The goal of research conducted at the Aero-
space Research Laboratories by ARL and MRC personnel was to
investigate methods of accomplishing such an analysis and apply-
ing this technology to real-world samples from the combustion of
various fuels under selected conditions.

2.2.2 Experimental

2.2.2.1 Analytica] System

Work to develop the analytical system used for the analyses des-
cribed in this report was conducted primarily by Technology
Incorporated personnel at ARL. The work conducted by MRC in this
phase of Contract F33615-75-C-1130 was in the areas of testing,
evaluating, and improving, where possible, the existing system,
and conducting and evaluating analyses of combustion exhaust
samples. A brief discussion of the analytical system is included
for completeness.

The instrumentation used in the analytical system includes:

(a) A Hewlett-Packard Model 5750B research gas
chromatograph equipped with a dual flame
ionization detector (FID)

(b) An Autolab System IV computing integrator

[12] Haken, J. K., Ho, D.K.M., and Withers, M. K., "The Identi-
fication of Peaks in Gas Chromatography by the Use of Sub-
tractor Columns. Part 1: The Removal of Aldehydes and
Ketones," J. Chromatogr. Sci., 10, 566 (1972).

[13] Seitzinger, D. E., and Dimitriades, B., "Oxygenates in
Exhaust from Simple Hydrocarbon Fuels," J. of Air Pollution
Control Assoc., 22, 47 (1972).

[14] Withers, M. K., "The Identification of Peaks in Gas Chroma-
tography by the Use of Subtractor Column. Part II: The
Action of Free Fatty Acid Phase on Aldehydes," J. Chrom-togr.,
66, 249 (1972).

[15] Martinu, V., and Janak, J., "Selective Chromatographic
Separation of Aromatic Hydrocarbons and their Hydrogenated
Derivatives on Porapak T," J. Chromatogr., 65, 477 (1972).

[16] Bellar, T. A., and Sigsby, J. E., Jr., "Direct Gas Chromato-
graphic Analysis of Low Molecular Weight Substituted Organic
Compounds in Emissions," Environ. Sci. and Technol., 4, 150
(1970).
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21, kc) A Lh welk-t-Packard Model 19021A heated o~as
sarur 1 int-- valve modified to accommodate solid
sorbent sampling tubes

,0.) A s; ecia I' designed tube f urnace for desorbino
samlples from sorption tubes

The hez rt of7 the anaIvtical svstem is the column arranqement .

(a) A 1-r analytical column packed with 60/80 mesh

Chroosob Pcoated 30', by weigjht %;t
1,23-ti~s2-cvanoethioxy) propane (TCEP)

h)A ou-otswitching valve

(c) A removable subtractor column consisting of
two sections: (W. A9 2 SO"/IiZSo 4 on 60/80 mesh
Chromosorb W, and (2) PdSO4/112 S0 4 on 60/80
mesh Chromosorb W

(d) An analytical column packed with 13 cm of

Chromosorb 1053.

FID B]

SAMPLE IN COLUMN I U TATR FD
TOEPs AgSQ~/ 2S0

0 dO/H O
ZSI CING AV

Fiur 4 Clun ysemfo hdrcabo

a.E Ag2SOP Column

The functions of the, vnCEPu comnnt tof tarer aound oyeted

and aromatic compounds while allowing paraffinic and olel:n2c
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compounds to elute relatively quickly [13]. The column was main-
tained at 801C during the analyses. The effectiveness of this
column is illustrated by the retention data in Table 4. Particular
attention should be given to the retention time of n-decane (81 s)
because previous studies by AFSAM [8] identified this compound as
the highest molecular weight saturated compound found in JP-4
exhaust. Consequently, a time corresponding to that required for
the elution of n-decane was chosen for switching the effluent
from the TCEP column onto the Chromosorb 105 column. Figure 5 is
a chromatogram of a synthetic mixture of representative organic
compounds on the TCEP column.

TABLE 4. RETENTION DATA FOR REPRESENTATIVE
COMPOUNDS ON TCEP COLUMN "

Temperature = 80
0C

Flow rate = 60 mL/min
Weight percent coating of TCEP = 30

Retention
Compound time, s ra

Methane 14 1.0
Methylcyclopentane 31 2.2
n-Hexane 22 1.6
n-Octane 37 2.6
n-Decane 81 5.7
n-Dodecane 222 15.8

Propionaldehyde 128 9.1
Butyraldehyde 196 14.0
Valeraldehyde 323 23.1
Benzaldehyde 375 26.8

Allyl ether 168 12.0

Methyl furan 118 8.4

Methanol 258 18.4

Acetone 187 13.4
Methyl ethyl ketone 273 19.5

Benzene 241 17.2

Acetylene 16 1.1
2,2,4-Trimethyl-pentene-I 30 2.1
Nonene-i 60 4.3
Decene-i 92 6.6

ar = retention time of compound divided by
retention time of methane.
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PEAKS

7 I HEXANE

2 HEXENE-2

3. DECANE
4. PROPIONALOE HYDE
5 ACETONE

6. WATER
7 METHANOL

8 BENZENE

2 Ii
5

8

446

Figure 5. Chromatographic separation of synthetic
hydrocarbon mixture on TCEP column.

b. Switching Valve

The function of the switching valve is to direct the effluent
from the TCEP column either into the subtractor (or directly in-
to the FID if the subtractor is not in the system) or into the
Chromosorb 105 column. The valve was switched at a predetermined
time after injection of a sample. As explained above, this
switching time corresponded to total elution of the n-decane
peak. 'n the chromatogram shown in Fiqure 5, the proper switch-
ing time was after peak 3 had passed from the TCEP column. Per-
forming the valve switch in this manner caused olefinic and
paraffinic compounds to pass directly into FID A (or into the
subtractor if it was in the system), and water and oxygenated
and aromatic compounds to pass into the Chromosorb 105 column.
Oxygenated compounds, which have shorter retention times than
propionaldehyde on the TCEP column, probably passed through with
the olefins and paraffins before the valve was switched. Acetal-
dehyde was identified by AFSAM in JP-4 exhaust and is probably
the only compound which need cause any concern in this respect.
Provisions were made for the removal of any light oxygenates
which may have been eluted before the valve was switched (see
discussion of subtractor).
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c. Subtractor Column

The function of the subtractor column is to efficiently remove
olefinic and light oxygenated compounds from the effluent comin,:
from the TCEP column before the valve is switched. Ag 2SO,";/2 SO.
is an efficient subtractor for the olefinic compounds [17', and
PdS0 4 /H2 SO4 serves as a subtractor for any light oxygenated zom-
poundis (particularly acetaldehyde) [17]. The olefinic subtrract-
ing efficiency of th& Ag 2SO4 /H 2SO4 subtractor is illustrated by
the data in Table 5 and the chromatogram in Figure 6. The effi-
ciency of the PdSO 4 /H2SO4 subtractor for removing oxygenated
compounds is illustrated by the data in Table 6. Particularly
important is the fact that paraffins are essentially unaffected
by the subtraction process (see Tables 5 and 6).

1ABLE 5. EFFICIENCY OF Ag 2S04 /H2 S04 ABSORBENT (800C)

Efficiency,
Concentration, percent of

Compound uc; compound removed

n-Pentane 90 0
n-Heotane 19 1.11
n-Decane 2 3.07
Methylcyclopropane 37 1.41

t 2,3-Dimethylbutane 56 0.39

Acetylene 5,780 100
Ethylene 1,273 99.4
2-Ethvl-butene-l 123 100
4-Methy!-pentene-i 121 100
flexene-i 47 100
Octene-l 10 100
Decene-l 2 100

Benzene 78 100

Ethylbenzene 48 100

I
:1:

1171 Klosterman, D. L., and Sigsby, J. Jr., "Application oil
Subtractive Techniques to the Analysis of Automotive Exhaust,"
Envircn. Sci. and Technol., 1, 309 (1967).
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2 BEFORE AFTER

PEAKS

I 4.METHYL-I-PENTEttE

2 2- METHYL- I- PENTENE
3 1- HEXENE
4 3-HEPTENE
5 DIISOBUTYLENE
6 i-OCTENE

44 4C4

ICC'

Figure 6. Chromatograms of olefin mixture before

and after subtracting with Ag 2 SO4 /Ht2 SO4.

TABLE 6. EFFTCIENCY OF PdSO,/1 2 SO, ABSORBENT (80
0C)

Efficienc",

Concentration, percent of
Compound - _ g _ compound removal

Acetaldehyde L00 99.1

n-Propionaldehyde 67 100

n-Butyraldehyde 22 100
Allyl ether 98 100

2-Methyl furan 125 100
,ethy iacetate 53 100

Acetone 25 100

Methanol 19 100

n-Pentane 90 0

n-Ileptane 19 0
n-Decane 0.1
lethylcyclopropane 37 0.24

2,3-Dimethylbutane 56 0.19
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d. Chromosorb 105 Column

Chromosorb 105 is a hydrophobic porous polymer which performs the
function of allowing the water to pass quickly through the col~imnwhile retarding the oxygenated and aromatic compounds. This

functions was considered important since it was feared that water,
a major product of the combustion process, might adversely affect
the analyses if it were allowed to elute at the same time as the
peaks of interest. The Chromosorb 105 column was connected ex-
terior to the oven by passing lines from the switching valve
through the oven wall. It was wrapped with heating tape to allow
individual temperature control through a Variac transformer. Thecolumn was maintained at ambient temperature until the water

eluted, then heated to %150°C to facilitate the elution of the
aromatic and oxygenated compounds. Typical opefation of the
Chromasorb 105 column is illustrated by the chromatogram in
Figure 7. The injection sequence used for this chromatogram
simulates the order of elution from the TCEP column. Note that
the very small response associated with the elution of water is
the first to appear in the chromatogram.

3 4 5

PEAKS. I. WATER
a METHANOL
.PROPANAL AND 2-METHYL FURAN

4 ACETONE
INJECTION SCHEDULE: 5 PENTANAL

A 2-METHYLFURAN 6 ETHYLBENZENE
7.1.2.4-TRIMETHY ENZENE

B PROFANAL

C WATER
D METHANOL
E ACETONE

F PENTA NAL

G ETHYLBENZENE
H START HEATING OF 105 COLUMN

1 1.2.4 - (RIMETHYLBENZENE

6
2 V

Injection schedule

0 3 35 40 45 50 55 60 65

Time, min

Figure 7. Chromatographic separation of synthetic
hydrocarbon mixture on Chromosorb 105 column.
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c. The Total System

Figure 8 is a chromatogram illustrating the operation of the com-

plete system on a synthetic mixture of representative compound

types. The shift in baseline occurring after peak 2 (n-decane)

corresponds to the switching of the valve. Therefore, hexane and

decane pass through the TCEP column and are detected at FID A.
Water, propionaldehyde, acetone, methanol, and benzene pass

through the TCEP column and the Chromasorb 105 column and are
detected at FID B. The data obtainable from this system are
divided into the followinq classifications:

(a) Total unreactive hydrocarbons (paraffinic compounds)
(b) Olefins (+ acetaldehyde)
(c) Oxygenates + aromatics
(d) Total reactive hydrocarbons (nonparaffinic compounds)I (e) Total hydrocarbons (THC).

5

PEAKS

I HEXANE
2 DECANE
3. WATER
4 PROPIONALDEHYOE
5 ACETONE AND METHANOL

6. BENZENE

6

* 4

2

Figure 8. Chromatographic separation of synthetic
hydrocarbon mixture on the complete system.
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To obtain tie complete analysis, it is necessary to have two
samples of known sample volames taken under identical conditions.
The first sample is analyzed without the subtractor in the sys-
Lem and yields the following data (see Figure 4).

(a) FTD A response = paraffins + olefins (+ acetl-aldehyvde)

(b) FID B response = oxvgenates + aromatics.

The second sample is analyzed with the subtracto- in the system
and yields the following data:

(a) FID A response = paraffins (total unreactive)
(b) FID B response = oxygenates + aromatics.

Olefins (+ acetaldehyde) are obtained by difference by subtract-
ing the FID A response of the second sample from the FID .4 re-
sponse of the first sample. The total reactive hydrocarbon value
is obtained by summing the values for olefins (+ acetaldehvde)
and oxygenates + aromatics. A THC value is obtained by combin-
ing the total reactive and total unreactive hydrocarbon values.
Note that for each analysis (either with or without the subtract-
or) a value is obtained for the oxygenate + aromatic content.
Thus, in general, this value is more precisely determined than
other values.

2.2.2.2 Sampling System

a. Adsorption Tube

Exhaust samples were collected on the combination sorbent trap
illustrated in Figure 9. The trap was constructed from i/4-in
OD, 2-mm ID glass tubing and packed with 5 cm of 60/80 mesh
Tenax GC and N,7 cm of 60/80 mesh Carbosieve B. The Tenax GC was
used to trap the higher molecular weight organlc compounds [18-201

*while the Carbosieve B [21. captured the lower molecular weicht

[181 Bertsch, W., Zlatkis, A., Leibich, H. M., and Schneider, H. 3.,

"Concentration and Analysis of Organic Volatiles in Skylab 4,"
J. Chromatogr., 99 673 (1974).

[19] Janak, J., Ruzickova, J., and Novak, J., "Effects of Weter
Vaoour in the Quantitation of Trace Components Concentrated
by Frontal Gas Chromatography on Tenax-GC®," J. Chromatogr.,
99, 689 (!174).

[20] Zlatris, A., Lichtenstein, H. A., Tishbee, A., Bertsch, W.,
Shumbo, F., and Liebrich, H. M., "Concentration anfa Analysis
of Volatile Urinary metabolites," J. Chromatocir. Sti., 11,
299 (1973).

[211 Brunner, R., Cicciol, P., and diNardo, F., "Use of Graph -
tized Carbon Black in Environmental Analysis," J. -h1omatr-,.,i 99, 661 (1974).

t
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compounds not retained by the Tenax GC. The tube was fitted with

1/4-in. Swagelok nuts so that it could be directly connected to
the sample line and desorption system. A standard 1/4-in. Swage-
lok back ferrule was reversed and silicon rubber rings were
placed on the tube ends to seal the connections of the trap in
the sampling and desorption systems. Standard 1/4-in. Swagelok
caps were used to seal the tubes during transport and storage.

b. Cryogenic System

The sorbent traps were cooled to -781C with crushed solid carbon
dioxide (C02 ) during sampling and storage. Cooling was accom-
plished by placing modified styrofoam cups around the traps to
contain the dry ice. This system proved to be icasonably effect-
ive and inexpensive.

c. Sampling

Figure 10 illustrates the actual sampling arrangement used to
collect exhaust samples from a T-56 combustor rig at the Air
Force Aero Propulsion Laboratory (AFAPL). The valving system
made possible the accommodation of two adsorption tubes. One
tube served as a dummy for regulating the flow rate to 50 to
100 cm 3 /min. The flow rate was continually monitored so that the
total sample volume could be determined. The exhaust sample line
was heated to u3001F. The adsorption tubes were connected so
that the sample passed first through the Tenax GC, then through
the Carbosieve B. While the actual samples were being collected,
a Beckmann Model 402 total hydrocarbon analyzer provided contin-
uous on-line THC data.

EXHAUST-.

COOLED TRAPS

3-PORT VALVE
5 NEEDLE VALVE

HEATED FILTERI

Figure 10. Arrangement of sorbent sampling
tubes in sample collection systew.
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d. Desorption

The exhaust samples were desorbed into the chromatographic system
by means of a modified Hewlett-Packard Model 19021A heated gas
sampling valve. One of the sampling valve loops was cut and fit-
ted to accommodate the 1/4-in. Swagelok connection of the adsorp-
tion traps. This made possible the switching of the sample trap
into the system as shown in Figure 11. The desorption was facil-
itated by means of the specially designed tube furnace detailed
in Figure 12. The soroent traps were heated to 350 0 C to 400 0 C
during the desorption cycle.

GAS SAMPLE VALVE
DESORPTION POSITION

1 14r.4 I DUAL DUAL EETOEE

I
/  

"' l I COLUMN FIDLETOER

FURNACE WI fi TRAP DIGITAL

076

I 4 RE CORDOER2VVL4 POSITION FOR
E 3 TRAP BYPASS

Figure 11. Analytical system with modified gas sam-
pling valve for sorbent tube desorution.

2.2.2.3 Analytical Results

a. Description of Tests

Exhaust samples were collected from a T-56 combustor rig at the
Air Force Aero Propulsion Laboratory during the week of 3-7 March
1975. The fuels tested and combustion conditions used are shown
in Table 7.

TABLE 7. FUEL AND INLET PRESSURE MATRIX

Inlet pressure, Dsia

F__ ,l 15 33 50 75

JP-4 5 6 4
JP-5 2 0
JP-8 2
Isooctane 4DEL-5 blend 6

JP-5 + Ferro'Cene 0
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Only those matrix points (Table 7) which contain entries were~run during the week of tests. The numbers in the matrix indicate

the number of samples collected at each test point. JP-4, JP-5,
and JP-8 are standard military blends used by DOD aircraft. Iso-
octane was run to compare a pure fuel with the nonhomogeneous
fuels. DEL-5 is a specially blended fuel made by adding 1.6 wt %
pyridine to the stock JP-4 fuel and additionally increasing the
aromatic content of the fuel from %12% to 25%. The DEL-5 was
prepared to simulate more closely fuels which may be obtained
from alternative sources such as shale oil. The final fuel type
was JP-5 with the smoke reducing compound ferrocene added.

Simultaneous sampling was conducted using (1) the on-line THC,
NO×, carbon monoxide (CO), and CO2 analyzers at the Aero Propul-
sion Laboratory, (2) a cryogenic system used by the Air Force
School of Aerospace Medicine, (3) the sorbent system developed
by ARL and MRC and described in this report, (4) an impinger train
used for another MRC effort, and (5) sorbent traps provided by
A. D. Little Company.

b. Total Sample Volume

To determine concentrations of hydrocarbons in the samples col-
lected, it was necessary to determine the total volume of exhaust
which passed through the trap. Because a total volume flow meter
which is accurate at the flow rates used was not available, the
flow rate was continually monitored throughout sampling. Table 8
contains typical flow rate data obtained during sampling.

TABLE 8. TYPICAL FLOW RATE DATA

Elapsed Time/10 mL Flow rate,
time, s flow, s mL/minI

90 9.0 66.7
120 9.0 66.7
180 9.0 66.7
300 9.5 63.2
340 9.4 63.8
400 9.5 3.2
520 9.5 63.2
600 9.7 61.9
680 9.8 61.2
700 9.9 60.6
760 10.0 60.0
783 a

aTotal sample time.
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The method used to obtain the total sampl_ volume from the flow
rate data is illustrated graphically in Figure 13. The cascading
line connects the points representing the flow rates recorded
during sampling. The area under this curve can be related to the
total volume sampled. A convenient way of arriving at this area
is illustrated by the rectangular areas on the graph. When two
consecutive flow rates differ, the arithmetic mean of these two
flow rates is considered to be the flow rate over the period of
time covered, and a horizontal line is constructed at the mean

value. The sample volumes represented by the areas of the rec-
tangular boxes are summed to obtain the total sample volume as
illustrated.

c. Chromatographic Analysis

A chromatogram typical of the actual exhaust sample analyses is
shown in Figure 14. The important events in the analytical se-
quence are noted on the chromatogram. The first peak is labeled
"paraffins," signifying that this particular analysis was per-
formed with the subtractor in the system. The "column switch"
designation corresponds to the time at which the effluent from
the TCEP column was directed into the Chromosorb 105 column. The
area of the chromatogram labeled "reconcentration period" repre-
sents the period of time during which the Chromosorb 105 column
was maintained at ambient temperature to allow the water to pass
through. The point at which heating of the Chromosorb 105 column
began is indicated on the chromatogram. After this, the oxygen-
ates and aromatics were eluted as shown by the labeled area of
the chromatogram. The final peak of the chromatogram, labeled
"excess area," is an impurity peak that appears in the baseline
when the Chromosorb 105 is heated. This area is routinely dis-
carded from the chromatogram by dropping a perpendicular in the

manner indicated.

All samples were subjected to the analytical sequence described
above, and the areas corresponding to the different portions of
the chromatogram were automatically recorded by the Autolab
System IV integrator. These raw data were reduced by a series
of corrections and calibrations to yield concentration values
for the various hydrocarbon classifications described in this
report.

d. Data Corrections

To obtain concentration values from the raw data, it was neces-
sary to subject the data to various corrections and manipulations.
Appendix B details the correction sequence for the data obtained
from the chromatogram in Figure 14. The raw integrator data are
first converted to a common attenuation scale (103 x 8) corres-
ponding to the scale used in the calibration curve for hexane
(Figure 15). The area under the trace of the chromatogram is
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d_.,idcd into two regions (corresponding to the area detected at
each FID), and the total area for each region is obtained. Cor-
rection is made to the area detected at FID B tc account for a
rise in baseline and an impurity peak. These "excess areas" are
measured using either a manual Ott Compensating Polar Planimeter
or a Hewlett-Packard electronic planimeter. An empirically
determined conversion factor is used to relate the planimetry
values to integrator counts. The corrected integrator counts
are converted to an equivalent mass of hexane (pg) by using the
calibration curve in Figure 15. The hexane calibration curve
was obtained using FID A; consequently, the hexane equivalent at
FID B must be corrected to compensate for the difference in res-
ponse between FID A and FID B. Finally, the hexane mass equi-
valents are converted into concentrations [ppm (v/v) as hexane]
using the ideal gas law and taking into account the total exhaust
volume sampled. If it is desirable for comparison purposes to
express the values as ppm methane, they are simply multiplied
by 6.

e. Tabulated Data

Table 9 is a summary sheet of all samples analyzed in this ex-
haust analysis program. The analytical results are listed in
terms of mass (pg as C6 ) and concentration (pg/cm3 ). Type I
analyses were obtained at FID A without the subtractor in the
system (see Figure 4) and Type I(S) were obtained at FID A with
the subtractor in the system. Type II analyses were obtained at
FID B. Therefore:

Type I = olefins + light oxygenates + paraffins

Type I(S) = paraffins = total unreactive

Type II = oxygenates + aromatics

Type I-Type I(S) = olefins + light oxygenates

[Type I-Type T(S)] + Type II = olefins + oxygenates
+ aromatic = total reactive

Type I + Type II = total hydrocarbons

The various classifications of the hydrocarbon exhaust products
were obtained either by direct analysis or by difference and/or
summation of the analyses results as indicated above. Not all
classifications were equally well determined due to limited
samples at some of the test points. In general, when multiple
samples were obtained, the precision of the determinations was
very good (see Table 9). Certain values were rejected on a
statistical basis or because some problem in the analytical pro-
cedure caused them to yield erroneous results.
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Table 10 lists the average values in terms of ppm C for the
various hydrocarbon classifications at the different test -points.
The percent composition of the exhaust is tabulated in Table it.
A comparison of the THC results obtained in this study with those
obtained on-line during sampling at APL is contained in Table 12.

TABLE 10. HYDROCARBON ANALYSES SUM1%ARY

ponm Qr'.on
r n t Clefills ;!

prcssure, + light Oxygenates Total Total
Fuel !sg oxygenates -aromatics reactive unreactive THC

J.: 54.6 257 312 118 430
JP-4 33 22.8 52.5 75.4 13.6 89.0
JP-4 51 !0. 2 . 27.3 1.88 29.2
JP-5 33 - 77.7 - - 117

JP-0 33 - 81.7 - - liC
DEL-5 33 16.7 50.8 (7.5 6.4S 74.0
DEL-5 33 18.2 62.4 80.6 11.4 92.0
Isooctanf, 33 6.82 7.33 14.1 P .70 22.8

TABLE 11. HYDROCARBON ANALYSES SUM'MARY

Inlet Percent
pre-isure, Percent olefins oxygenates Percent Percent

_____ psig light oxygenates 4- aromatics reacted unr,'actea

JP-4 i5 12.7 (8.6)a  59.8 (40.4) 72.6 (49.1) L .4 (18.r)
JP-4 25.t, (13.S) 59.0 (31.q) 34.7 (45.7) 15.3 (8.2)

.P-4 ; 34.9 (17.') 5,i.2 (29.8) B.'. (47.0-) .4 (3.1'J"-[ ?66.4 (23.[)

JP-8 33 t4.3 (40.2)

DEL- 3 22.6 (14.8) 68.6 (-5.0) 91.? (59.7) .8 (-7,
:EL-5 3 i9.8 (1i.8) 67.8 (40.5) 47., (5?7.3) 1 .4 (7.4)
isooctant. 33 29.9 (21.3) 2. ('2.9) 0 . (,4.1) •.2 ( .2:

aNumbers in .oarentheseF rer resent percentaqo.= comrare, to API, THC r,'sults.

TABLE 12. COMPARISON OF ARL AND APL TOTAL
HYDROCARBON (T11C) RESULTS

Inlet
pressure, ARL T11C, APL TRIC, Percen' AL THC'

Fuel psia ppm carbon 2. carbon AP_ z.c

JP-4 15 430 636 67 .b
jP-5 33 117 337 34.9
JP-8 33 110 203 54.3
DEL-5 33 92.0 154
JP-4 33 89.0 165 53.9
DEL-5 33 74.0 113 65.
JP-4 r0 29.2 57 5i
isooctane 33 22.8 32
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2.2.3 Discussion of Results I
There are many methods for analyzing the data obtained in these

analyses. Three of the more logical methods of comparing the
-results and studying trends are described below.

1. Compare the results of different fuels at the same combustion
conditions (i.e., same inlet pressure) to assess the fuel
dependence of the hydrocarbon exhaust makeup.

2. Compare the results of one fuel at several different combus-
tion conditions to assess the combustion condition dependence
of the hydrocarbon exhaust makeup.

3. Compare the results with those from other comparable analyses
to assess the consistency and efficiency of the method.

2.2.3.1 Results for JP-4, JP-5, JP-8, DEL-5, and Isooctane

at 33 psig

a. THC L

Under moderate combustion conditions (33 psig), JP-5 and JP-8
produce( the highest THC content in the exhaust (Table 10). JP-4
and the special blend DEL-5 produced a slightly lower THC concen-
tration (74 to 92 ppm), but by far the cleanest burning fuel was

the puze isooctane, producing %23 ppm THC. The composition of
the THC portion of these exhausts will now be discussed in terms
of the various classifications described in this report.

b. Total Reactive

For the purposes of this report, "reactive" is defined as that
portion of exhaust made up of all nonparaffinic organic compounds.
Due to limited numbers of samples, total reactive data were not
obtained for JP-5 or JP-8. However, for the other fuels,
Tables 10 and 11 show that reactive compounds constituted the
major portion of the hydrocarbon exhaust. JP-4 and DEL-5 had
roughly comparable concentrations (65 to 80 ppm) of reactive
compounds at 33 psig, while in isooctane exhaust the concentra-
tion was about five times smaller and constituted the lowest
percentage contribution (62%) to the THC value of any fuel
sampled. Eighty-five percent to ninety percent of the total mass
of hydroca.-bon species sampled in the exhaust of JP-4 and DEL-5
was reactive in nature.

c. Total Unreactive

We have defined "unreactive" to mean paraffinic compounds. Iso-
octane had the highest percentage (38.2%) of anreactive :ompounis
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in its exhaust. The concentration range for unreactive species
was very narrow (6.5 to 13.6 ppm) for all of the fuels sampled
at 33 psig.

d. Oxygenates Plus Aromatics

The major fraction of the reactive portion of all exhaust samples
taken at 33 psig was made up of oxygenated and aromatic compounds.
In fact, in every case except for isooctane (32%), this fraction
constituted >55% of the total mass sampled. JP-4 and DEL-5
exhibited very similar concentrations of oxygenates + aromatics,
although the percentage appeared to be slightly higher in the
case of DEL-5.

e. Olefins Plus Light Oxygenates
The term "light oxygenates" is used to describe oxygenated com-

pounds (principally acetaldehyde) which have a shorter retention
time than propionaldehyde on the TCEP column and thus are eluted
along with olefins and paraffins. The PdSO 4/H 2SO4 section of
the subtractor removes these compounds so that their contribution
is combined with that of the olefins. All fuels sampled had 20%
to 30% olefins + light oxygenates in their exhaust at 33 psig.

2.2.3.2 Results for JP-4 at 15, 33, and 50 psig

The results for JP-4 at 15, 33, and 50 psig are contained in
Tables 10 and 11 and summarized graphically in Figure 16. The
triangular points on the graph represent on-line THC values re-
corded at the time of sampling.

a. THC

The graph in Figure 16 shows that as the power was increased
(i.e., higher inlet pressure), the total hydrocarbon concentra-
tion dropped off dramatically. The THC dropped from 430 ppm at
a very inefficient combustion condition (15 psig) to 30 ppm at a
more moderate conditioi (50 psig). This was as expected from
more efficient combustion.

b. Total Reactive

The total reactive portion is represented in Figure 16 by the
dotted area designated "olefins + light oxygenates" and the
cross-hatched area designated "oxygenates + aromatics." The
trend to lower concentrations at a higher power setting which
was observed in the THC results was also observed in the concen-
trations of reactive compounds. These values decreased from
312 ppm at 15 psig to 27.3 ppm at 50 psig. However, the per-
centage of the THC concentration represented by reactive species
increased as the inlet pressure was increased. This is
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consistent with the reasoning that under more efficient combustion
conditions more oxidized and partially oxidized species would beproduced. I

c. Total Unreactive

The total unreactive results were also lower at higher power set-
tings. The percentage contribution of unreactive species to the
THC concentration decreased at higher inlet pressures, consist-
ent with the reasoning described in b above.

d. Oxygenates Plus Aromatics

A surprising result was that the percentage of the THC value
represented by oxygenates + aromatics was constant ("59%) for
JP-4 at all conditions sampled. The general trend, as in all
cases, was toward lower absolute concentrations at higher power
settings.

e. Olefins Plus Light Oxygenates

Since tie percentage contribution of oxygenates + aromatics at~the diffAerent inlet pressures (described in d above) was con-

stant, the higher percentage contribution of total reactive
species described in b above was due entirely to an increase
in the percentage of olefins + light oxygenates (Table 11). At
15 psig, olefins + light oxygenates constituted only 12.7% of
the THC value, while at 50 psig, they constituted 34.9%.

2.2.3.3 Comparison of ARL and APL THC Results

The values recorded on-line by a Beckmann 402 Total Hydrocarbon
Analyzer at APL -;ere the only results available for comparison
with our results. Table 12 lists these THC values and gives a
percent comparison. These are also displayed graphically for
JP-4 in Figure 16, with the triangular points representing APL
results and the square points r-presenting ARL results. The
results in Table 12 are listed in decreasing order according to
ARL THC values. Note that with one exception this also repre-
sents the decreasing order for the APL results. This exception
is eliminated, however, if one considers that the ARL THC values
of 92 and 89 ppm C (JP-4 and DEL-5 at 33 psig) are equal within
the '.xperimental error of the analyses. Thus the gross order
(i.e., highest to lowest) is consistent for the two sets of
THC data.

With one exception, ARL THC values are 50% to 70% of the APL THC
values. The one exception is JP-5 at 33 psig. Since only one
sarinle was used to obtain this value, the reliability of the
result is in question. In an effort to explain the apparent
discrepancy between the two sets of THC data, we returned to APL

54

- - -



+'o collect more exhaust samples. This time the sorbent sampling
trap was followed by an evacuated sample bulb. The data obtained
are of little quantitative value, but there are definite indica- i
tions that the major portion of the difference between the ARL
and APL results was due to sample breakthrough. Chara'-teriza-
tion of the portion trapped in the sample bulb indicated that,
like the sorbent trapped sample, it was primarily reactive inInature. Methane analyses run at MRC showed no methane content in
the bulb samoles. These results are very preliminary. Anotherpossibe souce oferror was a yellow-orange tarry deposit which

was occasionally observed at the outlet of the sample tube when [A
the sample was desorbed. This residue was not characterized.

The values in parentheses in Table 11 represent percentages for
the various classifications compared to APL THC results. If one
accepts the on-line THC values as being correct, the percentages
in parentheses represent minimum values of the various hydrocar-
bon classifications present in the exhaust.

2,3 CONCLUSIONS

2.3.1 Analysis of Aqueous Nitrates, Nitrites, and Nitrogen Oxide

The procedure described in section 2.1.2.4 for the analysis of
aqueous nitrates and nitrites by the conversion to nitrobenzene
is very sensitive. A calibration procedure using nitrobenzene
in benzene standards which have undergone the same reaction
procedure as unknowns was found to be the best. The efficiencies
of conversion of nitrate (KNO3 ), nitrite (KNO2 ), and nitric acid
(HN03 ) were 90.3%, 100.4%, and 99.9%, respectively, using this
method. The analyses for nitrate in urine and drinking water
showed good precision.

We envision several possible advantages accruing from perfection
of the method described in section 2.1.2.7 for the conversion of
nitrogen dioxide to nitrobenzene. In comparison with the pheno-
disulfonic acid meth 4, it is faster and potentially applicable
over a wider concentraion range. In qualitative experiments, it
was possible to detect ambient levels of oxides of nitrogen in
air samples from a metropolitan area. It could also afford an
alternative means of calibration for other instrumentation. The
instrumentation is widely available, is not highly specialized,
and, consequently, can be used for the analysis of other sample
types. Finally, the EC-GC method appears to be highly specific.
Even samples as complex as auto exhaust produce chromatograms
with no evidence of interfering peaks.

2.3.2 Sampling and Hydrocarbon Classification System
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2.3.2.1 Analytical System

The analytical system p.rformed very satisfactorily for its firsth

test with real-world samples. The precision on replica :e samples
was good. There are, however, several obvious improvements that
can be made in the system:

(1) Shorten analysis time - approximately 1 hr is requiredPto analyze the contents of each trap.

(2) Improve reproducibility through automation - the
switching valve is now manually actuated at some
specified time after sample desorption.

(3) Eliminate the necessity of planimeter corrections -
these are necessary because of baseline rise associated
with heating the Chromosorb 105 column.

(4) Develop method for including "light" oxygenates with
other oxygenates.

(5) Develop analytical capability to obtain concentrations
of aromatics and oxygenates separately.

The relatively high concentrations of water in the samples did
not prove to be a problem in the analyses. This led to specula-
tion that the function of the Chromosorb 105 column might not be
necessary. Elimination of this column would solve problem 3
above. A simple time-programmed automatic backflush of the TCEP
column would then shorten total analysis time to less than 10
minutes.

There are several prospective subtractor substances which might
serve to preferentially remove either oxygenates or aromatics.
Since a second sample is already required to obtain paraffinic
and olefinic classifications, a second subtractor could be used
at the same time to achieve the aromatic and oxygenate breakdown.
The installation of valves to allow these subtractors to be
automatically switched into the system would be an added
improvement.

2.3.2.2 Sampling System

The sampling system is the weakest link in the overall system
developed to conduct the hydrocarbon analyses. The problem with
sample breakthrough is major and places serious limitations on
the data obtained. A thorough study needs to be conducted on
samples of known concentrations tnder simulated conditions to
establish the sampling and desorption efficiencies of the traps
and sorbent materials. Perhaps very minor changes such as in-
creasing the trap size or volume will eliminate the problem.
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Another possible improvement is gradient cooling rather than
isothermal cooling.

2.3.2.3 Exhaust Analyses

Subject to the limitations expressed above, some tentative con-
clusions can be drawn from the analytical data obtained:

(1) The major portion of the hydrocarbon exhaust from all fuels
tested is reactive in nature.

(2) For a given fuel, the percentage composition of reactive
compounds increases as the power is increased.

(3) There is a general decrease in absolute concentration of all
classifications of compounds as the power is increased.

(4) The distrib-ution of hydrocarbon sp3cies into the various
classifications does not differ appreciably for JP-4 compared
to DEL-5 even though DEL-5 is JP-4 with increased aromatic
content.

(5) Greater than 55% of the THC sampled from actual jet fuels
was classified as either aromatic or oxygenated.

(6) The pure isooctane showed market reduction in THC compared
with actual jet fuels and had the highest percentage contri-
bution from unreactive compounds.
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SECTION 3

TASK I - NEW CONCEPTS IN PREDICTING

ENGINE WEAR THROUGH OIL ANALYSIS

3.1 INTRODUCTION

The goal of Task I was to assess the role of nonmetallic oil in-
dicators in predicting engine wear. The traditional approachused in SOAP analyses has been to measure the actual wear product

(i.e., metal content of the oil). The thrust of Task I was to
investigate the possibility oi performing "predictive" rather
than the conventional "after-the-fact" oil analyses. Stated
differently, this task sought to discover if lubricating oil
undergoes some detectable change prior to the onset of inordinate
engine wear which can be used as an indicator of the impending
wear.

Several physical techniques [221 were examined as potential meth-
ods for characterizing the oils and studying changes which occur
with use. The techniques examined were gel permeation chromatog-
raphy (GPC), reverse phase liquid chromatography (RPLC), ultra-
violet (UV) absorption, infrared (IR) spectrophotometry, and gas
chromatography. The most promising methods for eval.uating
changes which occur in the synthetic ester lubricants of interest
were found to be chromatographic. Gas chromatography gave the
best resolution of individual lubricant constituents, and GC
instrumentation was more readily available for our use than was
other chromatographic instrumentation.

Task I research concentrated on the development and evaluation
of gas chromatographic methods for the characterization of new
and used synthetic lubricants. Significant progress was made in
the analyses of these lubricants by GC and the handling and
presentation of the data obtained. This resulted in the accumu-
lation of valuable baseline data on the unused lubricants and
preliminary success in using GC for detecting changes occurring
in the lubricants with use.

Specific progress resulted in three areas: (1) More detailed
characterization of a MIL-L-23699 lubricant, (2) Development of
a technique for determining the composition of MIL-L-7808 lubri-
cant mixtures, and (3) The evaluation of base stocks.

[221 Ross, W. D., Brooks, J. J., Duffy, T. G., Wininger, M. T.,
Rehg, W. R., Buttler, G. W., Black, M. S., Pustinger, J. V.,
and Snyder, A. D., "Trace Chemical Analysis Methodology,"
First Annual Report, Contract r33615-75-C-Il0, 5 February
1975 - 16 February 1976.
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3.2 EXPERIMENTAL

Gas chromatographic analyses of the synthetic lubricants were

performed on a Hewlett-Packard Model 5830A chromatoqraoh. Ini-
tially the instrument was equipped with an OV-101 SCOT column
using the instrumental conditions described in Table 13, column A.

Since it was believed that the higher molecular weight compounds
in the MIL-L-23699 oil samples were not being eluted under these

conditions, successive injections of MIL-L-23699 oil were made to
determine if the condition of the column was changing during daily

operation. By the successive increase in retention times, the
data in Table 14 indicate that the condition of the column was
definitely changing throughout thp day. The results from April 20
show that the column recovered to the original performance capa-
bility after 4 days of inactivity. However, the retention times
again increased on successive injections of MIL-L-23699 oil. The
analysis of another sample on the following morning showed that
the column performance capability could not be recovered by the
next day. In addition, there was some loss of peak intensity
during this experiment. The results strongly suggest that the
higher molecular weight components of the MIL-L-23699 oil were
remaining in the column and subsequently functioning as a liquid
phase to increase the retention times of the ester components.

TABLE 13. OPERATING CONDITIONS FOR HEWLETT-PACKARD
5830-A GAS CHROMATOGRAPH

Parameter A B

Column OV-101 SCOT, stainless 3% Dexsil 400 on 80/100

steel, 0.02-in. ID, Chromosorb W, glass, 0.08-in.
0.030-in. OD, 50-ft long ID, 0.25-in. OD, 6-ft long

Sample "10 vol % oil in 6.85 wt % oil in methyl-
methylcyclohexane cyclohexane

Split ratio ^-10:1 --

Flow rate M8 mL/min He 'u25 mL/min He

Inlet temp 250 0C 340 0C

FID temp 300 0C 340 0C

Temp program 200-250*C at 20C/min 180-3500 C at 20C/min

Chart speed 0.2 cm/minl 0.5 cm/min
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TABLE 14. EFFECT OF REPLICATE INJECTIONS OF MIL-L-23699
LUBRICANT ON THE RETENTION TIMES OBTAINED
FROM AN OV-101 SCOT COLUMN kl|

Retention times of
Injection three representative

Date No. peaks, min

15 April 1 21.21 33.75 66.78
2 21.27 33.85 66.93
3 21.32 33.92 67.23

20 April 20.86 33.18 65.17
2 21.01 33.39 65.78
3 21.13 33.62 66.38

21 April 1 21.67 34.57 69.01

A 6-ft glass column was packed with 3% Dexsil 400 on 80/100 mesh
Chromosorb W to attain a higher operating temperature capability.
This new column was installed in the Hewlett-Packard chromato-
graph, and the instrument was then operated using conditions
described in Table 13, column B. Figure 17 contrasts the chro-
matograms obtained from the analyses of MIL-L-23699 oil samples
using the OV-101 SCOT column and the Dexsil 400 column. Careful
comparison of the two chromatograms shows that the last signifi-
cant peak in the OV-101 chromatogram (retention time, 67.69 min)
corresponds to the peak at 42.67 minutes in the Dexsil 400 chro-
matogram. The appearance of numerous additional peaks after this
peak in the Dexsil 400 chromatogram indicates additional capa-
bility for eluting the higher molecular weight esters in the
MIL-L-23699 lubricant. Successive runs on the Dexsil 400 column
did not significantly change the retention times, and no loss of

peak intensity was observed. This column was used for all sub-
sequent analyses of ester-based synthetic lubricants because of
its superior analytical capabilities.

3.3 RESULTS AND DISCUSSION

3.3.1 Characterization Studies of a MIL-L-23669 Type Lubricant

3.3.1.1 Statistical Evaluation of Base Stock Constituents

The group of used oil samples from the T-43A navigator trainers
at Mather AFB, California was the most controlled set of used

:lubricant samples available at AFML, since they were all from a
single engine type (JT-8D-9A) which used only MIL-L-23699 lubri-
cant from a single source. Some information on the composition
of this MIL-L-23699 lubricant is contained in the patent

fig
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literat,:re [231. TPable 15 contains an example of the lubricant
'formulatio, that is the major constituent of this MIL-L-23699
lubricant. 191

TABLE 15. COMPOSITION OF THE MAJOR CONSTITUENT I--
OF MIL-L-23699 LUBRICANT [23]

Component Vt -

Ester A (brbe stock) 94.88
Pheny c--naphthylamine (PANA) 1.00
Dioctyldiphenylamine (DODPA) 1.00
Salt A 0.1i0

Ouinizarin (1..4-dihydroxyanthraquinone) 0.02
TrLcrcsyl phosphate (TCP) 3.00
Dimet,i silicone 

a

avalue in parts per million.

Ester k is formed from the reaction of technical qrade pentaeryth-
ritol (a mixture of '.88? monopentaerythritol and '!2r dipentaery-
thritol) with a mixture of pelargonic acid, C9 , and commerc'.a-
isopentanoic acid, Cs (a mixture of two parts by weic;ht ofI
n-valeric acid and one part by weight of isovaleric acid). Fi.-
ure 18 shows the chemical structures of monopentaervthritol and
dioentaerythritol. Analysis of the product obtained from this
reaction gives a balance of 1 molar oroportion of pentaervt'-r' toe l
to about 1 molar prooortion of C , and 3 molar proportions of .hc
commercial C5 . It follows that the molar ratio of the acids an
the product is l:2:!/Cg:Csn:Cs:.

Cll2-:th 2c

2 -C12(-q-C-CH '-i

C :2 -! 2

Dipentaerythritoi (DI3

ji ji~re 18. PoiCols used i-n base stock o -a

i 231 Ober r. I-,bt , F. A, and i-eop1 cwr..-n te , H. L t .hT".:er
J -t ' - a.-_ -- No. -- ,



i:th th i nformation it was possible to formuate t e :0a~or bc-{,
.-ttock *n."-thesis sche:m shown in Firii:e 19. Since mono:-entaerv-
'-h r o: f has -2 esterification sites an.: ,di)entaer'cpr; o

! cit ,.;as )rssihile to , tir 15 I niqu,: E 2 'r':a cts an(:
-5 _; ..",D r .. from th. snt.es.s reacion. There,
te n ,:,-;a1 7v different esters in the maJcr base stoc -
Con.st.. t n I0 the 'IL-L-)3699 !ubrlcant

PE (88 %)+ DPE (12%) (Alcohols)

+

C9  + n -C5 + i -C5  'Acids)

21

15 PE Products + 55 DPE Products

70 Products
4::re 9. Sxmthesis cf ".UL- _-23699 base s.ock ester.

rf oe iss':cs , , aLC \i'- .olar concentrations listed in t h
r. ,nt and .urther ossurmes that an'.' of the 3 acis i ecua7ca:)abie of e-a"'tn' Vt 0'y the If-

.. nc at an' o esterIficatJon sites, it is
,ossibe -o stat'- a !:redict the relative abundances f zhe
-10 esc,r ;oroducts in the base stock. A simnie me~timomial dis-

.T- " V z

was ,ic1ed to predict the relative abundance of the PF :)roduc_s
s Ince afl fo.;r eszer.fication sites are equivalent. in this e:-
pression, n is the number of esterification sites (i.e., four
,or rP,) in the product, x is the number of C esters, V is the
number of C-n esters, and z is the number of C-. esters in the
: roduct. !:, P-,, and P7 are tho probabilities ibased on ab'in-
dances of the acids) for formino C,), Cs,, and C, i esters,
respecti%-.ly (i.e., 0.25, 0.50, and 0.25). The -as(, 7or the :)'E.
:;roduct is more co:.flicated since DPE contains two sets of three
ep'Uva ent ester., .,C. ton sites. The exTress ason or t .
t.e relative abu;ndnnces of these t)rod-zts is a .oi-t o. tinonia 1
distributlon of the form
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n" xZ yO z2R r PXrpYrpZrP y z !yr! !P

x!y!z! xx r  !z r

which is simply the product of the multinomial distribution ex-
pressions for the left-hand and right-hand sides of the molecules.

The symbols in this expression are the same as those described
for the PE case with the addition of the subscripts Z and r to

designate left and right. A computer program was developed to

calculate the relative abundances of the 70 potential products WV
based on the above expressions. Appendix C lists the computer
program and Table 16 contains the calculated values. It should

be noted that these relative abundances were determined strictly
on the basis of statistics and do not take into consideration
differing reaction rates and thermodynamic considerations.

A sample of this MIL-L-23699 oil (Formulation A) was subjected to
gas chromatographic analysis using the De:sil 400 column and the
conditions listed in Table 13, Column B. The chromatogram ob-
tained from this analysis is shown in Figure 20.

A second unused sample of the MIL-L-23699 (Formulation B) oil was
obtained an subjected to an identical gas chromatographic analy-
sis. Figure 21 is the chromatogram obtained from this analysis.It is immediately obvious that Formulation B (Figure 21) is dif-

ferent from Formulation A (Figure 20). More specifically,
Formulation B's larger peaks are reduced in size while its
smaller ones are enhanced. The shift in relative peak intensi-
ties indicates that more than one base stock formulation is used
in preparing this particula MIL-L-23699 lubricant. Since the

~major base stock constituent is "Lster A" (t he complex mixture ofester. depicted in Figure 19), by superimposing the chromatograms

from tie analyses of Formulations A and B (Figures 20 and 21) it
is possible to identify which peaks are due to Ester A since they
are larger in Figure 20 than in Figure 21. In contrast, the peaks
that are due to base stock formulations other than Ester A are
smaller in Figure 20 than in Figure 21.

The 15 PE products and their statistical percent contributions
(relative abundances) are listed in the table inset in Figure 20.
The numbers under the column headings C9 , C5n, and Csi indicate
how many esters of each type are present in each of the possible
PE products. These products can be divided into groups of iso-
mers depending upon the number of C9 and the nuimber of C5 esters
in the molecule. Products 1 through 5 are isomers (mol wt 472)
that contain four Cs esters and no C9 ; products 6 through 9 are
isomers (mol wt 528) with three C5 esters and one C9 ester each;
products 10 through 12 (mol wt 584) have two Cs and two C9 esters
each; products 13 and 14 (mol wt 640) have 3ne Cs and three C9
esters each; and product 15 (mol wt 696) has no C5 end four C9
este.-s. The isomers within these groups have been arranged in
the expected order of elution since in general C5 i compounds are
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TABLE 16. STATISTICALLI DETERMIJTNED RELAt'TIVE
ABUNDANCES OF PE AND) £PE ESTERS

Re lat ive
Product C9 C.,n csi c. csn cs Probability Percent abundance

PE Eaters

I 0 14 0.003904 0.4e 0.003h.37A
2 1 0 3 0.015625 0.6p I.P1375u
3 7 0 2 0.0?36.38 0.Ff 0.020625
a. 3 11 2 0.01b625 uJ.t.0 0.013750

5 a4 3 0.003904 o.be 0.003ft37
C .*J31250 0. ta P.D?7--oc

7 0 .093750 0. Ok 0.08k,-00
e 1 1 0 .0q3750  0.116 n.082500

9 3 1 '.0.031250 0. Is .027,5o,
a, 2 2 0.093750 V.be 0.082500

11 1 2 1 0.187500 0.86 0.16b000
1'0 2 2 0 0.04.3750 0.*6 0.obisoo
13 L, 3 1 0.225000 0.8a 0.1113000
146 1 % 0 0. 128000 0.1 0.11000

VL P 0.067500 0.68 a.055ro

OFE Eaters

17 f. fi Ia 1 D 2 0.0016.65 i. le 0.000176
14 L C 3 2 0 1 C.0024.65 0.1i 0.00017f

19 0 0 3 3 P 0 U.0006.86 0.:?2 0.00005?

Pr 0 q1 S 0 1 2 0.Ceo6.88 0.1 . .!n71j r n i 1 I 1 4.005659 0.17 0.000703PIP C % 2 0 C.002950 0.i? 0.n0U15223 0 0 2 1 0.002930 0.12 0.000352
P4. A 3 1 2 0 o.005p5q 0.12 n,000703

PC n 4 3 A t-fl'b5I59 0.1? 0.000705
PA. (1t 2 1 0 2 0.0()2197 0.12 0.000P&.6
27 n 0 2 2 0 1 u.aoo43

95  
0.1k 0.00052'

31>( 2k 2 1 0 0.00878- 0.22C p.C0010
2q 1 0 0 1 2 6.000"P9 G.12 0.00105b

to0 1 4. e 1 1 1 L.r 06
7 

t-1 p.te 0.001055

32 1 2 0 P 2 C .,G17578 0.1Z 6.002109
!t3 1 3 ? 1 2 0 V.G17578 C.1.2 0.032109

06 2 0 3 0 0.011719 0.12 0.0016.06
Q5 ' 1 2 p 0.002197 C.12 0.00026.

3A. 2 r 1 3 a 0 0.0014.65 0.12 0.00017b
37 £ L 1 0 1 2 0.038789 0.12 n.1floi035

I. I 0 1 1 e .01?76 0.1i 0.002109
' C 1 2 1 1 ip.617578 0.12 0.002109
40 1 1 2 10 0.017579 0.1? 0.002109

6.0 k 1 2 2 1 0.02178 0-.12 0.002109
012 2 f% 1 0 3 0 0.011719 0.1k 0.0014.06
4.3 S r' 0 3 0 0 0.0007.61 0.1k 0.00002-
6.6. 3 G. 0 0 1 2 U.002930 0.12 0.00035?
65 $ n 1, 1 1 1 0.605859 0.2. 0.PCO703
466 3 0 2 1 0 L.C02930 012 .03?
67 J, n0 0 2 2 U.0058

5
9 0.12 n.000703

1401 31 r 0 1 2 0 0. atI549 0.12 0k.C00703N
69 3 C U) 0 3 0 (.003906 0.12 0.0006.69

a~ V 2 0 1 2 0.00A78g 0.1e 0.00105
!.I . 1 2 1 1 1 C.C35156 G.12 0.106210
S2 0 1 It 2 1 0 0.017578 0.12 0.002109f

S3 0 1 2 0 2 1 0.0217 0.22 V.60e 06)0
4 56 0 1 p 1 2 a n.035256 0.12 0.006.219

65 e 1 0 3 0 0.035156 0.12 0.06.22

Ka 1 1 1 1 1 1 0.035156 0.12 1.006.219
4L7 1 1 1 2 1 0 0.0351506 0.12 0.006.219

(I6 P 1 0.070313 0.1,e 0.0086417
eq 1 1 1 1 2 a 0.070313 0.12 0.0086.37

60 u 1 1 G .u*6875 e .1U. 0.00562-.
91 2 1 0 2 1 a 0.008789 0.12 0.001055

8.2 0 0 ' 3 0.n35156 0.12 .021
63 2 1 0 1 2 0 0.035156 1.12 0.006.219

6. 2 1 0 0 3 0 0.0236.36 0.12 P.002612 g
8.5 0 1 2 1 n.035156 0.1a 0.00%P219

At. 0 7 1 1 2 0 0.070313 0.12 n.(086.3,7
467 j a I to 4 0 0.OTS31S 0.12 fl.0O637
f.0 1 p 0 1 ;e C 0.035156 0.12 0.004.21S

a. 0 It 0 S.086679 0.12 0.00b6p,
7b r S. It 6 0.015f.25 U.ic ".0018Th
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expected to be more volatile (and therefore have snorter roe- ri-
tion times) than C5n compounds. Therefore, the order indicated
in the table in Figure 20 represents the intuitively derivi

order of elution for the 15 PE produ ts.

The correctness of this logically derived order is dramatically
illustrated by superimposing the chromatograms in Fiqures 10 and

21. Statistics (Table 6) predict that certain of the PE products
will be the most abundant in Ester A. Using this knowledge and

the fact Ihat the peaks from Ester A are larger in Figure 20 than
in Figure 21, it is possible to readily identify the five sets of [-so

PE isomers shown in the table of Figure 20. With carefu± obser- A
vation all 15 PE products in Ester A can be identified. These
are indicated by the ciicled numbers in Figure 20. The statis-
tically determined distrihution of the PE products follows the
trends observed in the act :al peak heiqhts. For example, in the
first set of isomers (products 1-5) statistics prcdlict that
product 1. should be represented by the smallest peak of the
group, oroduct 2 should have the next to smailest peak, product 3
should have the next to 'Largest peak, product 4 should have the
largest peak, and product 5 should be the middle peak of the
group in terms of size. This trend is observed in the actual
chromatogram, giving credence both to the presumea order of elu-
tion and the statistical prediction of relative product abundances.

There is a re ,onably consistent spacing between the peaks in
each set of isomers which can be correlated to the incre'se Ln
retention time when a Csn ester is substituted for a Csi ester in
the prodi r. (Figure 20). This fact was useful. in identifying the
location of product 6, which appears as a shoulder (indicated b%'
the arrow) on the side of a larger peak in Figure 20.

The serendipity of obtaining two formulations of the MrTT-L-23799
lubricant with different ra~-ios of base stock ester constituents
combined with chromatographic intuition and statistical predica-
tions has enabled what w feel to be the unambiguous identifica-
tion of all 15 PE esters from Ester A in the chromatogram without
the aid of standards or other confirmatory methods such as mass
spectromctry. This represents a significant accomplishment in
light of the complexity of the separation problem.

There is potentially much additional information that can be ub-
tained from the chromatographic data in figure 20. For example,
the table in Figure 20 indicates that on the basis of statistics
there should be equal abundances of certain of the PE products.
However, in actuality, when these products are not in the sa:;e
group of isomers (e.g., products 1 and 15), the peak cDrrespoO-
ing to the product with the longer retention time is larger than
that for the product with the shorter retention time. This most
likely is due to the increased FID response which would be ex-

pected as the result of the combustion of a larger molecule.

r,8.A

2i[



Thus, in theory, it should be possible to obtain response factor
data from the chromatograms and predict the increase in FID re-
sponse due to the substitution of a C9 ester for a C5 ester.

3.3.1.2 Analysis of Additives

Samples of each of the three major additives in Table 15 were
analyzed using the conditions in Table 13, column B. Figure 22
contains separate chromatograms for tricresyl phosphate (TCP),

phenyl-a-naphthylamine (PANA), and dioctyldiphenylamine (DODPA).
The positions of the major additive peaks are indicated on the
chromatograms of the MIL-L-23699 lubricant (Figure 17) on the
basis of these retention times. Note :hat the PANA peak is well
resolved and free from any interference from other components,
but the TCP and DODPA peaks are obscured by other (ester) com-
ponents of the lubricant.

In an effort to eliminate these interference problems it was de-
cided to examine the applicability of the Hewlett-Packard nitrogen-
phosphorus (N-P) specific detector for the analysis of additives
in synthetic lubricants. A sample of the MIL-L-23699 lubricant
was submitted to the Hewlett-Packard Applications Laboratory for
analysi by this detector. The chromatogram (Figure 13) shows
peaks o , for PANA, TCP isomers, and DODPA. No response to the

esters is seen. The advantage of the N-P specific detector is
obvious in this application.

3.3.1.3 Analysis of Used Lubricant Samples

In addition to the GC characterization of unused MIL-L-23699
samples, two used samples were analyzed under identical condi-
tions. These particular samples were chosen because they repre-
sented the two extremes of wear metal content and total hours of
operation available from the MIL-L-23699 samples. The extreme
of wear metal content was represented by a sample with 508 hours

of operation and 37 ppm iron (Fe), while the extreme of hours of
operation was represented by a sample with 1072 hours (4 ppm Fe).
The resulting chromatograms along with that of an unused sample
of MIL-L-23699 oil are displayed for comparison in Figure 24.
The depletion of the PANA peak is the most obvious change in the
chromatograms for the used oils. Another obvious change is
observed in the ratio of the two peaks in the doublet at %39.8
minutes.

3.3.2 MIL-L-7808 Type Lubricants

The jet lubricants most widely used in the USAF are of the MIL-L-
7808 type. The problems associated with the analysis of used
MIL-L-7808 oils are complicated by the fact that several different
manufacturers currently supply MIL-L-7808 lubricants to the Air
Force, and, in general, the compositions vary widely among these
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Figure 22. Gas chromatograms of (A) tricresyl phosphate
(TCP), (B) phenyl-c-naphthylamine (PANA), and
(C) dioctyldiphenylamine (DODPA).
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manufacturers. Since the various 7808 formulations can be mixed,
used MIL-L-7808 oil samples potentially represent complex mix-
tures of several manufacturers' products. Nonetheless, because
of their widespread use, it is necessary to piarsue the character-
ization of MIL-L-7808 type lubricants along with the better de-
fined MIL-L-23699 lubricant in hopes of finding changes in
lubricant composition which can be correlated to eventual engine
wear.

Samples were obtained of MIL-L-7808 lubricants that are repre-
sentative of the products from six manufacturers who currently
supply the USAF. These unused samples (designated 7808-1 tnrough
7808-6 for identification purposes) were subjected to gas chro-
matographic analyses using the conditions listed in Table 13,
column A. The resulting chromatograms are shown in Figures 25
through 30. A comparison of these chromatograms reveals striking
similarities and differences among the oils. For example, 7808-1
and 7808-2 (Figures 25 and 26) are very similar as are 7808-3
and 7808-4 (Figures 27 and 28), but the two groups are vastly
different in composition. Samples 7808-5 and 7808-6 (Figures 29
and 30) are representative of oils which have unly a few major
ester constitients (one and two, respectively).

3.3.2.1 Visual Pattern Recognition

Because of the wide variations in the compositions of some of the
7808 lubricants and close similarities in others, it was djesirable

to have some method of easily recognizing the various lubricants
and assessing their contribution in mixed lubricant samples. we
developed a process of pattern recognition based on a unique
method of displaying and condensing chromatoqraphic data. The
result is a plot which produces a characteristic pattern that is
indicative of each of the different 7808 lubricants. This unicue
method of plotting, concentrates chromatographic data in , manner
that facilitates the rapid visual comparison of data contrasted
with the usual evaluation of chromatograms.

The plotting technique produces a circular plot by manipulatina
the chromatographic data in the following manner: the retention
times of the various peaks are plotted in terms of degrees by
multiplying them by an appropriate factor which is selected tc
maximize the use of the 3600 in the circular plot area. T. this
report, a factor of 4 was used to maintain a consistent scale
(in degrees) for comparison of the various lubricants. The cor-
respondinq area percents (from integrator data) are plotted,
linearly along the radii emanating from the center of the circle
at the appropriate number of degrees dictated by the retention
times (as described above). To maximize the ase of the ,lot
area, the area percent data are normalized to the area percent
value of the largest oeak in any particular d::ta -et, then t

plied by the radius of the plot area. The points determined H;
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this rocess are connected by a ccntinuous line to form the
pattern. A computer program was written to accomplish themanipulation and plotting of the data. This Program is listed Ia

in Appendix D. The chromatograms in Figures 20, 21, and 25
tnrough 30 have the computer produced circular plots of the chro-
matographic data inset in boxes. Each of these plots has been
normalized to the largest peak in that par ;icular data set (as
described above). The advantages for rapij recognition and cont-
parison are obvious. For closer comparisons, Figure 31 contains
the circular plots for the six 7808 oils put on a common scale by
normalizing each peak to the largest peak in all of the dat sets.

Because of the predominance of one or two major constituents in
7808-5 and 7808-6 (Figures 29 and 30), information which might be
contained in the smaller peaks is greatly reduced in the circular
plot. In such instances it may be of value to plot area percent
values on a log scale to emphasize the smaller peaks. This
capability was added to the computer program (Appendix D) and
log plots were obtained for the 7808-5 and 7808-6 oils. These
plots are shown in Figure 32. The area percent values were mul-
tiplied by the common factor (i.e., decimal point moved) necessar,
to convert the smallest value into a number which would produce a
positive logarithm (i.e., characteristic of at least 0) before
the logarithms were computed. The log data were normalized to
the largest log value and multiplied by the radius of the plot
area to maximize the plot size.

3.3.2.2 Computer-Assisted Pattern Recognitio

Perhaps the most promising application of pattern recogntiontechniques for this research effort is the elucidation ".f the

composition of lubricant mixtures. Figure 33 contain the cnro-
matograms and circular plots for samples of unused -SO8-1 and
7808-3 oils and the plot for a mixture of 28.3 wt -08-l =,-
71.7 wt t 7808-3. The features from the unused samples are ev-
dent in the circular Plot of the mixture. c-ne could estimate the
cont ribuxion of each of the lubricants in the mixture base; on aL
visual comparison of the circular nlot for the mixture .ith those
of the pure samples (Figure 33). Such an estimate wo:id at best
produce a gross quantitation.

To obta.n a better measure of the composition of mixtures, a
computer-assisted pattern recoqnition method was develoed.
Figures 34, 35, and 36 contain the zhromatoarams and circular
plots for lubricants 780:8-1, "'808-3, and the mixture described
above, analvzed using the con i-on. s in Table 13, column B. The
data fro- these chromatograms can be used to demonstrate the
computer- ssistod process by which mixture -ompostion is deter-
mined. A ata set was prepared consisting of retention times
and correspondinq peak heights for the mixture. Peaks which
exceded the limit of the chromatoqrar and those which represented

so
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less than 0.05 area percent were not included in the data set.
In the same manner, data sets were generated for each of the five
MIL-L-7808 oils designated 7808-1, 7808-3, 7808-4 (Figure 37),
7808-5 (Figure 38), and 7808-6 (Figure 39). The computer com-
pared the data from the mixture with each of the MIL-L-7808 oils
in the following manner:

(a) The retention time for each peak in the mixture was
compared with retention times of the pure source oils.

(b) A ratio of peak heights (mixture/pure) was calculated
when a correspondence to within ± 0.2 minute was found
between retention times in the pure oil and the mixture.

The peak height ratios obtained by this method can have many
values depending upon peak coincidences and relative abundances
of the oils that make up the mixture. There should, however, be
a significant number of peaks in the mixture which are solely due
to one specific oil, and the ratios obtained for these peaks
should be reasonably consistent and represent the weight fraction
of that oil in the mixture. These ratios will always be less
than one.

Table 17 shows the results obtained from the comparison of the
previously described mixture with five pure source oils by this
technique. Only two of the pure oils have a significant number
of peak height ratios falling in a narrow range (± 5%). The com-
parison with 7808-3 produces 7 peak height ratios in the range
of 0.7184 to 0.7915, while comparison with 7808-1 yields 13 peak
height ratios in the range of 0.2480 to 0.3125. A reasonable
representation of the mixture composition is obtained from the
average (mean) values of these ratios. By this method, the com-
position of the mixture was calculated to be 75.2% 7808-3 and
28.6% 7808-1 compared to the actual values of 71.7% and 28.3%.

The chromatograms and circular plots of 7808-4, 7808-5, and
7808-6 oils are shown in Figures 37, 38, and 39, respectively,
for comparison w-th the two oils used to make up the mixture
(Figures 34 and J5).

Of particular interst is the close similarity of 7808-4 (Fig-
ure 37) and 7808-3 (Figure 35). It is significant that the com-
puterized mixture analysis technique showed no significant
correlation between the mixture and 7808-4 even thoug the latter
is so closely similar to the 7808-3 oil. This illustrates a high
degree of specificity for the technique.

It should be noted that the chromatograms, both linear and cir-
cular plots, of 7808-1 (Figure 34), 7808-3 (Figure 35), 7808-4
(Figure 37), 7808-5 (Figure 38), and 7808-6 (Figure 39) were
obtained using the instrument conditions listed in column B of
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TABLE 17. COMPUTER-ASSISTED MIXTURE ANALYSIS

Mixture L
retention

time, Peak weight ratios
min 7808-1 7808-3 7808-4 7808-5 7808-6

4.26 0.248 -a _- -

5.73 0.268 - - -

6.27 0. 66 - - 0.531 - l
7.57 0.273 - -

8.69 - 0.759 - - -

9.78 - >1.0 >1.0 - >1.0
13.95 - 0.731 - - -

14.37 - - -

15.16 0.292 - >1.0
16.99 U7. >1.0 0.857 -

18.04 0.444 - - >1.0 -

19.81 - - - - >1.0
21.21 - 0.763 0.943 >1.0 -

22.21 - 0.751 >1.0 >1.0 -
22.87 - 0.792 - >1.0 -

23.80 - 0.718 - >1.0 -
25.38 0.311 - - -

26.60 >1.0 0.875 - 0.963 -
28.20 .....

31.04 0.301 -...

33.93 0.29- -...
36.69 0.300 -...

39.39 0.312 - -

42.07 0.286 - - 0.696
44.61 0.284 - - 0.714
49.66 0.273 - -

Averageb 28.6% 75.2

aIndicates no corresponding peak within ± 0.2 min.

bAverage of underlined values.

Table 13. The chromatograms for the same lubricants in Figures 25

through 30 were obtained using the instrument conditions in
Table 13, column A. Although the linear chromatograms appear
quite similar, the circular plots amplify the subtle differencesta

due to differen. instrument conditions.

A manuscript describing th: circular profiling techniques which
resulted from this research was published in the October 1977
issue of the Journal of Chromatographic Science under the title
"Use of Circular Profiling Techniques in Gas Chromatography."
A preprint of this manuscript is included in Appendix E.
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3.3.3 Fvaluation of Base Stocks

To gain a better understanding of the chromatographic properties 
II

of synthetic ester lubricants, samples of commercially available

base stocks were obtained from Emery Industries and Hercules

Incorporated, two major suppliers of synthetic esters. Theie

samples were analyzed by GC using the conditions in Table 13,

column B.

Several of these base stocks are esters of pentaerythritol ,PE)

and dipentaerythritol (DPE). The chromatogram of one of the PE-

based base stocks (with small amounts of DPE) is shown in Fg-

ure 40. This particular sample is reported to be made up of the

esters of normal Cs, C 6 , C7 , Ca, and C 9 acids with PE and DPE.

A logical interpretation for the chromatogram follows when one

considers the possible products which would be obtained from the
esterification of a mixture of C5 , C 6, C7, C-, and C9 acids with

PE and DPE. The products for the PE esters are listed in Table 18.

TABLE 18. PRODUCTS FROM THE REACTION OF C5 , CC6, C-7,
C, AND C9 ACIDS WITH PENTAERYTHRITOL

Nusnber

Molecular uf Peak
weight Productsa isomers rumber

472 5
486 5556
500 5551, 5566 2 1

514 555-, 5567, 5666 3
528 5559, -568, 557-7, 5667, 6666 I
342 5569, 5578, 5668, 5677, 6o C7

5579, 55b8, 3669, 5678, 5777, 666F, 6677
57, 5589, 5679, 5688, 5789, 6669, o678, -7

574 5599, 5689, 5679, 5788, 6669, 68 , 7- 7

598 )699, 5789,88, 6z9, 6779, 3

612 5799, 5889, 6699, 6789, 6828, ?'79, 7-48 7 11

626 5899, 6799, 6889, 7789, 7888 12
640 5999, 6899, 7799, 7889, 8F88 13

654 6999, 7899, 8889 3 14
668 7999, 88992
682 8999 1 16

696 9999 1 17

" Total 70

arodct designation is accomplished by a serics f four numbers i,: i U

cate the ndmber of carbon "toms in the aci'. that react "t each oft hJ f ,::
r- est-rifi-pL in sites in pentaerythritol ( t., The product desiqnated 5567

i-, formed by the esterification of two 05, one C6, and -ne C7 acid with a

molec-ule of zentaervthr2tol).
bThe t .u,:ers rf,,r those irn Fi:-,- 4
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The 70 potential products can be grouped ini-o 17 sets of isomers
ranging in molecular weight from 472 to 696. The chromatogram

(Figure 40) is rather nicely divided into two parts correspond-

ing to the PE and DPE esters. From the number of peaks in the

chromatogram it is obvious that the individual isomers are not 1
resolved; therefore, one would expect 17 peaks for the PE esters,

some of which contain as many as 8 isomers (see Table 18).

The key to the assignment of the various groups of PE isomers
came from work (described in section 3.3.1.1) on a MIL-L-23699
type lbricant known to contain the esters of PE with iso and
normal Cs and normal C9 acids. The chromatogram for this lubri-
cant is included as Figure 41 because the esters designated 5555,
5559, 5599, 5999, and 9999 (Table 18) appear in the chromatogram
as peaks 5, 9, 12, 15, and 15, respectively. By comparing the
retention times for these peaks in Figure 41 with the PE ester
peaks in Figure 40, it was possible to make the peak assignments

-indicated. The validity of these assignments is indicated by the
agreement of the retention times with the peak order expected on
the basis of molecular weights. For exa-tple, peak 5 of Figure 41
has a retention time which agrees with the peak at 21.72 minutes
in Figure 40. Since this peak is due to the 5555 ester we assume
that the peak at 21.72 minutes in Figure 40 is also the 5555 ester i
and assign it a peak number of 1, representing the first of 17

expected groups of PE esters (see Table 18). Using this as a
reference, we would expect from Table 18 that the 5559, 5599,
5999, and 9999 esters would appear in peaks 5, 9, 13, and 17 re-
spectively in Figure 40. As expected, these peaks correspond in
retention times with peaks 9, 12, 14, and 15 of Figure 41.

In a similar manner one can predict that there are 25 sets of
isomers for the DPE esters formed with a mixture of Cs, C6 , C7 ,
C8 , and C9 acids. There are 22 distinguishable peaks in the DPE
portion of the chromatogram in Figure 40. The other three are
either lost in overlap with PE ester peaks or too small to be
detected at this sensitivity level.

Most of the base stocks analyzed appeared to be variations of
similar PE and DPE esters either in quantities or types of acids
used. One common variation produced chromatograms which had
similar numbers of peaks to that of Figure 40 but different re-
tention times. This created an interleaving of peaks particu-
larly in the lower PE ester region when the chromatograms were
superimposed. One such example is shown in Fgiure 42. Another
variation (illustrated by Figure 43) had high amounts of DPE
esters, while others were based on esters of trimethylol propane
(Figure 44).

Perhaps the major benefit gained by the investigation of the
base stocks was a better understanding of the MIL-L-23699 type
lubricant which we examined rather extensively (section 3.3.1.1).

94

Pk[



C4-

-000

L)

Lor.>

Ia)

+ @ L

0 0
+Zi4J ~ 4-)

+JC:) G)

+~.-
*:

0 ~ 4.4 CN~

o ~ L2;:

95



>.It

4 -4

61 'Ell
C/)

* .~~,. - t 4a
-- 3 a,0

4 14

06*67 04
E E 7P.Z-ro *-I

t7~

asuodsoa .roqoeqeC1



LOI 'll./

9 I

.,-I

* ~4,

4-.

PLp

6

1.6 z IC

0 ro

- 0

U.:' , i-

T.-

97p

'H 0 *

9B U~9 .., O 09 , 'H



I4.

4-)

_ _ _ _ _1_ 44)

0 0r
- 0

vf-Z 4-J E

4
t1t-t?- m

0
C-13 "zz

,~33

Rlwr _;Mal WO



We originally postulated that the difference between the two
formulations which made these assignments possible was a differ-
ent ratio of PE to DPE used in the formulation of the base stock.
The base stock analyses showed that DPE esters cannot overlap
with the PE esters to the extent seen in Figure 41, and that a
more likely explanation for the additional peaks in the PE ester
region of Figure 41 is another series of PE type esters with dif-
ferent acids. In fact, a series of peaks was identified in
Figure 41 which closely correspond to the retention times of the
PE esters in the base stock of Fgiure 40. These peaks are marked
with asterisks (*) in Figure 41. A second series of peaks shows
a character similar to the esters in the base stock of Figure 42
in that their retention times are intermediate to those of the
first series at the lower molecular weight end of the PE ester
region. These peaks are denoted with pluses (+) in Figure 41.
Although these base stocks are obviously not the specific ones
used in the production of this particular MIL-L-23699 lubricant,
they have provided considerable insight into the complexity of
the formulation used. We concluded that the base stock used in
this MIL-L-23699 contained at least two sets of PE esters in
addition to Ester A of Table 15.

3.4 CONCLUSIONS

Gas chromatographic techniques offer the best opportunity for
analyzing new and used synthetic lubricants. Signifacant progress
was made in the analyses of these lubricants by GC and in the
handling and presentation of the data obtained. All 15 esters
from Ester A, the base stock ester of MIL-L-23699 lubricants,
were identified by GC without the aid of standards or other con-
firmatory methods such as mass spectrometry. Due to the complex-
ity of the chromatogram, the additives used in MIL-L-23699
lubricant were only partially identified using a FID detector,
but they were easily identified when a N-P detector was used.
Several differences were found between the chromatograms of used
and unused MIL-L-23699 lubricants, but we were unable tc, correlate
these to either lubricant degradation or engine wear.

The jet engine lubricants most wiely used in the USAF are MIL-L-
S7808 type, produced by several manufacturers. A computer-assisted

pattern recognition technique was developed to identify the com-
position of mixtures of MIL-L-7808 lubricants. This technique
was successful in identifying and quantifying each manufacturer's
type in a mixture.

ITo gain a better understanding of the chromatographic propertiesof synthetic lubricants, samples of commercially available base
A stocks were obtained from two major suppliers of synthetic esters.

Gas chromatographic analyses of these base stocks led to a better
understanding of the complex chromatograms obtained from the
MIL--L-23699 lubricants.
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SECTION 4

TASK II - RAPID TECHNIQUES FOR THE ANALYSIS
OF WEAR METAL IN LUBRICATING OILS

4.1 INTRODUCTION

The utimate goal of Task II was to develop a rapid, portable
flight-line method for assessing the iron content in lubricating
oil. Present procedures call for lubricating oil samples to be
sent to a laboratory for detailed SOAP analysis by atomic
absorption (AA) and/or emission spectroscopy (ES). These lab-
oratories are in general removed from the flight-line area and in
some cases may even be located at sites distant from the operating
location. Such a situation can produce considerable lag time
between sampling, analysis, and action which might be dictated by
the analytical results. This creates the possibility that cor-
rective response time may in some cases be too long to prevent
engine failure. A simple, on-the-spot flight-line test for a
major wear indicator such as iron would be of value in eliminating
this problem.

In formulating a research plan for Task II, the decision was made A
to initially pursue the development of a colorimetric method for
iron. A major problem associated with the development of such a
method is the separation of the color of the Fe-indicator chelate
from the background oil coloration. Two methods, which we have
titled "indicator chelate immobilization" (ICI) and "solvent
extraction-chelation" (SEC), were investigated as ways of over-
coming this problem. Although these methods are different, there
are many common elements in their experimental approaches which
made their simultaneous investigation practical.

Indicator chelate immobilization involves the incorporation of a
ligand which forms a highly colored complex with iron into the
solid support of a chromatographic column. As the used oil passes
through the column, the iron is retained through chelation, result-
ing in a residual coloration of the column which can be correlated
to the iron concentration. Preliminary studies into this method
involved two indicators: 4,7-diphenyl-l,10-phenanthroline
(commonly called bathophenanthrolinel and 4,7-diphenvl-l,10-
phenanthrolinedisulfonic acid. Two solid supports were considered
for use: open-pore polyurethane (OPP) and open-pore urea/
formaldehyde (OPUF). However, this approach was abandoned in
favor of the SEC method because:
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(1) SEC showed more promise as a rapid portable system;

(2) Interference from the oil coloration was encountered
with the ICI method; and

(3) Formation of the colored iron-liqand complex was slow

with the ICI method.

The concept of analysis by solvent extraction-chelation generally
involves four common steps performed in varying order for differ-
ent methods:

(1) Extraction of all iron into an immiscible layer,
(2) Conversion of iron to an appropriate oxidation state,
(3) Chelation with a colorimetric indicator, and
(4) Determination of color intensity.

We investigated saveral methods of solvent extraction-chelation
and chose the method outlined by M. M. George [24] as the most
promising. However, in its referenced form George's method was
too involved for the average flight-line attendant to perform, and
we modified the procedure to simplify it and adapt it to our
particular analytical problem. The modified procedure was pack-
aged into a portable kit that was subjected to an Air Force field
test.

4.2 EXPERIMENTAL

The SEC method has been modified and improved many times during.
the course of this research. The conditions described below are
those preferred for this colorimetric method, which can be per-
formed in either four or five steps. Many other conditions were
investigated throughout the course of the project, and these are
appropriately noted in the Results and Discussion section. Both
the five- and four-step methods are described here for clarity.
The four-step method is the one used in the flight-line kit.

This colorimetric method requires the following supplies:

Reagents: (1) H2S04 solution - 7.6 mL concd H2 S04 +
63.6 mL iron-free deionized H20 +
28.8 mL ethanol.

(2) Isoamyl alcohol - reagent grade.

[241 George, M. M., "Iron and Copper Content of Lubricating Oils
Colorimetric Method," Australian Defense Scientific Services,
Defense standards Laboratories, Maribyrnong, Victoria,
Report 452, June 1971.
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(3) Buffer solution - 50 g sodium acetate
dissolved in iron-free deionized water
by diluting to 100 mL.

(4) Reducer solution - 40 g hydroxylamine

hydrochloride dissolved in iron-free
deionized water by diluting to 100 mL.

(5) Indicator solution (0.019M) - 0.1 g
bathophenanthrolinedisulfonic acid in
10 mL iron-free deionized water.

Instrumentation: Chemtrix 20 colorimeter or Hach DR/2
spectrophotometer

Standards: Conostan standards in MIL-L-7808

Used Oil: MIL-L-7808 type

Procedure - Five-Step Method

Step 1. To 1 mL of used oil (or standard) in a 3-dram
vial add 1 mL H2 S0 4 solution. Shake for 2 min
on a vortex mixer.

Step 2. Add 2 mL of reagent-grade isoamyl alcohol. Shake

well for 1 min and allow to separate.

Step 3. Add 1 mL of the buffer/reducer solution (45 g
sodium acetate plus 20 g hydroxylamine hydro-
chloride dissolved in iron-free distilled H20
by diluting to 100 mL). Shake for 1 min.

Step 4. Add 0.5 mL of 0.019M indicator solution. Shake
well for 1 min and allow to sepaiate.

Step 5. Withdraw 1 mL of aqueous phase and place in a
test cell. Mix in 5 mL of iron-free deionized
water and test on Chemtrix 20 colorimeter at 530 nm.

Procedure - Four-Step Method

Step 1. To 1 mL of 3N H2S04 solution and 2 mL of isoamyl
alcohol in a l-oz French square bottle, add 1 mL

of used oil. Shake for 2 min on a vortex mixer.

Step 2. Add 1 mL of the buffer solution (50 g sodium
acetate dissolved in iron-free deionized water
by diluting to 100 mL) and 0.5 mL of reducer
solution (40 g hydroxylamine hydrochloride
dissolved in iron-free deionized water by diluting
to 100 mL). Shake for 1 min.
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Step 3. Add 0.5 mL of 0.019M indicator solution. Shake
well for 1 min and allow to separate.

Step 4. Add 20 mL of iron-free deionized water and test
on a Hach DR/2 spectrophotometer at 530 nm.

The red coloration of the lower aqueous layer is indicative of the
iron concentration. A blank, prepared by substituting 0.5 mL
of iron-free distilled water for the indicator solution was simul-
taneously carried through each procedure. This blank was used
to zero the meter of the Chemtrix 20 colorimeter or the Hach

DR/2 spectrophotometer.

4.3 RESULTS AND DISCUSSION

4.3.1 Colorimetric Method Development

The five-step procedure outlined above is similar to the first
procedure we developed in this research. However, six important
changes were made in our first procedure to make it effective for
our purposes. Our first procedure required four steps:

(1) To 1 mL of used oil (or standard) in a 3-dram vial,
add 1 mL H2S0 4 solution and shake (by hand or on a
wrist-action shaker) for 5 min. (This will extract
the iron into the aqueous phase.)

(2) Add 1 mL of the buffer/reducer solution and shake
for 1 min. Check the pH to confirm that the solu-
tion is near the optimum pH of 4.

(3) Add 1 mL of isoamyl alcohol to break up any emul-
sion in the aqueous layer. Shake well for 1 min
and allow to separate.

(4) Add 0.5 mL of the indicator solution (0.006M batho-
phenanthrolinedisulfonic acid), shake for 1 min,
and allow the solution to separate.

However, six important changes were made in our first procedure to ii
make it effective for the intended application.

4.3.1.1 Improvement of Indicator Performance

The first change was to increase the indicator concentration from
0.006M to 0.019M bathophenanthrolinedisulfonic acid. Stoichio-
metric calculations indicate that a 0.006M indicator solution
should provide an excess of bathophenanthrolinedisulfonic acid at
the 50-ppm level. However, Table 19 shows that there is an
inadequate amount of indicator present at the 50-ppm level. The
data in Table 19 were obtained by carrying a 50-ppm oil calibra-
tion standard through the five-step procedure using a 0.006M
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TABLE 19. RESULTS OF THE COLORIMETRIC TITRATION OF A 50-PPM
OIL CALIBRATION STANDARD USING 0.006M INDICATOR
SOLUTION

Indicator added, mL Absorbance

0.5 0.52
0.6 0.62
0.7 0.66
0.8 0.64
0.9 0.62
1.0 0.60

indicator solution. All of the aqueous phase was drawn off and
the indicator solution added in 0.l-mL increments. The absorb-
ance was measured on the Chemtrix 20 colorimeter after each
addition. Table 19 data show that maximum absorbance was obtained
after 0.7 mL of 0.006M indicator solution was added. Calculations
from these data predicted that the indicator concentration should
be increased to 0.009M bathophenanthrolinedisulfonic acid so that
the convenient volume of 0.5 mL of solution could be maintained.

The USAF oil calibration standards used contained 12 wear metals,
including 2 (copper and manganese) that are known to form non-
interfering complexes (at 530 nm) with bathophenanthroline. This
offers a reasonable explanation for the fact that the stoichio-
metric calculations did not accurately predict the amount of
indicator required to completely complex the iron at the higher
ppm levels. As a result of these tests and calculations the
concentration of bathophenanthrolinedisulfonic acid was increased
to 0.019M in the procedure outlined above, to insure that an
excess of indicator was present at all levels likely to be found
in the used oil samples containing high levels of wear metals.

Figure 45 contains two calibration curves for the USAF oil calibr-
ation standards. The curve designated by the triangular points
(0.006M indicator) shows significant deviation from linearity at
the 50-ppm level. When the procedure outlined above was followed I
the curve designated by the circular points was obtained. This

curve represents a least squares fit of the data for 0-, 2-, 5-,
10-, 20-, and 50-ppm standards. The correlation coefficient for
this curve is 0.9993, with 1.0000 being a perfect fit. Each
point on this curve represents the average of five replicates.

4.3.1.2 Improvement of Isoamyl Alcohol Performance

Two changes were made involving the isoamyl alcohol that is used
in the procedure to prevent the formation of interfering emul-
sions or oil droplets in the aqueous phase. Initially I mL of
the isoamyl alcohol was added after the buffer/reducer solution.
Early in the research the colored aqueous phase turned cloudy
after each shaking and could not be tested on the colorimeter.
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of iron using a Chemtrix 20 colorimeter.

The cloudy aqueous phases from several samples were centrifuged,
after which the aqueous phase was clear and an oil droplet was
found at the top of each aqueous phase. This indicated that an
emulsion was forming that was not being brokenup sufficiently by
the isoamyl alcohol to allow a complete separation of the two
phases in a reasonable amount of time.

After several unsuccessful experiments to find a substitute for
the isoamyl alcohol, the problem was solved by il) increasing
the amount of isoamyl alcohol from 1 mL to 2 mL and (2) adding
the alcohol prior to addition of the buffer/reducer (B/R) solu-
tion instead of after its addition. These two changes were then
incorporated into the colorimetric procedure resulting in the
five-step method listed in Section 4.2. Thereafter the cloudy
aqueous phase problem never reoccurred.

4.3.1.3 Improve..ent of Sulfuric Acid Performance

The fourth change to the procedure involved the first step, the
sulfuric acid extraction. The procedure described above utilized
a 1N H2SO solution. Table 20 displays the results of the analysis
of 27 actual used oil samples by atomic absorption and the colori-
metric method. While there is good agreement between results
from the two methods for most samples, 10 of the samples gave
substantially lower colorimetric results, and the colorimetric
results were generally lower than the atomic absorption results.
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TABLE 20. COMPARATIVE RESULTS FOR IRON ANALYSIS OF USED OIL
SAMPLES BY ATOMIC ABSORPTION ANALYSIS AND BY THE
FIVE-STEP COLORIMETRIC METHOD

Iron content, ppm
Sample No. Atomic absorption Five-step

3 2.2 1.5
15 5.2 4.3

790 10.0 6.7
700 6.0 5.4
710 6.3 6.0
852 11.3 6.3
683 11.9 7.1
259 11.0 11.6
352 13.8 12.2
861 12.9 13.8
354 17.5 17.7
863 31.8 30.4

F-I 0.8 1.2
P-6 4.7 2.5
0-1 5.1 4.0
R-5 9.2 7.7
0-6 6.8 7.9
P-8 8.6 8.0
H-9 18.8 9.5
0-2 13.6 10.2
P-12 17.4 12.5
H-15 15.0 14.5
P-13 20.8 16.5
H-2 17.2 17.6
H-18 24.2 18.1
P-Il 60.5 55.1
P-10 68.8 70.4

At this point it was felt that increasing the efficiency of the
extraction step would provide the greatest improvement in the
colorimetric results. It was further thought that the iron
particles present in some of the used oil samples were not being
dissolved and extracted efficiently by the 1N H2SO4 solution.

Several experiments were conducted to determine if the procedure
could be improved by changing the first step. Some of the acid
solutions used in the tests described below were made by diluting
the acid with distilled water only; these are designated "no
ethanol." Four different acids at various concentrations were
used to extract a 100-ppm synthetic oil sample, made by dispersing
325-mesh iron powder in unused type MIL-L-7808 oil. The result-
ing aqueous phases were analyzed for iron content by atomic
absorption, and the results are shown in Table 21. Hydrochloricacid and sulfuric acid (no ethanol) did not extract iron as well
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TABLE 21. AQUEOUS PHASE IRON CONTENT AFTER ENTRACTION BY
VARIOUS ACIDS OF TYPE MIL-L-7808 OIL CONTAINING
100 ppm IRON

Aqueous phase
Acid Normality iron content, ppm

H2SO4  1 21
2 21
4 24

4" 6 21
8 18

10 13
20 5

112SO4  1 20
(no ethanol) 6 8

10 6

HNO3  1 49
(no ethanol) 2 50

3 48
4 48
5 51
6 53

i0 49

1 16
6 6
10 2

Aqua regia 'I 27

(no ethanol) 3 40

as the sulfuric acid. The aqua regia performed better than the
sulfuric acid, but the nitric acid solutions extracted approxi-
mately twice as much iron as the sulfuric acid solutions. However,

rthe nitric acid solutions still extracted only one-half of the
iron present in the oil. This is probably because the iron powder
used had an average particle size of 44 um, which is larger than :
particle sizes found in most used oil samples. The larger parti-
cle may not have been extracted, and even if they were, they could
not have been detected by atomic absorpiton unless digested by the

- acid.

Table 21 shows that the 6N HN03 extracted the most iron from the
Ioil, but the resulting aqueous phase was a blue-green color,

indicating the strong acids may attack the oil. The aqueous phase
resulting from the 6N HN03 extraction of the 100-ppm oil contain-

ed a precipitate when examined the day following the extraction.
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This indicated more positively that the strong acids degrade the
oil and might hinder the colorimetric procedure.

The data in Table 21 show that the 1N HN0 3 solution extracted the

iron nearly as well as the 6N HN03 . Also, the 1N HNO 3 gave a
clear aqueous phase after the extraction procedure while the
6N HNO3 gave the aforementioned blue-green color. The IN HNO3
solution was therefore chosen to be used in a colorimetric analysis
of 10 used oil samples. Table 22 compares the data from the five-
step colorimetric method using 1N HNO 3 and 1N H2 SO4 (our standard
acid solution). The data for samples extracted with nitric acid
were lower in every instance than for those extracted with sul-
furic acid. This was exactly opposite what was predicted from
the data in Table 21. Therefore, the nitric acid was not incor-
porated into the solvent extraction-chelation procedure.

TABLE 22. COMPARATIVE RESULTS FOR IRON ANALYSIS OF USED OIL
SAMPLES BY THE FIVE-STEP COLORIMETRIC METHOD USING
1N HN03 AND IN H2 SO4

Iron content, ppm
Sample No. IN HNO 3  1N H2SO4

F-1 0.0 1.2
P-6 1.5 2.5
R-5 6.1 7.7
H-9 7.1 9.5
0-2 6.7 10.2
P-12 9.7 12.5
P-13 12.4 16.5
H-2 9.1 17.6
H-18 15.0 18.1
P-ll 42.7 55.1

Since these results were inconclusive it was decided to subject
the five-step method to a ruggedness test for procedures developed
by Youden [251. This test was designed to determine if an analyti-
cal procedure is "rugged" (that is, if the procedure is immune to
small changes in the stated procedure). We used this test to
determine if changing certain parameters of the five-step method
would improve the analytical results. The basic concept of this
test is to make several alterations at one time in such a manner
that the effects of individual changes can be determined. Table
23 presents the basic matrix used for the ruggedness test. This
matrix allows one to determine the individual effects of seven
different changes at one time. For our purposes the capital
letters A, B, C, D, E, F, and G denoted the conditions normally

[25] Youden, W. J., "Statistical Techniques for Collaborative
Test," The Association of Official Analytical Chemists,
Inc., 1969. pp 33-36.
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TABLE 23. RUGGEDNESS TEST MATRIX FOR SEVEN FACTORS

Experiment Factor combinations

1 A B C D E F G
2 A B c D e f g
3 A b C d E f g
4 A b c d e F G
5 a B C d e F g
6 a B c d E f G
7 a b C D e f G

8 a b c D E F g

used in our five-step procedure. The conditions denoted by the
lowercase letters a, b, c, d, e, f, and g were the alternate
conditions. Table 23 shows that when the eight leterminations
are split into two groups of four on the bases of one of the
letters (e.g., A and a), all other factors within each group
cancel out. The effect of changing A to a (for example) is

Sdetermined by comparing the average of the results of tests 1, 2,

3, and 4 with the average of the results of tests 5, 6, 7, and 8.

Two ruggedness tests were conducted on the five-step method. The
conditions for them are shown in Tables 24 and 25. Used oil
sample P-43 was used for the experiment and each test was done in

A duplicate. Table 26 presents the mean absorbance values obtained
from each experiment, and Table 27 is calculated from the appro-
priate absorbance values of Table 26 as follows:

tests 5, 6, 7, 8 tests 1, 2, 3, 4
FE (A-a) = 4

A positive factor effect (FE) indicates that the a factor gave
higher absorbance values than did the A factor. The largest
factor effects obtained in test 1 were both negative, indicating
that factors A and E gave higher absorbance values than did
factors a and e. This was expected in both cases because the
amount of an aqueous reagent was being increased from the normal
1 mL to 1.5 mL, causing the lowercase factor to have lower absorb-
ance values because of the dilution effect. All the factor
effects resulting from test 2 were positive numbers with factor
effect A-a being approximately four times the next largest number.
In factor effect A-a of test 2 the strength of the H2 S04 solution

was increased from IN to 2N. This indicated that increasing the
strength of the H2S0 4 solution may yield increased absorbance
values in used oil samples. Additional research was done in this
area to determine if increasing the acid strength would benefit
our solvent extraction-chelation method.
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TABLE 24. RUGGEDNESS TEST CONDITIONS FOR TEST 1

Factor levels
Factor Description A-G a-g

A-a H2S04 solution added, mL 1 1.5
B-b Shaking time after step 1, min 2 5
C-c Isoamyl alcohol added, mL 2 3
D-d Shaking time after step 2, min 1 3
E-e B/R solution added, mL 1 1.5
F-f Shaking time after step 3, min 1 3
G-g Shaking time after step 4, min 1 3

TABLE 25. RUGGEDNESS TEST CONDITIONS FOR TEST 2

Factor levels
Factor Description A-G a-g

A-a Concentration of H2 SO4 to make
solution, mL 3 5

B-b Shaking time after step 1, min 2 5
C-c Isoamyl alcohol added, rL 2 3
D-d Hydroxylamine hydrochloride in

B/R solution, g 20 25
E-e Shaking time after step 3, min 1 2
F-f Bathophenanthrolinedisulfonic

acid in indicator, g 0.1 0.15
G-g Shaking time after step 4, min 1 2

TABLE 26. RUGGEDNESS TEST RESULTS FOR TESTS 1 AND 2

Absorbance
Experiment Test I Test 2

1 0.555 0.510
2 0.497 0.565
3 0.670 0.570
4 0.557 0.605
5 0.447 0.687
6 0.560 0.725
7 0.397 0.715
8 0.525 0.757
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TABLE 27. FACTOR EFFECT DATA FOR THE RUGGEDNESS

TEST RESULTS FOR TESTS 1 AND 2

Factor effect
Factor Test 1 Test 2

A-a -0.087 0.158
B-b 0.022 0.040
C-c 0.017 0.040
D-d 0.065 0.010
E-e -0.103 0.002
F-f 0.010 0.004
G-g 0.017 0.006

Sulfuric acid diluted to 1N with deionized water and etnanol was
used in our method to digest and extract the iron from the oil. I
Ruggedness test results indicated that increasing the acid
strength might increase extraction efficiency. An earlier sulfuric
acid strength test [26], which was done using large (44 pm average)
iron powder, showed no increase in extraction efficiency for
increased acid strengths. However, the iron powder used in this
earlier test was not representative of the particle size typical-
ly found in used oils. Therefore, more acid extraction studies
were conducted to conclusively resolve this question.

Table 28 presents the results of a study in which- the effect of
using different acids at various strengths for the five-step
colorimetric analysis of an actual used oil (F-18) was investigat-
ed. The sulfuric acid solutions extracted the iron better than
perchloric acid, the mixtures of sulfuric and hydrochloric acids,
and mixtures of sulfuric and nitric acids. The 0.5N sulfuric
acid did not extract the iron as well as the other sulfuric acid
solutions. The 1N, 2N, and 4N sulfuric acids extracted equally
well and the 6N and 8N acids gave increased results.

Table 29 presents the results of the colorimetric analysis of a
MIL-L-7808 oil doped with <25-pm iron powder. The sulfuric acid
solution used was varied from 0.5N to 20N and the sample was ana-
lyzed in duplicate at each acid level. Figure 46 shows that the
0.5N and 1N sulfuric acid solutions yielded lower results than
the other concentrations. The absorbance remained relatively
constant from 2N through 14N but showed a decrease at the 20N
level.

[26] Ross, W. D., Brooks, J. J., Hillan, W. J., "Trace Chemical
Analysis Methodology," Third Annual Report, Contract F33617-
75-C-1130, 16 February 1977 - 15 February 1978.
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TABLE 28. IRON CONTENT OF USED OIL SAMPLE F-18 BY
THE FIVE-STEP METHOD USING VARIOUS ACIDS

Acid Normality Iron content, ppm

HS0 4  0.5 43
1 56
2 51
4 56
6 66
8 61

HC104  1 38
4 43

H2 S04 /HC1 1/0.5 41
2/1 45

H2S0 4 /HNO3  1/1 39
2/1.5 39

TABLE 29. EFFECTIVENESS OF 0.5N TO 20N SU:FURIC ACID FOR
EXTRACTING IRON FROM MIL-L-7808 LUBRICATING OIL
USING THE FIVE-STEP METHOD

Acid normality Absorbance

0.5 0.061
0.365

1 0.48
0.57

2 0.77
0.76

3 0.73
0.72

4 0.74
0.76

5 0.84
0.81

6 0.73
0.73

8 0.79
0.78

10 0.74
0.74

14 0.73
0.70

20 0.63
0.65
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THE EFFECT OF SULFURIC ACID STRENGTI ON THE EXTRACTION Of <Z5um IRON POWDER FROM M]! t-;Vp OIL
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Figure 46. The effect of sulfuric acid strength on the
extraction of iron powder from MIL-L-7808 oil.

The above acid studies were inconclusive and sometimes contradic-
tory. Therefore, it was decided to analyze several used oil
samples using increasing strengths of sulfuric acid solutions.
The colorimetric results presented in Table 30 were obtained by
analyzing 17 MIL-L-7808 used oil samples using 1N, 2N, and 3N
H2SO4 in the five-step method.

Results in Table 30 show that colorimetric analysis using 2N H2 SO4
gave higher values than those obtained using 1N H2 SO4 in 15 of the

17 samples analyzed. The other two samples (P-86 and F-38) gave

comparable results (6.3 vs. 6.1, and 3.4 vs. 3.4) for the 1N and
2N H2 SO4. Examination cf the data for the 15 samples which
yielded increased iron results show that the increase rangee from

1.4 to 10.5 ppm or from 7% to 85%. When the same samples were J
analyzed using 3N H2 SO4 , 12 of the 16 samples that gave reliable
results yielded higher values when compared with the 2N H2SO4 data,
and 14 of the 16 gave higher values when compared with the 1N
H 2 SO4 data. Comparing the 2N and 3N H2 SO4 data, the increase for

the 12 samples showing an increase ranged from 0.5 to 7.5 ppm or

from 5% to 22%. This indicates that the 3N acid is more efficient
for digesting and extracting iron than the 2N H2S04.

The above experiments resulted in an increase from 1N to 3N in
the sulfuric acid concentration used in the colorimetric method.

This change necessitated an increase in the buffer strength of
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TABLE 30. COMPARATIVE RESULTS FOR IRON ANALYSIS OF USED OIL
SAMPLES BY THE FIVE-STEP COLORIMETRIC METHOD USING
IN, 2N, AND 3N H 2 SO 4

Iron content, ppm
Sample No. IN H2 SO 2N H2SO4  3N H2 S0 4

H-63 16.3 22.4 26.6
H-65 13.5 14.9 13.3

P-44 32.3 41.5 43.6
P-62 21.8 26.1 29.4
P-64 22.3 25.0 30.4
P-86 6.3 6.1 6.6

P-8 2.0 3.7 _

P-88 30.1 38.3 40.8
P-90 8.6 10.4 12.2
P-91 13.9 16.9 19.5

F-17 49.0 52.2 58.2
F-18 41.8 47.9 44.5
F-23 37.9 48.4 55.9
F-37 8.6 10.9 9.6

F-38 3.4 3.4 2.1
F-39 14.1 19.6 27.1

R-424 9.5 12.5 14.3

aThe 3N H2SO4 result for this sample was

44 ppm; the wrong sample may have been
analyzed.

the buffer/reducer solution. Therefore, the amount of sodium
acetate was increased from 30 g to 45 g to maintain the pH of the
aqueous phase at approximately 4.

4.3.1.4 Development of a Four-Step Method

The fifth change was to reduce the number of steps in the colori-
metric method from five to four. Because of the desire to make
the colorimetric method as rapid and as easy to do as possible,
methods of shortening the procedure were investigated from the
time the first working procedure was established. Finally, the
first two steps of the well documented five-step procedure (addi-
tion of H2SO4 solution and addition of isoamyl alcohol) were
combined into one step.

Figure 47 shows calibration curves for the four-step (round data
points) and five-step (square data points) procedures covering
the range from 0 to 30 ppm iron. The standards used for this
test were made with MIL-L-7808 oil. The correlation coefficients
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for the four-step and five-step curves are 0.9995 and 0.9984,
respectively, and the slopes are 0.0395 and 0.0399 for the four-
step and five-step data, respectively. The calibration curve for
the four-step method compares very favorably with that for the
five-step curve.

Table 31 displays comparative results for 25 used oil samples
analyzed by atomic absorption and the five- and four-step colori-
metric methods. Comparison of the four-step colorimetric and
atomic absorption data show the following:

(1) The colorimetric data were higher (<1 ppm higher
for five samples.

(2) The colorimetric and atomic absorption data were
equal (<1 ppm difference) for 10 samples.

(3) The colorimetric data were lower (<1 ppm lower)
for 10 samples.

Data for 5 of the 10 samples that gave lower colorimetric results
were within 2 ppm of the atomic absorption data. Agreement be-
tween the four-step colorimetric method and atomic absorption
data was generally good.

Figure 48 shows the results of a shelf-life/compatibility study
done to determine if any problems resulted from storage of the
isoamyl alcohol and acid solution in contact with each other.
The test was conducted by loading l-oz French square bottles with
1 mL of 3N H2SO4 solution and 2 mL of isoamyl alcohol. A stock
oil containing -10 ppm iron was analyzed in triplicate using the
previcusly loaded bottles. The other reagents were made up fresh
for each test. Test results indicated that the acid solution and
isoamyl alcohol did not degrade after 15 weeks and can be stored
together. A long-term, more complete shelf-life study, conducted
later, is discussed in Section 4.3.1.5.

Therefore, the four-step method was chosen for use in the field
test. This method provides several advantages over the five-step
method:

(1) It cuts the analysis time by \,2 minutes.

(2) It allows for easier packaging.

(3) It makes the analysis procedure less complicated.

(4) It eliminates the transfer of the isoamyl alcohol.
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TABLE 31. COMPARATIVE RESULTS FOR IRON ANALYSIS OF USED OIL
SAMPLES BY ATOMIC ABSORPTION ANALYSIS AND BY THE
FIVE-STEP AND FOUR-STEP COLORIMETRIC METHODS

Sample Iron content, ppm
number Atomic absorption Five-step Four-step

P-27 8.3 - 11.9
P-62 26.3 29.4 24.4
P-65 15.0 15.3 15.1
P-86 7.1 6.6 6.5
P-87 2.9 3.7 4.1
P-90 12.4 12.2 9.7
P-91 11.0 19.5 15.6
P-95 3.8 3.9
P-98 2.0 2.6
P-100 0.9 - 1.5
P-101 14.0 11.3 10.4
P-103 10.0 7.8 6.9
P-104 7.0 - 5.4
P-105 7.0 - 5.7
P-106 26.0 22.9 21.5
P-107 0.9 - 0.7
P-108 8.3 7.1
P-109 4.4 4.4
P-110 6.5 5.5

H-63 20.7 26.6 24.2
H-64 7.6 8.2 6.7
H-65 12.3 13.3 14.8
H-69 14.2 10.9
H-70 11.2 9.3

R-443 7.0 6.5 7.8

4.3.1.5 Improvement of Long-Term Stability of Buffer/Reducer
Solution

The sixth change, involving the buffer/reducer (B/R) solution,
was made due to a degradation problem encountered during packag-
ing of the method into a portable kit. Preparations were being
made for a loihg-term shelf-life study when it was found that the
colorimetric procedure was not working. A series of tests was
therefore run to locate the problem. It was found that every time~the stored B/R solution was used, the pH was approximately I and

essentially no color developed. However, when fresh B/R solution
was used in conjunction with any combination of the other reagents,
the pH was approximately 4 and the color developed as expected.

{It was concluded from these tests that the B/R solution was the
cause of the problem, and more tests were run to determine why
it became ineffective. These further tests indicated that there
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Figure 48. Shelf.-life/compatability study Of H2S04 solution Z
and isoamyl alcohol stored in a l-oz French
square bottle at room temperature.

was more than just a pH problem. That is, a test was run using
fresh reagents except for the buffer/reducer solution, which was
taken from storage. The pH was adjusted to %4 by adding fresh
buffer solution. However, the color that developed was still
pale and measured well below the expected value, indicating that
there was insufficient reducing agent present to convert all of
the iron present to the ferrous state as required by the indicator.

At this point attempts were made to perform infrared analysis on
the B/R solution. Initial attempts were unsuccessful, and a
dried sample of the stored solution was obtained for analysis by
infrared spectroscopy. Figures 49, 50, and 51 show the spectra
obtained by infrared analysis of sodium acetate, hydroxylamine
hydrochloride, and B/R solution [as potassium bromide (KBr)
pellets]. The buffer/reducer spectrum (Figure 51) shows evidence
of very little if any hydroxylamine hydrochloride, as indicated
by the disappearance of the strong doublet at 1200 and 1160 cm-'
as well as those bands at 1880, 1590, 1480, 1000, and 600 cm-
(when compared with Figure 50). The presence of some sodium
acetate is indicated by the bands at 1590, 1410, and 640 cm-'.
However, the buffer/reducer spectrum (Figure 51) shows the appear-
ance of a very strong band at 1660 cm- 1 and lesser anes at 1515
and 1410 cm-1 . These new peaks match up very well with the in-
frared spectrum of acetohydroxamic acid found in the Sadtler
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reference spectrum. The acetohydroxamic acid could be formed by
the reaction of sodium acetate and hydroxylamine hydrochloride.

It is known from the literature [27] that the ferric salt of
acetohydroxamic acid gives a cherry red color. When 0.02 g of
ferric chloride was added to 5 mL of fresh B/R solution, the
solution turned amber in color. But when the same amount of
ferric chloride was added to 5 mL of stored B/R solution, the
solution turned cherry .ed in color.

While these tests did not positively copfirm t1-- presence of
acetohydroxamic acid, they did show the following:

(1) The stored B/R solution contained very little, if
any, hydroxylamine hydrochloride.

(2) There was less sodium acetate in stored B/R
solution than in fresh solution.

(3) The stored B/R solution contained a compound not
present in fresh solution.

Therefore, it was concluded that the degradation of B/R solution
was due to a reaction between the sodium acetate and hydroxylamine
hydrochloride, which was accelerated when the sodium acetate
concentration was increased from 2.8M to 5.5M.

Consequently, it was decided to split the buffer/reducer solution
into two solutions (a buffer solution and a reducer solution) to
solve the degradation problem that occurs when the combinedsolution is stored for extended periods of time. Table 32 shows

the colorimetric results for 15 used oil samples analyzed using
the split buffer and reducer solutions and also using the premixed
buffer/reducer solution. The concentration of the sodium acetate
in the buffer solution was increased from 5.5M to 6.114. This was
done to increase the pH of the aqueous phase to x.,4.3 from n3.8
when using the 3N H2 SO4 solution. The concentration of hydroxyl-
amine hydrochloride in the reducer solution was doubled so that
0.5 mL of reducer solution could be used instead of 1 mL. This
increase the total volume of the aqueous phase resulting from the
colorimetric procedure by only 0.5 mL instead of 1 mL.

The resulting four-step procedure used for the portable kit is
as follows:

[27] Sidgwick, N. V. "The Organic Chemistry of Nitrogen," Oxford
University Press, J937, p 198.
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TABLE 32. THE EFFECT OF SPLITTING THE BUFFER/REDUCER

SOLUTION ON COLORIMETRIC DATA FROM USED OILS

Iron content, ppm
Sample Split Combined
number buffer/reducer solutions buffer/reducer solution

P-62 24.5 23.5
P-64 24.5 23.5
P-65 12.6 13.1
P-86 6.6 6.0
P-87 3.4 3.0
P-88 34.0 35.0
P-90 11.2 10.2
P-91 15.0 14.8

H-58 1.9 1.7
H-64 7.0 6.6
H-65 13.5 13.5
H-68 7.0 6.7IR-424 10.5 10.3
R-429 5.8 5.6
R-437 1.8 2.0

Step 1. To a l-oz French square bottle containing 1 mL
of H2SO 4 solution and 2 mL of i.oamyl alcohol,
add 1 mL of oil sample. Shake in a vortex mixer
for 2 minutes.

Step 2. Add 1 mL of buffer solution and 0.5 mL of reducer

solution. Shake on the vortex mixer for 1 minute.

Step 3. Add 0.5 mL of indicator solution and shake on the

E vort%-ex mixer for 1 minute.

Step 4. Add 21 mL of deionized water. Invert the bottle
three times and take a reading on the direct-
reading spectrophotometer.

4.3.2 Colorimetric Method Capabilities

4.3.2.1 Used Oil Analysis

The experiments described in section 4.3.1.3 resulted in a deci-
sion to increase the sulfuric acid concentration used in the color-
imetric method. Atomic absorption, colorimetric, and particle
independent data for 29 used oil samples are compared in Table 33,
which includes the type of engine the oil sample was removed from,
the hours since overhaul, and the hours since oil change. The
colorimetric data were obtained by the five-step method using 3N
sulfuric acid. The particle size independent method was developed
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at the Air Force Materials Laboratory to minimize the effect of
large metal particles on the analysis of used jet engine oils for
wear metal content.

Comparison of the atomic absorption and colorimetric data in
Table 33 shows the following:

(1) The colorimetric data were >1 ppm higher for 13 samples.

(2) The colorimetric and atomic absorption data were
equal (<1 ppm difference) for 13 samples.

(3) The colorimetric data were >1 ppm lower for three
samples.

Since the Air Force field test for the colorimetric method was
done on aircraft engines which have threshold limits of 8 ppm
iron, particular attention was paid to used oil samples containing
<15 ppm iron. The calibration curve developed for the range from
0 to 15 ppm iron is shown in Figure 52. This curve has a correla-
tion coefficient of 0.9963, an intercept of 0.053, and a slope of
0.0337.

Table 34 displays the comparative result for 19 used oil samples
analyzed by atomic absorption, particle size independent, and
the five-step colorimetric method using 3N H2 S04. Comparison of
the colorimetric and atomic absorption data show the following:

(1) The colorimetric data were higher (>1 ppm higher)
for four samples.

(2) The colorimetric and atomic absorption data were
equal (<1 ppm difference) for 12 samples.

(3) The colorimetric data were lower (>1 ppm lower) for
three samples.

This shows that the colorimetric and atomic absorption data agree
very well for oil samples containing less than 15 ppm iron. This
was expected, since these samples probably contain very few large
particles.

In summary, it can be said that the 3N colorimetric method did
better than atomic absorption (AA) analysis in 48% of the samples
analyzed, and as well as or better than AA in 90% of the samples
analyzed.

4.3.2.2 Effect of pH on Color Formation

Another important parameter that was defined by research performedI on this contract is the effect of the aqueous phase pH on the
color formation by the bathophenanthrolinedisulfonic acid
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TABLE 34. COMPARATIVE RESULTS FOR IRON ANALYSIS OF USED
OIL SAMPLES CONTAINING <15 ppm IRON BY ATOMIC
ABSORPTION, COLORIMETRIC, AND PARTICLE SIZE
INDEPENDENT METHODS

Iron content, ppm
Sample Atomic Colorimetric Particle size
number zLbsorption (3N acid) independent

P-65 15.0 15.3 16

P-78 11.8 9.8 16
P-81 6.5 3.7 -
P-86 7.1 6.6 10
P-87 2.9 3.7 -
P-90 12.4 12.2 13
P-91 11.0 19.5 19

X
L-424 12.7 14.3 13
R-429 6.5 5.9 -
R-437a 2.0 1.3 -
R-443 7.0 6.5 -

R-4 52 a 3.1 2.8 -

H-58 a 2.0 1.4 3
H-6 4a 7.6 8.2 10
H-65 12.3 13.3 18
H-68 7.7 7.2 9

F-34 6.2 5.7 7
F-37 3.3 9.6 13
F-38 3.2 2.1 5

aColorimetric data for these samples were taken from

the 0- to 15-ppm calibration curve.

M- indicator. Table 35 shows the results of i -'est conducted to
determine the pH range over which the batr.-.Xeanthrolinedisulfonic
acid indicator was effective. These resulcs are graphically
displayed in Figure 53, which shows the effective pH range to be
between 1 and 7. The aqueous phase of the solvent extraction
chelation procedure is buffered to a pH of approximately 4, which
falls in the middle of the pH range over which the indicator is
effective. These data show that small deviations from pH 4 will
not interfere with the indicator color formation. Color formation
was essentially instantaneous in all cases except for the pH
0.61 test.

4.3.2.3 Upper Level Detection Limits of the Indicator

Tests were conducted to determine the upper level detection limitof the 0.019M indicator solution used in our method. These tests
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TABLE 35. THE EFFECT OF pH OF THE AQUEOUS PHASE ON
THE COLOR FORMATION OF THE IRON BATHO-
PHENANTHROLINEDISULFONIC ACID COMPLEX

Aqueous phase pH Absorbance

0.61 0.012
1.02 0.365
1.91 0.365
3.50 0.350
4.04 0.355
5.04 0.355
6.60 0.350
8.04 0.340
9.57 0.295

13.05 0.225

THE EFFECT OF pH ON THE COLOR FORMATION OF THE IRON

BATHOPHENANTHROLENEDISULFONIC ACID COMPLEX

.4

E

C

c

.-

0 2 4 6 8 10 12 14

PH

Figure 53. The effect of pH on the color formation
of the iron bathophenanthrolinedisulfonic
acid complex.
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were designed to determine the upper detection limit under the
following two conditions: (1) when iron only was present in the
oil, and (2) when iron and 11 other metals were present at equal
concentration levels in the oil. The calibration curve presented
in Figure 54 is for condition 1. The straight line calibration
curve shown represents the best straight line fit of the 0- to
120-ppm data. The correlation coefficient (r) for the 0- to 120-
ppm data is 0.9997, while that for the 0- to 110-ppm data is
0.9998, indicating that the 0- to 120-ppm line could be used with
confidence. The 140-ppm data point shows a significant deviation
from linearity, and the resulting lower correlation coefficient
(0.9975) reinforces this observation.

The calibration curve shown in Figure 55 is for condition 2. (The
11 other metals are aluminum, chromium, copper, lead, magnesium,
nickel, silicon, silver, molybdenum, tin, and titanium.) It was
expected that this curve would deviate from linearity at a lower
ppm level than the curve for condition 1 because copper and magne-
sium form colorless complexes with the indicator. The straight
line calibration curve shown in Figure 55 represents the best
straight line fit of the 0- to 85-ppm data and shows that the data
start to deviate from linearity in the 85- to 90-ppm region. The
correlation coefficients for the 0- to 85-ppm and 0-to 90-ppm data
are 0.9996 and 0.9995, respectively, while the correlation coef-
ficient for the 0- to 100-ppm data is 0.9990. Even though the
data start to deviate from linearity in the 85-to 90-ppm region,
the calibration curve could be used from 0-to 90 ppm.

Figure 56 shows a calibration curve for 0 to 500 ppm iron in oil
when using the five-step method. The only changes from the five-
step method outlined earlier were that the strength of the indi-
cator solution was increased and the aqueous phase (step 5) was
further diluted so that the absorbance could be measured on the
Chemtrix 20. The correlation coefficient for these data is
0.9994. This was done to demonstrate the feasibility of analyzing
oils with very high iron content.

4.3.2.4 Precision of the Colorimetric Method

The precision of the colorimetric method was tested by performing
repetitive analysis of oil samples containing various amounts of
iron. The colorimetric results presented in Table 36 were
obtained by analyzing six oil samples by the five-step method.
Tests 1 and 2 were done 10 days apart, and ten determinations were
made on each sample for each test. The data for samples 107,
P-17, P-10, and D12-30 were generated using 1N H2SO4 . Samples
107, P-17, and P-10 were used MIL-L-7808 oils that were avail-
able in sufficient quantity for the test. Sample 107 was one

-of the used oil samples from the SOAP lab round-robin testing.
The D12-30 sample was from the old batch of spectrometric
oil calibration standards which had traditionally yielded low
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TABLE 36. REPETITIVE ANALYSIS RESULTS FOR SIX OIL
SAMPLES BY THE FIVE-STEP COIORIMETRIC METHOD

Mean iron content, Standard deviation,
Sample ppm ppm Rangea , ppm
number Test 1 Test 2 Te;t 1 Test 2 Test 1 Test 2

P-81 3.7 - 0.18 - 0.5 -
107 10.5 10.4 0.25 0.37 0.8 1.3
P-17 10.8 11.0 0.33 0.45 0.8 1.2
H-51 18.7 - 0.57 - 1.2 -

D12-30 24.0 23.0 0.54 0.34 1.8 1.1
P-10 45.4 49.7 2.44 0.97 6.V 2.6

aDifference between the high and low values.

readings with the colorimetric test. A calibration curve from
0 to 50 ppm iron using the D12 spectrometric oil calibration
standards was generated for each test. Samples P-81 and H-51
were analyzed using 3N instead of IN H2 S04 , and a 3N H2 S04 calibra-
tion curve was used to convert absorbance values to parts per
million. Samples P-81 and H-51 were analyzed in l-oz French
square bottles and tested on the Hach DR/2 spectrophotometer, both
of which are being used in the flight-line kit developed for the
Air Force field test program. Samples P-81 and H-51 were analyzed
approximately 4 months after the other four samples.

Table 36 displays the data from the repetitive analysis of the
sox samples described above. The data for samples 107, P-17,
D12-30, and P-10 show very good agreement between the test 1 and
test 2 mean iron content values. Also, the standard deviation
and range values agree very well for all samples except P-10.
Standard deviation and range values for sample P-10 are very
good for test 2, but the standard deviation is much higher (2.44
vs. 0.97) and the difference between the high and low values
(range) is much broader (6.8 vs. 2.6) in test 1. The test 2
results for P-10 are what one would expect based on the results
from the other three samples. None of the data points for P-10
test 1 could be statistically eliminated, but there was a decreas-

ing trend from the 1st to the 10th replicate. This might have
been caused by a problem in pipetting the oil or a settling of
metal particles in the oil due to inadequate mixing of the sample.

Table 37 shows the mean iron content, standard deviation, and
range values for the 20 determinations made on each sample in
tests 1 and 2. The standard deviation and range (2.8 and 8.5,
respectively) for P-10 are greatly affected by the test 1 results.

Analysis of the data for samples P-81 and H-51 (Table 36) shows
that the standard deviations and the ranges are what would be
predicted from the four samples previously analyzed. This
indicated that both the square bottles and the Hach DR/2
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TABLE 37. COMPOSITE RESULTS FOR TESTS 1 AND 2 OF THE
R2PETITIVE ANALYSIS STUDY OF FOUR OIL SAMPLES

Sample Mean iron content, Standard deviation, a
number ppm ppm Range , ppm

107 10.4 0.31 1.3
1'-17 10.9 0.39 1.5
D12-30 23.6 0.74 2.3
P-10 47.6 2.8 9.5

aDifference between the high and low values.

spectrophotometer would work well with our procedure. These
results also increased our confidence in the ability of the method
to reproducibly analyze used oils containing small amounts of
iron (<10 ppm) and in the effectiveness of the 3N H2 S0 4.

Table 38 compares the standard deviations obtained for six samples
by the five-step method with those obtained by George [24] with
his method. The data indicate that our precision is at least as
good as his. This means that our procedure, even though it is
easier and faster than the George procedure, still gives precise

results.

TABLE 38. COMPARISON OF STANDARD DEVIATIONS FROM
THE ANALYSIS OF LUBRICANTS BY THE FIVE-
STEP AND GEORGE [24] METHODS

Iron content, ppm, Iron content, ppm,
Sample by the five-step method Sample by the Gecrge method
number Mean Standard deviation number Mean Standard deviation

P-81 3.7 0.18 1 4.8 0.35
107 10.4 0.31 2 6.3 0.36
P-17 10.9 0.39 3 11.3 0.53
H-51 18.7 0.57 4 17.8 0.34
D12-30 23.6 0.74 5 20.3 0.61
P-10 47.6 2.8 6 30.4 1.3

4.3.2.5 Reagent Shelf-Life Studies

Shelf-life studies were conducted between 23 May and 26 September
1978 to determine the effective life of the reagents. The 1N sul-
furic acid, buffer/reducer, and indicator solutions were prepared
on 23 May and stored along with the isoamyl alcohol in aliquots
in plastic syringes at room temperature. A D-12 spectrometric
oil calibration standard was analyzed in triplicate using both
fresh and stored reagents according to the schedule shown in
Table 39. Fresh reagents were prepared on each test date. This
was done to insure that any scatter in the data would not be
erroneously attributed to degradation of the stored reagents.
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TABLE 39. SCHEDULED DATES FOR SHELF-LIFE STUDY TESTS

Elapsed Elalsed
4 time, wk Date (1978) time, wk Date (1978)

1 31 May 10 1 August
2 6 June 13 23 August
4 20 June 15 5 September
6 5 July 18 26 September
8 18 July

Figure 57 displays the study results. The stored reagents consist-
ently gave higher absorbance values than did the fresh reagents.
This was probably due to the difference in the delivery of the
reagents; that is, the stored reagents were pipetted into the
syringes and delivered from the syringes, but the fresh reagents
were delivered from a Centaur pipette. If the stored reagents
were degrading, one would expect that the absorbance values would

begin to decrease for the stored reagents while the absorbance
values for the fresh reagents would remain constant. However,
both the fresh and stored reagent data points generally followed
the same pattern, and it can be said that the stored reagents
did not degrade after 18 weeks of storage at room temperature.

The shelf-life study described above was initiated approximately
3 months before the decision was made to replace the IN sulfuric
acid solution with the 3N solution. This change also required an
increase in the concentration of buffer in the buffer/reducer
solution to adjust the pH of the aqueous phase to %4. No problems
were encountered until the reagents had been stored for approxi-
mately 13 weeks.

While setting up a long-term shelf-life study on the reagents
packaged for the field test kits, it was found that the colori-
metric procedure was not working. This led to the discovery of
the degradation of the buffer/reducer solution (discussed in
section 4.3.1.5). Once this problem was corrected (1,, separating
the buffer/reducer solution into two solutions), a srelf-life
study using the 3N H2 SO4 solution system and the four-step
cilorimetric method (used in the field test kits) was started.

One hundred analysis packets prepared for the Air Force field
test were returned to us for use in a shelf-life study. This
study tested the packaging components and the reagents used in
the cnlorimetric iron kit. Table 40 shows the dates each reaqent
was prepared and packaged.

An cil standard containing 9.8 ppm iron in MIL-L-7808 oil was t
prepared fresh on each test date. The oil standard was analyzed
in triplicate using both the scored reagents and fresh reagents
prepared at the time of test. The colorimetric procedure used
was the four-step mathod used in the colorimetric iron kit and
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TABLE 40. PREPARATION AND PACKAGINg DATES FOR
REAGENTS USED IN THE SHELF-LIFE STUDY

Reagent Date prepared Date packaged

H 2 S0 4 soln 27 Oct 78 28 & 30 Oct 78

Buffer soln 13 Feb 79 15 Feb 79
Reducer soln 13 Feb 79 15 Feb 79
Indicator soln 13 & 21 Sep 79 4 Oct 78
Water 3 Oct 78

describe! in section 4.3.1.5 of this report. Table 41 presents
the scheduled dates for the shelf-life Ltudy.

TABLE 41. SCHEDULE OF 1979 TEST DATES FOR THE SHELF-LIFE STUDY

Dace

13 April
14 May
13 June
13 July
13 August
13 September

12 October
13 November
13 December

Figure 58 displays the results of the shelf-life tests. There is
no data point for the stored reagents in the May test because the
reagents were contaminated during testing, resulting in unreliable
data. No degradation of the reagents or packaging components was
found through nine shelf-life tests. Figure 58 also displays the
age of each reagent (in weeks) across the top of the figure. The
indicator solution was stable after 65 weeks, the buffer solution
and reducer solution were stable after 43 weeks, and the 3N H2 SO4
solution was stable after 59 weeks of storage at room temperature.

°

4.3.2.6 Colorimetric Analysis of Particulate Iron in Oil

Work was begun during the late stages of the research period to
determine the ability of the colorimetric method to analyze
particulate iron in synthetic jet engine oil. The initial work
was done using iron powder suspended in MIL-L-7808 oil. Ten-ppm
iron samples containing iron particles of <1-vm, 1- to 3 -pm, and
10- to 12-m sizes were analyzed by the particle size independent
method and in triplicate by the colorimetric method. Table 42
shows that the colorimetric method gave slightly higher results
for the <1-m sample than did the particle size independent method.
However, the colorimetric method gave decidedly lower results
(1.9 and 1.7) for the 1- to 3-pm and 10- to 12-m samples than
did the particle size independent method (10.3 and 10.7). The
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SElapsed Time Since Reagent Preparation, (week)

Indicator 35 39 41 43 49 53 58 61 65

t Buffer and
SRdcr 8 12 19 21 27 31 36 39 43RedpsdTmeSneuegntceaetor(ek

H2SO 4  24 28 35 37 43 47 52 55 59

0.5

E 0
OA0. A A AA

A A

.0 0.3

g.0

0.2

0.1 A Fresh Reagents

0 Stored Reagents

I I I I I I I I

April May June July Aug Sept Oct Nov Dec

Month tested (1979)

Figure 58. Long-term shelf-life compatibility study of the
colorimetric reagents stored at room temperature.

TABLE 42. COMPARISON OF COLORIMETRIC AND PARTICLE
SIZE INDEPENDENT ANALYSIS OF MIL-L-7808
OIL CONTAINING PARTICULATE IRON

Particle size, Iron content, ppm
_ pm Colorimetric Particle size independent

<1 6.5 5.3
1-3 1.9 10.3

10-12 1.7 10.7
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The particle size independent result indicates that the <l-pm
sample may not have contained 10 ppm iron.

A well characterized oil sample containing iron particles (Atlantic
Equipment Engineers) in MIL-L-7808 oil was obtained from Dr. W.
Rhine of the University of Dayton Research Institute (UDRI). The
concentration of this sample (hereafter called UDRI-l) was 100 ppm
iron and all the powder used had passed through a 20-pm filter.
Aliquots of the sample were filtered through 12-, 10-, 8-, 5-, 3-,
and 1-pm filters and then analyzed by the particle size independent
method. Table 43 shows the results obtained by UDRI using this
procedure.

TABLE 43. RESULTS FOR THE PARTICLE SIZE INDEPENDENT
ANALYSIS OF SAMPLE UDRI-l AND ITS FRACTIONS

Filter size, Iron content,
Pm ppm

20 100 ± 1
12 79 ± 3
10 71 ± 3
8 63±3
5 42±3
3 25 ± 11 3±1

A portion of sample UDRI-l was diluted with MIL-L-7808 oil to
contain 10 ppm iron. The average of 10 replicate analyses of
this sample by the colorimetric method was 0.58 ppm. This
sample was then analyzed by modifying the first step of the four-
step colorimetric procedure as follows:

Step 1. To 1 mL H2SO 4 solution and 2 mL isoamyl alcohol
add 1 mL oil; mix on vortex mixer for .15 s; place
in 70*C water bath for 1 min; remove and vortex
for 2 min.

This modified four-step method gave results of 5.9 and 6.1 ppm
for duplicate analysis. The same sample was analyzeu in tripli-
cate 1 day later and gave results of 8.5, 8.5, and 8.2 ppm. A
10-ppm iron standard (containing only dissolved iron) was
analyzed in triplicate by the four-step and the modified four-
step methods and gave 9.7 and 9.9 ppm iron, respectively. Table
44 shows the results of the analysis of three used oil samples by
the four-step and modified four-step methods. All three samples
gave higher results with the modified method.

This modified four-step method appears to be a promising alterna-
tive when the analysis of particulate iron is a consideration.
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TABLE 44. COMPARATIVE RESULTS FOR IRON ANALYSIS OF
USED OILS BY THE FOUR-STEP AND MODIFIED
FOUR-STEP COLORIMETRIC METHODS

Sample Iron content, ppm
number Four-step Modified four-step

P-78 8.0 11.2
P-90 10.2 14.0
F-18 45 50

4.3.3 Development of a Flight-Line Kit

When the Air Force decided to conduct a field test on the colori-
metric method it became imperative to develop an easy-to-use,
portable, safe kit for the method. The first prototype kit des-
cribed below had already been built and served as a starting
point for the design of the second-generation kits. MRC was
required to design and build six flight-line kits capable of per-
forming a total of 1500 analyses.

4.3.3.1 First Prototype Kit

The first prototype kit for the determination of iron in lubricat-
ing oils is shown assembled in its carrying case in Figure 59.
The kit, designed for carrying out the 5-step method, contains
enough of the expendable items to analyze 10 samples. The
contents of the kit are as follows:

Chemtrix 20 colorimeter
colorimeter test cells (4)
3-dram vials with caps (10)
l-mL aliquots H2 SO 4 solution (10)
2-mL aliquots isoamyl alcohol (10)
l-mL aliquots buffer/reducing solution (10)
0.5-mL aliquots indicator solution (10)
5-mL aliquots distilled H2 0 (10)
l-mL Centaur pipette
pipette tips (30)
0-, 10-, 30- and 50-ppm Fe aqueous phase standards
0-, 3-, 10-, 30- and 50-ppm Fe D12 spectrometric oil
calibration standards

The reagents are sealed in prescored glass breaktop ampules. The
Styrofoam® holder has been raised in Figure GO to show that the
ampules are numbered and arranged in order of addition as describ-
ed by the simplified instructions on the lid of the carrying case.
Figure 60 also gives a good view of the Chemtrix 20 colorimeter.
Shown in Figure 61 are the reagents and equipment required to
analyze one oil sample. The reaction is carried out in the 3-
dram vial shown at the left of the reagents in Figure 61. The
resulting red-colored aqueous phase can then be tested in the
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Figure 59. Assembled kit for the determination
of iron content in synthetic 

-lubricating oils.
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Figure 60. Iron determination kit with
Chetri 20colorimeter displayed.
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Chemtrix 20 using the test cells shown in the lower right corner
of the Styroroam block in Figures 59 and 60. This Chemtrix 20
was used for much of the development on this task and functioned
very well.

The inexpensive Chemtrix 20 colorimeter ($139) included in the
prototype kit requires a 110-volt power supply. After the kit
was assembled, a relatively low-cost ($185) battery-powered colori-
meter was specially designed and manufactured for this project by
Chemtrix, Inc. The instrument, designated Chemtrix 22, can be
fitted into the Chemtrix 20 instr1 'rnt case shown in Figure 60.
Battery power makes the instrument .ighly portable, and the
batteries can be recharged by a cal-ulator type charger. The
Chemtrix 22 may be operated using thie batteries only or with the
charger plugged into _n a.c. outlet. The Chemtrix 22 differs
from the Chemtrix 20 in that it is a single-wavelength (530 nn)
instrument and has a pash button instead of a toggle switch to
actuate the light source. The latter feature was included to
prevent rapid draining of the batteries, because the battery
charge with continuous operation is approximately 2 hours. How-
ever, the Chemtrix 22 was found to be unstable and was never put
into routine use.

The reagent packaging system employed in the first flight-line
kit was quickly found to be cumbersome and unacceptable. However,
this prototype demonstrated the basic simiplicity that was the
goal of this task.

4.3.3.2 Packaging of the Reagents

Several methods of packaging the reagents for the field test kit
were considered, and two systems were chosen for further develop-
ment. The first was designated as the linear advance reagent
storage (LARS) system.

As shown in Figure 62, the LARS system consists of a square glass
or plastic vial, a two-piece plastic (e.g., Teflon®) bar, and
five disposable syringes. The vial serves as the reaction vessel
and test cell. The lower section of the plastic bar snaps onto
the square vial, and the upper section, which holds the syringes,
slides into the lower section. The lower section has one port
located over the mouth of the vial, and the upper section has
six ports which are brought into position above the single port
of the lower section in sequence. The first port of the upper
section is used to introduce the oil sample into the vial, and
ports two through six hold the syringes. The syringes contain
the required amount of each reagent and are loaded into the
sliding block in the proper order to carry out the five-step
procedure. A positive stop is incorporated so each port easily
lines up directly over the vial. The syringes are sealed with a
silicone sealant that is pushed out by the syringe plunger. The

V syringes are locked firmly into the sliding bar with Luer-Lok®
fittings.
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A prototype of this design was built and tested. The basic con-
cept of the design worked well, but the following problems were
encountered during testing:

(1) The material used to plug the tubes was difficult
to lossen and caused the reagents to spray about
when being dispensed.

(2) The linear advance system caused the vortex mixer
to "walk" during agitation.

(3) The reagent/oil solution splashed up on the LARS
during agitation, causing some of the aqueous
phase to be lost.

A second prototype of the LARS system, show- in Figure 63, was
built in an attempt to correct the above problems. To solve
problem 1, ployethylene tubes were substituted for the syringes,
and a knife edge was incorporated in the crossmember just below
the sliding bar and ahead of the reaction test vessel. The knife
edge sliced the tips off of the polyethylene tubes. However,
when the polyethylene tubes were dragged across the knife edge
during the cutting operation, reagents were deposited on it. The
knife edge used in the prototype was not stainless steel and the
indicator deposited on it turned brilliant red. This contaminated
the test solution, causing poor results.

Problem 2 was corrected by mounting the whole LARS system, includ-
ing the vortex mixer, on a base. The vortex mixer was isolated
from the base by rubber mountings and from the crossmember by a
flexible tube fitted to the cap of the reaction/test vessel. The
flexible tube also prevented the reagent/oil solution from splash-
ing up on the LARS, solving problem 3.

The LARS system offers the potential for performing multiple
analyses simultaneously. But due to the problems encountered and
the time frame within which a working system had to be developed,
further development of the LARS was abandoned.

Figure 64 is a drawing of the second packaging system developed,
the one selected for use in the colorimetric kit. Called the
manual system, it was chosen for the following reasons:

(1) The components were inexpensive.
(2) The components were readily available.
(3) The system can be used by inexperienced personnel.
(4) The sysLem is safe.
(5) The cciorimetric method works when packaged in

this system.
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Figure 63. Second prototype of the linear advance
reagent storage (LARS) system.
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All of the other systems investigated did not meet one or more of
the above criteria. The system shown in Figure 64 is packaged
in a 5-in. by 5-in. Zip-Lip® polyethylene bag. All one-time-use
items are contained in this bag and can be returned to the bag
after use for disposal. The reagents are sealed . polyethylene
tubes. These tubes were purcbased from and filled by Paket
Corporation of Chicago. The bag contains the following items,
numbered to correspond to the numbers in Figure 64:

(1) One l-oz French square bottle containing 1 mL
H 2 S0 4 solution and 2 mL isoamyl alcohol.

(2) Pipette tip for the oil pipette.

(3) Plastic cap (with hole in top) and cap liner

(with hole to fit reagent tubes).

(4) Tube containing 1 mL of buffer solution.

(5) Tube containing 0.5 mL of reducer solution.

(6) Tube containing 0.5 mL of indicator solution.

(7)
and (8) Two tubes, each containing 10.5 mL of deionized water.

The l-oz French square bottle was chosen to serve as both the
reaction vessel and test cell because it was inexpensive, and it
fit the specimen chamber of the Hach DR/2 spectrophotometer usedfor the field test kits. These bottles were tested to determinetheir performance as the reaction/test vessel.

Table 45 gives the absorbance values obtained on 12 different
l-oz French square bottles chosen at random. Two stock aqueous
solutions were used and six bottles were tested with each solu-
tion. These results indicate that these inexpensive ($0.12 ea.,
including cap) bottles would be adequate replacements for the
expensive ($7.75 ea.) cells provided with the instrument. These
bottles are thick walled, making them very difficult to break, and
they were readily available.

TABLE 45. ABSORBANCE VALUES FOR TWELVE
1-OUNCE FRENCH SQUARE BOTTLES

Stock solution #1 Stock solution #2
Bottle No. Absorbance Bottle No. Absorbance

1 0.550 7 0.164
2 0.54c; 8 0.156
3 0.555 9 0.150

4 0.555 10 0.156
5 0.525 11 0.156
6 0.535 12 0.152
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The D-12 spect:ometric oil calibration standards form droplets on
the walls of the bottles which cause interferences in the light
path of the spectrophotometer. However, the MIL-L-7808 oils do
not adhere to the walls of the bottles and therefore do not Liter-
fere with use of a bottle as the test cell. Many used oils analyz-
ed by the colorirtctric method were reacted and tested in these
square bottles. Figure 47 (section 4.3.1.4) shows two calibration
curves obtained by analyzing MIL-L-7808 oil standards by the four-
and five-step methods using the l-oz French square bottles. The
correlation coefficients for the four- and five-step data are
0.9995 and 0.9984, and the slopes are 0.0395 and 0.0399,
respectively.

4.3.3.3 Modification of the DR/2 Spectrophotometer and Its
Carrying Case

The instrument used in the kit is a Hach DR,'2 spectrophotometer.

This instrument was chosen because it fit our needs better than
other commercially available instruments. That is, it was rela-
tively low in cost ($525), and it has its own large carrying case
and can operate on either 115-V alternating current or on battery

power (self-contained). The square specimen chamber that allowed
us to use the l-oz French square bottles is also an important
feature.

The following modifications were made to all six of the instru-
ments provided far the field test:

(1) The variable wavelength disc was fixed at 530 nm-

(2) The zero adjust and light adjust knobs were replaced
by locking screwdriver adjust knobs (see Figure 65).

(3) The removable scale card was replaced by a permanent

card that reads directly in parts per million (ppm)
iron (see Figure 65).

(4) A plastic cover was placed over the wavelength
thumbwheel to protect the interference filter
from spills.

In addition, a tiprer which controls the vortex mixer was hard
wired into the spectrophotometer, and the vortex mixer was
pluged into the timer. Therefore, only one power supply cord is
required to operate the spectrophotomer, timer, and mixer. A
holder for the screwdriver and stainless steel scissors was
fitted into the large compartment on the spectrophotomer face.
The screwdriver is used to adjust the zero adjust and light ad-
just knobs, and the stainless steel scissors are used to cut the
tips off of the reagent tubes.
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Several modifications and additions were made to the spectrophoto-
meter carrying case. Figure 66 shows the kit with all modifica-
tions and additions. The timer is fastened to the right-hand
compartment of the carrying case, and the vortex mixer, power
supply cord, and safety goggles are stored there also. The left-
hand compartment is reserved for the 12 analysis packets and
microwipe tissues supplied with the kit. The lid was modified
to accommodate the laminated step-by-step instruction sheet (see
Figure 67) in the left-hand side. Also included in the lid are
the oil pipette and the color comparison chart. The color com-
parison chart is intended for emergency use only (that is, in
the event the spectrophotometer becomes iaoperable).

A detailed operating manual was prepared and a copy was included
with each kit. The pages of the manuals were laminated for
protection from spills and other possible flight-line hazards.
Appendix F is a copy of this manual.

4.3.4 Air Force Field Test Program

Six colorimetric kits and 1491 analysis packets were delivered to
the Air 2orce for use in field tests designed and administered by
the Materials Laboratory. The tests were successfully performed
at Myrtle Beach and Luke Air Force Bases on A-10 and F-15 air-
craft. Detailed results are presented in a technical report(AFWAL-TR-80-4022) prepared by the Materials Laboratory.

4.4 CONCLUSIONS

The solvent extraction-chelation method developed in this program
is a simple, on-the-spot test for iron, a major wear metal in jet
engine lubricating oil. The four-step method has been packaged
into a portable, safe, and easy-to-use kit which can be used by
nontechnical personnel. Some of the major characteristics of
the portable kit are:

1. Rapid - single analy--s requires ,,8 minutes; two
analyses require "12 inutes.

2. Accurate - results comparable to atomic absorption data.

3. Precise - repetitive analysis of used oil showed good
precision.

4. Portable - packaged in a 23.5- by 10- by 8.5 inch carry-
ing case weighing 25 pounds.

5. Inexpensive - each kit would cost less than $1,000
when mass produced, and the cost of reagents and
disposable items is approximately $1.50.
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The colorimetric iron kit provides a viable aid to the SOAP pro-

gram. The kit is capable of providing rapid analyses in situations

where sending a sample to a SOAP laboratory is impractical or
would cause delays in aircraft mission performance.
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APPENDIX A

BIBLIOGRAPHY

The list that begins on the next page is a bibliography of SOAP related material
collected during the course of our study. These publications are on file at
the Air Force Materials Laboratory, Wright-Patterson Air Force Base. The file
code designation (e.g., A.5.) is used to locate the article in the file. The
abbreviations used in the bibliography are explained below.

ASLE - American Society of Lubricating Engineers.

AFAPL - Air Force Aero Propulsion Laboratory, Wright-Patterson
Air Force Base, Ohio 45433.

ASD - Aeronautical Systems Division, Wright-Patterson Air Force
Base, Ohio 45433.

AFML- Air Force Materials Laboratory, Wright-Patterson Air Force
Base, Ohio 45433.

ARL - Aerospace Research Laboratories, Wright-Patterson Air Force
Base, Ohio. This organization was abolished on 1 July 1975.

ASTM - American Society for Testing and Materials, 1916 Race St.,
Philadelphia, Pa. 19103.

|I

I158

* R
-2



"1

A.l. Akers, R.J., Scarlett, B., Lloyd, P.J., Stenhouse, J.I.T., and
Ward, A.S., "Particle Contamination in Hydraulic Systems,"
Technical Report AFFDL-TR-71-73, UnivPrsity of Technology,
Loughborough, Liciestershire, England, June 1971.

A.2. Akers, R.J., Lloyd, P.J., Scarlett, B., Stenhouse, J.I.T.,
Treasure, C.R.G., and Ward, A.S., 'Particle Contamination in
Hydraulic Fluids." Final Report USAF Contract No. F44520-71-C-00d5,September 1973.

A.3. Albaugh, E.W., Talarico, P., "Identification and Characterization
of Petroleum Products by GPC with Mlitiple Detectors," J. Chrom.
74, 233-53 (1972).

A.4. Alder, J.F., and West, T.S., "Atomic Absorption and Fluorescence
Spectroscopy with a Carbon Filament Atom Reservoir. Part IX.
Direct Determination of Ag & Cu," Anal. Chim. Acta 58(2), 331 (1972).

A.5. Alder, J.F., and West, T.S., 'Atomic Absorption and Fluorescence
Spectroscopy with a Carbor Filament Atom Reservoir. Part XII.
The Determination of Nickel in Crude ane Residual Fuel Oils by
Atomic Absorption Spectrometry," Anal. Chim. Acta 61, 132 (1972).

A.6. Alekseev, V.N., Tobolova, A.P., "Application of Luminescence
Analysis Techniques in the Regeneratisn nf Lubricating Oils," Zavod.
Lab. 13(8), 992 (1967).

A.7. Alexanian, C., Et al., "L'Identification Et Le Dosage Des Impurities
Et Additifs Dans Les Produits Petroliers," Proc. of World Petrol.
Cong., 4th Rome.

A.8. Alvey, F.S., and Martin, R.L., "A Simple Optical Instrument for the
Determination of Material Insoluble in Used Lubricating Oils," Comptes
Rendus du Congres International de Chimie Industrielle 1, 509-15
(1958).

A.9. American Optical, "AO Oximeter II," March 1. 1975.

A.10. Amos, R., "The Use of TLC in the Analysis of Lubricating Oils," Z.
Anal. Chem. 236, 350 (1968).

A.11. Amos, R. "The Application of High Performance Liquid Chromatography
to the Analysis of Petroleum Products," Gas Chromatography, Proc. of
Int. Symp. (Eur.), 235, (1972).

A.12. Anand, K.S., Dayal, P., and Anand, O.W., "Determination of Zinc in
Lubricating Oils and Lubricating Oil Concentrates," Z. Anal. Chem.,
23(l), 33 (1968).

159



r

A.13. Anderson, R.L., and Black, R.E., "Detecting Cross-Contamination
of Lubricants Using Non-licensed Amounts of Radioisotopes," 20th
ASLE Annual Meeting, Detroit, May 4-7, 1965.

A.14. Anonymous, "Spectrometric Oil Analysis Programme, Quarterly Report,
Oct-Dec 1972," Aircraft Maintenance Development Unit, Trenton,
Ontario, 12 Feb 1972, Rep. No. 10,081-2 (SOAPO).

A.15. Anou.ymous, "Spectrometric Oil Analysis Programme, Quarterly Report,
Jan-Mar 1973," Aircraft Maintenance Development Unit, Trenton,
Ontario, 7 May 1973, Report No. 10, 081-2 (SOAPO).

A.16. Anonymous, "Oil Analysis Program at Franklin Institute, Report No.
I-C3863-1."

A.17. Araktingi, Y.E., Chakrabarti, C.L., and Maines, I.S., "Determination
of Trace Metals in Crude Oils by Nonflame Atomic Absorption Spectro-
scopy," Spectr. Letters 7(2), 97 (1974).

A.18. Arena, L., and Mariani, I., "Colorimetric Determination in p.p.m.
of Metals of Wear Suspended in Lubricating and Hydraulic Fluids
with the Aid of a Beckman DU Spectrophotometer in the Visible,"
Riv. Combust. 23(4), 179 (1969).

A.19. Arnold, W.C., Stonehocker, V.T., et al., "Radioactive Cylinders -
9A Tool for Wear Research," SAE Meeting, Detroit, Mich., Jan. 11-15,

1960.

A.20. Askevold, R., and Vellar, O.D., "A Simple Method for the Determination
of Iron in Serum and Other Biological Material," Scand. J. Clin. Lab.
Invest. 20(2), 122-8 (1967).

A.21. Asseff, P.k., and Williams, R.K., "Some Problems with Determination
of Used Oi. Insolubles and Their Relation to Engine Cleanliness,"
Paper 26.C for SAE Meeting, Nov., 2-4, 1960.

A.22. ASTM "Standard Methods of Test for Particulate Contaminant in
Aviation Fuels, "D2276, 790-802, (1977).

A.23.1 ASTM "Standard Method of Test for Trace Metals in Gas Turbine Fuels
(AA Method), "D2788, 1028-1031, (1972).

A.24. ASTM "Standard Method of Test for Chemical Analysis of Metals in New
and Used Lubricating OIls," D811, 247-256, (1968).

A.25. Atchison, L.C., "Detection of Mechanical Troubles in Diesel Engines
by Oil Analysis," Mines Magazine 34, 438-458 (1944).

A.26. Atkinson, J., and Golothan, D., "Some Standard Test Methods Used in
the Evaluation of Engine Lubricating Oils," j. Inst. Fetrol. 39, (356),
504-07 (1953).

160

.. ~- -



A.27. Anonymous, "1975 Engine Accident Prevention Analysis Report" Air

Force Inspection and Safety Center, Norton AFB.I

A.28. Ai, A.R., "Characterization of Liquid Phase Oxidation Products,"

The Pennsylvania State University (Masters Thesis), 79 pp, August 1975.

116



B.1. Baber, B.B., Cuellar, J.P., Montalvo, C.A., "Deposition and
Degradation Characteristics of Aircraft Turbine Engine Lubricants.

Vol. I." Southwest Research Institute, San Antonio, Texas. AD
871 991. AFAPL-TR-70-8-Vol. 1 (June 1970) 84 pp.

B.2. Baber, B.B., Cuellar, J.P., Montalvo, D.A., "Deposition and
Degradation Characteristics of Aircraft Turbine Engine Lubricants.

Vol. II." Southwest Research Institute, San Antonio, Texas.
AD 871 975. AFAPL-TR-70-8-Vol. 2 (June 1970) 284 pp.

B.3. b_-1ul, Sanda, "Folosirea izotopilor radioactivi in Studiul Ungerii,"

PeL±." si Gaze 19, 1967.

B.4. Barcelo, ' se R., and Otero, Clara, "A Spectrophotometrlc Method

for Studying ,he Oxidation of Lubricating Oils," J. Inst. Pet. 50,

481 (1964).

B.5. Barcelo, J.R., and Otero, C., "Detection of Additives in Lubricating

Oil by I.R. Spectrophotometry," Inform. de Quimica Anal. 17(3),

100-06 (1963).

B.6. Barnett, W.B., Kahn, H.L., and Peterson, G.E., "The Rapid Determination
of Several Elements in a Single Lubricating Oil Sample by Atomic

Absorption Spectroscopy," At. Absorption Newslett. 10(5), 106 (1971).

B.7. Barney, J.E., "Spectrochemical Determination of Copper in Turbine

Oils," Anal. Chem. 26(3), 567-68 (1954).

B.8. Barr, D.R., and Larson, H.J., "Identification of Failing Mechanical
Systems Through Spectrometric Oil Analysis," Appl. Spectr. 26(1), 51

(1972).

B.9. Barr, D.R., and Larson, H.J., "Objective Identification Procedures
for the Naval Oix Analysis Program," Research Report NP5-55Bn/AD-
698497, Spetenber 1969.

B.10. Barrett, G.M., "Le Vieillissement des Huilles de Graissaze des

Moteurs Diesel," (The Degradation of Diesel Engine Lubricating
Oils), Revue de l'Institut Fracais Petrole et Annales des Combustibles
Liquides 16, 306-31 (1961).

B.11. Bartels, T.T., and Slater, M.P., "Comparison of the Effectiveness

of Emission Spectrographic and Atomic Absorption Techniques for

Measuring Iron Particles in Lubricating Oils," At. Absorption Newslett.

9(3), 75 (1970).

B.12. Barth, V.C., "Direct-reading Spectrographic Evaluation of Used

Railroad Oils," Sym. on R.R. Materials & Lubricating Oils - STP-

214 (1957).

B.13. Bartiromo, A., "Atomic Absorption in the Determination of Metals in

Lubricating Oils as a Result of Additives and Wear," Riv. Combust.
25(10), 456 (1971-Ital.).

162



II

B.14. Bartz, W.J., and Mller, K., '!Determination of Wear in Internal
Combustion Engines for Evaluating Motor OIls," Werkstofftechnik
1(3), October 1970.

B.15. Bassett, H.N., "The Behavior of Turbine OIls in Service," Power
Eng. 30, 71-72 (1935).

B.16. Beau, F.X., "Apparatus for Inspecting Fluids," U.S. Patent

2,063,222, Dec. 8, 1936.

B.17. Beerbower. A.. "Mechanical Failure Prognosis Through Oil Debris Monitoring"
Report No. USAAMRDL-TR-74-100, Final Report for Period 18 June 1973-
1 August, 1974, 134 pp. January 1975.

B.18. Beerbower, A., "Spectrometry and other Analysis Tools for Failure
Prognosis," J. of the American So-z. of Lub. Engineers, 32(6)
285-293, (1975).

B.19. Bendiksen, 0.0., 'qmproved Failure Detection Techniques Based on
Spectrometric Oil Analysis Data," National Business Aircraft
Meeting, 3-6 April 1973, Wichita, Kansas (Pacific Airmotive
Corp.).

B.20. Beranek, E., "Isolation and Separation of Oxidation Products of
Motor Oils," Ropa Uhlie 12, 177 (1970).

B.21. Berg, R.H., "Electronic Size Analysis of Subsieve Particles by
Flowing Through a Small Liquid Resistor," Symposium on Particle
Size Measurenent, ASTM Specification, TEchnical Publication, 245-48
(1958).

B.22. Bertin, M.C., "A Nucleonic Sensor for Detecting Metal in Recirculating
Lubricating Oil Systems," Final Report, Nucleonic Data Systems, Tc...
Santa Ana, Calif., 63 pp, AD-752580, September 1972.

B.23 Bhandari, L.M., "Complexometric Titration of Total Iron with
o-Mercaptobenzoic Acid as Indicator," Talanta 17(2), 176-9
(1970).

B.24. Biernat, Zofia, "The Copper Rotatirg-Disk Electrode in the Spectro-
graphic Analysis of Lubricating Oils, Crude OIls, and Natural
Brines," Biul. Inst. Naft. 8, 7-8 (1958).

B.25. Binda, Paul A., "Construction Equipment - Parts I and II,"
Lubrication 54(3&4) (1968).

B.26. Bird, R.J., and Toft, R.W., :'X-Ray Fluorescence Analysis of
Additives and Contaminants in Lubricating Oils and Other Hydrocarbons -

Matrix Error Correction Method," J. Inst. Pet. 56(550), 169 (1970).

B.27. Bisson, E.E., and Johnson, R.L., "Turbojet Engine Lube Problem
Aided by Supplemental Lubes, 'Additives' ," SAE Journal 58(3),
39-41 (1950).

163

S-



B.28. Blagovidov, I.F., Lapin, V.P., and Shor, G.I., "Functional
Properties of Oil with Additives Studied by Measuring Potentials
Arising at the Mel al-Oil Interface," Khim. Tekhnol, Topl. Masel

14(5), 45-49 (196S).

B.29. Blagovidov, I.F., Rutter, A.A., et al., "Determination of the
Quantity of Mechaniial Impurities in Additives and OIls," Neftepererab.
Neftekhim. (Moscow) 3(10), 10-12 (1970).

B.30. Blair, D.. and Diehl, H., 'L3athophenanthrolinedisulfonic Acid and
Bathocuprolnedisulphonic Acid, Water Soluble Reagents for Iron and

Copper," Talanta 7, 163-174 (1961).

B.31. Bogdanov, M.V., "Use of Differential Thermal Analysis and Chromato-
Mass-Spectrometry for the Study of Thermal Oxidation Stability of
Polymer Oil Additives," Neftekhimiya 12(5), 424-29, (1972).

B.32. Bolshakov, G.F., "The Physico-Chemical Principles of the Formation
of Deposits in Jet F,-:ls," Report No. FTD-MT-24-416-74, Foreign
Technology Div., WAFB, Ohio, 293 pp, AD-781164, April 1974.

B.33. Bolzan, J.E., "Photocolorimetric Determination of Metals in
Lubricating Oils," An. Asoc. Quim. Argent. 48, 133-39 (1961).

B.34. Bond, A., and Kittinger, D.C., "Syectrometric Oil Analysis for the
Detection of Incipient Turbojet Engine Failures," Final Report No.
SEG-TR-65-37, Sys -ms Engineering Group, Research and Technology Div.,
WPAFB, Ohio, 61 rp, AD-472771, July 1965.

B.35. Bond, A., and Kittinger, D., "Spectrometric Oil Analysis of Lube
Oil for Eng.ie Wear Metals."

B.36. Bond, B.B., "We~r Metal Analysis of Lubricating Oi!s," Develop. Appl.
Spectrosc. 10, 285 (1972).

B.37. Bond, B.B., "The Analytical and Data Handling Equipment and Procedure
Used in the BUWEPS Aeronautdcal Oil Analysis Program," Spectrometric
Oil Analysis, NARF-P-l, Pensat91a, Fla., Naval Air Station, June 1967.

B.38. Bond, B.B., "Effectiveness of the Spectrometric Oil Analysis Method
for Monitoring Aircraft Mechanisms," ASQC 844:75, Pensacola, Fla.,
Naval Air Station, 2 pp, AD-609746, June 1974.

B.39. Bond, B.B., "Navy Oil Analysis Program (NOAP)," TSC Technical
Reports, 1973 Series, Naval Air Systems Comnard Headquarters.

B./40. " risov, M.I., "Rational Periodicity of Oil Change in Motoc
Vehi-le Carburetor Engines," Eksp.-Tekh. Svoy. i Prim. Autcmobill
Nykh Top. Smaz. Mater. i Spetz., 109-22 (1970).

B.41. Bornong, Bernard J., "The Effect of Surface Rouganess on Fluid
Drain-rge from Metal Surfaces," ASLE Transactions 7, 383-388 (1964).

164

4t
- - ~ -- ~ ~6



B.42. Bornong, Bernard J., Infrared Spectrographic Analysis of Some

Preservative, Hydraulic, and Specialty Flu'ds, Fed. Clearinghouse

for Scientific and Technical Information (1967), 27 pp, AD-651918.

B.43. Boto, P.A., "Detection of Bearing Damage by Shock Pulse Measure-
ment," Ball Bearing Journal, 167, 1-7 (1971).

B.44. Botstiber, D..W., "Wear Monitoring Systems," Machine Debign 39
(1970).

B.45. Botstiber, Dietrich W., "Magnetic Partizle Indicator," W.G. Pat.

1,198,477, 5 pp, August 12, 1965.

B.46. Bouda, J., "Simple Determination of Iron-Binding Capacity with
Bathophenanthroline," Clin. Chim. Acta 23, 511-12 (1969).

B.47. Boxall, E.S., "Techniques for the Study of Contaminant Particulate

in Fluids," Filtr. Separ. 3 (1966).

B.48. Boyd, B.R., and Dryer, H.T., "Analysis of Nonmetallics by X-ray

Fluorescence Techniques," Develop. Appl. Spectrosc. 2, 535.84 (1962).

B.49. Braier, H.A., "Metals in Oils," Anal. Chem. 47, 199R, Apr. 1975.

B.50. Bralanc R., Miller, J., and Hoffman, D., "Study of the U.S.N.F.
Spectrometric Oil Analysis Program" ARINC Research Corp. Pub. No.

C15-01-1-1162, Feb. 22, 1972.

B.51. Bratzel, M.P., and Chakrabarti, C.L., "Determination of Lead in

Petroleum and Petroleum Products by Atomic Absorption Spectrometry
with a Carbon Rod Atomizer," Anal. Chim. Acta 61(1), 25 (1972).

B.52. Britton, J.A.; "A Step Toward Eliminating the Guesswork in Determining
Alternatives from Spectrometric Oil Analysis Data," Texas A&M University,

College Station, Dept. of Industrial Engineering, 70 pp, AD-739032,

November 1967.

B.53. Brodie, K.G., and Matousek, J.P., "Application of Carbon Rod Atomizer
to Atomic-Absorption Spectrometry of Petroleum-Products," Anal. Chem.

43(12), 1557 (1971).

B.54. Bruce, R.E., and Lewis, R.J., "Our Experience in Using OAP," SAE
Meeting, September 11-14, 1961.

B.55. Brunner, M., "Uber die Beurteilung frischer und gebrauchter Motorenole
im Laboratorium," Schweizer Archiv, 27, Oct. 1961.

B.56. Bryan, F.R., "Spectrographic Analysis of Lubricating Oils," ASTM
National Meeting, L.A. Calif., 1956.

B.57. Buckley, D.H., and Brainard, W.A., "The Atomic Nature of Polymer-
Metal Interactions in Adhesion, Friction, and Wear," Symposium on

Advances in Polymer Friction ard Wear, ACS Meeting, Los Angeles,
Calif., March 31-April 4, 1974; NASA Tech. Memor. No. NASA TMX-
71452, N73 33390., 165

Z;

4VIA



B.58. Buhl, P.H., Henderson, C.M., Murphy, C.M., Ravner, H., "Reclaiming
of Deteriorated Specification MIL-L-7808 Aircraft Gas Turbine Oils,"
Naval Research Lab, Washington, D.C., AD 675 042, Feb. 1957, 17 pp.

B.59. Burianova, M., "Determination of the Wear of a Combustion Engine by
the Radioisotope Method," Jad. Energ. 11(11), 24-28 (1965).

B.60. Burrows, J.A., Heerdt, J.C., and Willis, J.B., "Determination of
Wear Metals in Used Lubricating Oils by Atomic Absorption Spectro-
metry," Anal. Chem. 37(4), 579 (1965).

B.61. Bush, H.D., and Rowson, D.M., "The Application of Neutron Activation
Analysis to the Measurement of the Wear of a Friction Material,"
Wear 20(2), June 1.972.

B.62. Baird-Atomic "Spectrometric Oil Analysis Program SOAP",
A brochure from Baird-Atomic, 125 Middlesex Turnpike,
Bedford, Mass. 01730.

B.63. Bedford, B., Hearn, W.E., and Mostyn, R.A., "Metal Caprates as
Organo-Metallic Standards for Absorbtion Spectrometry," XVI Colloquim
Spectroscopicum Internationale, Heidelberg, 1971.

[

166

:J
~m~~-.----------------- --- -- g,

N: - - _ - -V



C.l. Cannon, E., "Device for Taking Samples and Making Color Comparisons
of Crankcase Oil," U.S. Patent 2,037,213, April 14, 1936.

C.2. Carty, J.J., "An Analysis of Oil Sample Data Obtained from Aircraft
Engines Spectiometry," Naval Postgraduate School, Monterey, Calif.
(Master's Thesis), 70 pp, AD-706697, October 1969.

C.3. Case, F.H., "Substituted 1,10 Phenanthrolines v. Phenyl Derivatives,"
J. of Org. Chem., 16(10), 1541-45, October, 1951.

C.4. Cashin, Ronald F., "Marine Turbine and Diesel Engine Oil Analysis,"
Lubrication 56(3) (1970).

Products in the Lubricating Systems of Motors," Defektoskopiya (4),

86-87 (1967).

C.6. Chuang, F.S., Patel, B.M., Reeves, R.D., Glenn, M.T., and Winefordner,
J.D., "Determination of Magnesium in Blood Serum and in Oil Samples
by Atomic Absorption Spectrometry with the graphite Filament Atomizer,"
Can. J. Spectr. 18(1), 6 (1973).

C.7. Chuang, F.S., and Winefordner, J.D., "Jet Engine Oil Analysis by Atomic
Absorption Spectrometry with Graphite Filament," Appl. Spectr. 28(3),
215 (1974).

C.8. Clark, Lewis J., "Iron(II) Determination in the Presence of Iron(Ill)
Using 4,7-Diphenyl-l,10-phenanthroline," Anal. Chem. 34, 348 (1962).

C.9. Coates, J.P., "Analysis of Lubricating Oils and Oil Additives by
TLC," J. Inst. Pet. 57(556), 209-18 (1971).

C.10. Cogswell, T.E., McKay, J.F., and Latham, D.R., "Gel Permeation
Chromatographic Separation of Petroleum Acids," Anal. Chem. 43(6), 645-648
(1971).

C.11. Cooper, A.R., Hughes, A.J., and Johnson, J.F., "Recent Advances in
Preparative Scale Gel Permeation Chromatography," Chromatographia 8(3),
136-142 (1975).

C.12. Couch, R.P., Rossback, D.K., and Burgess, K.W., Jr., "Sensing Incipient
Engine Failure with Electrostatic Probes," AFLC-WPAFB-APR-73-100, for
Symposium on Instrumentation for Airbreathing Propulsion, September
1972.

C.13. Coulter, P.D., Bottone, N.L., and Leggon, H.W., "Improved Computer-
Direct Reader System for the Analysis of Wear Metals in Lubricating
Oils and Its Application to Other Types of Spectrographic Analysis,"
Develop. Appl. Spectr. 10, 293 (1972).

C.14. Counts, J.B., "Chemical Aspects of Decompostion of Brake Fluids: Brake
Fluids Sediment Caused by Rubber Cups," Interim Report CCL-221, Army
Coating and Chemical Lab., Aberdeen Proving Ground, Md., 16 pp, AD-
647167, January 1967.

167



C.15. Crump, G.B., "The Direct Determination of Additive Metals in
Lubricating Oils by Complexometric Titration. Part I. The
Determination of Barium, Calcium, Lead, and Zinc," Analyst 94, 465
(1969).

C.16. Crump, G.B., and Noar, J.W., "Lubricating Oil Quality Control for
Small Blending Plants - Determination of Metals by Complexo-
metric Titration," J. Inst. Pet. 56(550), 180 (1970).

C.17. Cuellar, J.P., "Effect of Metallic Wear on Synthetic Libricant
Deposition," 29th Annual Meeting of American Society of Lubrication
Engineers, 28 April-2 May 1974, Cleveland, Ohio (Southwest Research
Institute, San Antonio, Texas).

C.18. Cuellar, J.P., and Baber, B.B., "Studies on the Oxidation-Corrision,
Deposition and Thermal Stability Characteristics of MIL-L-7808 Type

Lubricants," AFAPL-TR-72-45.

C.19. Cummins, R.A., and Mason, P.R., "An Investigation into Problems
Relating to the Spectrochemical Determination of Barium, Phosphorus
Calcium, and Zinc in Unused Lubricating Oil Blends," J. Inst. Pet.
48(464), (1962).

C.20. Centers, P.W., "Oz-board X-ray Fluoresence Monitor for Wear Metals in
Aircraft Turbine Engine Lubricants," AFAPL/SFL Wright-Patterson AFB,
Ohio.

C.21. Cuellar, J.P., "Study ad Improvement of the U.S. Air Force Spectro-
metric Oil Analysis Program," Status Letter No. 3, Southwest Research
Institute, September 1974.

168

-- - - -- - - 7 T



D.l. D'Agostino, Michael D., and Kuehne, Fred, "The Use of a Simplified~Neutron Activation Technique for Analyzing Metallic Wear from Aircraft

Hydraulic Systems," Proceedings of Symposium of Radioisotopic App. .
Aerospace, 1966.

D.2. Dalal, H., Morrison, F., and Ninos, N., "Drdft Progress Report on
Progression of .Surfdece Damage and Oil Wear Debris Accumulation in
Rolling Contact Fatigue," SKK Report AL74T030, September 1974.

D.3. Damian, E., "Utilization of Radioisotopes in Lubrication Studies,"
Petrol Si Gaze 16(1), 53-58 (1965).

D.4. David, V. W., Hughes, J. R., and Reece, D., "Some Lubrication Problems
of Aviation Gas Turbine," J. Inst. Petrol. 42, 335-5 (1956).

D.5. Davies, A. E., "Principles and Practice of Aircraft Powerplant
Maintenance," Trans. Inst. Mar. Eng., Vol. 84, 1972.

D.6. Davis, Elwin N., and Van Nordstrand, Robert A., "Determination of
Barium, Calcium, and Zinc in Lubricating Oils," Anal. Chem. 26,
973-77 (1954).

D.7. Davis, Col. William 0., "A Preliminary Evaluation of the Application
of Atomic Fluorescence Spectroscopy to Spectrometric Oil Analysis,"
AD-670568, ADOFR-68-0761, 19 April 1968.

D.8. DeBrohun, D. J., "Engine Performance vs. Lubricant Deposit," Proc.
U.S. Air Force Aerospace Fluids, Lubricants Conf. (1963), San Antonio.

D.9. deClippelier, G., "Determination of P, Zn, Ca, and Ba in New Oils by
Direct Reading Emission Spectroscopy," International Colloquium on
Spectroscopy, 8th, Lucerne, Switz., 130-40 (1959).

D.10. Delves, R. B., "Detection and Identification of Antioxidants
Containing Nitrogen in Synthetic Aviation Lubricants After Separation
by TLC," J. Chromatogr. 26(1), 296-98 (1967).

D.11. Dickson, F. E., Kunesh, C. J., McGinnis, E. L., and Petrakis, L.,
"Use of Electro inp Resonance to Characterize the Vanadium(IV)-
Sulfur Species in Petroleum," Anal. Chem. 44(6), 978 (1972).

D.12. Dits, J. S., "Atomic Spectrometry. II. Emission Spectrometric Analysis
of Elements Derived from Additives and Engine Wear in Used Lubricating
Oils," Chem. Tech. 27(11), 303-06 (1972).

D.13. Dovgopoliy, E. E., "Quantitative Determination of Antioxidative
Additives in Oils by a Thin Layer Chromatographic Method,"
Neftepererab. Neftekhim. (2) (1972).

D.14. Downing, B. F., and Holbrook, G. E., "Effect of Engine Metals on the
Deterioration of Motor Oils," Oil Gas J. 38(5) (1939).

169 U

L4



5,
D.15. Doyle, Doris M., "Removal of Metals from Lubricating Oils and Calori-

metric Analysis for Metal Content," French Pat. 1,460,393-
November 1966.

D.16. Drenchev, N. P., and Rachev, I. V., "Anomalous Viscosities of Aged
Lubricating Oils," Chem. Technol. Fu'.Ls Oils (USSR) 13(11), (1968:.

D.17. Dudeney, P. N., "Optimization Stud-. Report on Base Level Analyzer
Vol. I & II," Baird Atomic Inc., Cz,'bridge, Mass.. 181 & 173 ppt
AD-687479 & AD-687480, January 1965.

D.18. Dunken, Helga., "Die Bedeutung Tribochemischee Ums,,tzunzen Zwishchen
Additivs and Metallen bei Kerbungs - uiid Verschlerl vogiingen,"
Z. Chem. 11, Jg (1971).

D.19. Dwiggins, C. W., "Quantitative Determination of T..ace-Metals in Crude

Oils by X-ray Spectrography," Bureau of Mines, Report of Investiga-
tion, R.I. 6039, 1962.

D.20. Dyson, A., and Williams, K. R., "The Use of Radioactive-Tracer Technique
in the Wear-Testing of Engine Liubricating Oil," J. Inst. Pet. 39 (1953).

170

- -- - ~ A-'~--'-~ ~ -~-~i~ -. ~--~ - - - - 2



E.l. Efremov, G. M., "The MFS-3 Photoelectric Apparatus," J. Appl.
Spectrosc. 9(5), (1968). 1

E.2. Elliott, J. S., and Edwards, E. D., "Synthetic Lubricants for Gas
Turbines," J. Inst. Petrol. 47, 39-52 (1961).

E.3. Ellis, E. G., "Engine Oil Analysis and Vehicle Maintenance,"
Lubrication, Nov. 1961.

E.4. Esposito, Ceorge G., "Analysis of Automotive Brake Fluids by
Gas-Liquid Chromatography," AD-666181, U.S. Arny Coating &
Chemical Laboratory, Aberdeen Proving Ground, Maryland,
February, 1968.

E.5. Esposito, George G., and Jamison, R. G., "Gas Chromatographic
Determination of Ethylene Glycol in Used Crankcase Oils," J. Mater.
5(4), 779-85 (1970).

E.6. Everett, G. L., West, T. S., and Williams, R. H., "Determination of
Manganese in Lubricating Oils by Carbon Filament Atomic Absorption
Spectrometry," Anal. Chim. Acta 70(i), 204 (1974).

E.7. Every, K. R., "Determination of Engine Wear by Analysis of Lubri-
cating Oil," Society of Chemical Ind. of Victoria (Proceedings),
54, 1180-4 (1954).

E.8. Eisentraut, K. J., Ross, W. D., Hillan, W. J., Brooks, J. J., and
Duffy, T. G., "Analysis of Lubricating Oils for Iron Content,"
Patent Application, PAT-APPL-6-029 586, April 1979.

171

,Z



.. 7

F.I. Feinberg, F., "Evaluation of MIL-L-23699 Lubricant Performance in
the TF41-A-2 Engine," Naval Air Propulsi3n Test Center, Trenton,
N. J., AD-A011, 441, 11 pp, May 1975.

F.2. Figueriredo, Antonio de A., "Determination of Iron by EDTA Titra-
tion of the Thiocyanate Complex," Anal. Chem. 43(3), 484-5 (1971).

F.3. Fleming, K., and Hughes, J., "Usefulness of Oil Analysis in the
Evaluation of Engine Lubricating Oils," J. Inst. Pet. 39 (1953).

F.4. Fletcher, G., and Collins, A. G., "Atomic Absorption Methods of
Analysis of Oilfield Brines: Barium, Calcium, Copper, Iron, Lead,
Lithium, Magnesium, Manganese, Potassium, Sodium, Strontium, and
Zinc." Bureau of Mines Report of Investigation 7861, Bartlesville
Energy Research Center, 19 pp, PB-231105, February 1974.

F.5. Flint, Morris B., "Oil Tests Reveal Maintenance Nequ-.ments,'
Lubrication, May 1951.

F.6. Fodor, J., and Ury, J., "Measurement of Wear in Cylindrical Bearings
with the Aid of Radioactive Isotopes," Magy. Tud. LAkad. Musz. Tud.
Oszt. Kozlem. 34(3), 247-53 (1964).

F.7. Forgeron, E. J., "A Controlled Maintenance System Through Used Oil
Analysis ", Analysts Inc., Rolling Hills Estates, Calif.

F.8. Forrester, J. S., and Jones, J. L., "Rapid Chemical Determination of
Fe, Ni, and V, in Petroleum Oils," Anal. Chem. 32, 1443-46 (1960).

F.9. Frank, Fritz, "Causes of the Changes in Lubricating Oils During
Use," Teer 24, (1926); 19, 574; 20, 2244.

F.10. Frassa, K. A., Siegfriedt, R. K., et al., "Modern Analytical
Techniques to Establish Realistic Crankcase Drains," SAE Meeting
(Jan. 11-15, 1965), 12 pp.

F.11. Freegarde, M., and Webb, B. J., "The Application of Some Chemical
Techniques to the Assessment of Wear in Oil-Washed Systems," AML
Report No. 574, Admiralty Materials Lab., Holton Heath, Poole,
Dorset, 6 pp, AD-923717, May 1974.

F.12. Frenkel, B. A., and Grivstov, S. P., "Automation of Laboratory Analyses
of Oils and Lubricants," Chem. Technol. Fuels Oils (USSR) 12(5), (1967).

F.13. Freund, M., Bencze, L., and Szirmay, W., "Investigation of Aging
Phenomena of Additives for Motor Ol, by Engine Tests and Field
Experiments," Mines Mag. 34, (1944).

F.14. Frewing, T. J., "The Significance and Interpretation of Acidity and
Basicity in Lubricating Oils," Lubrication, March 1962.

172

WO!
-a s',~t ~ -- __



F.15. Fry, D. L., "The Spectrographic Analysis of Lubricating Oils," Appi.
Spectrosc. 10(2), 65-8 (1956).

F16. Frynta, Z., "Method Using Radioisotopes for Measuring the Wear of
F.Gears in Large Drives," Jad. Energ. 10(5), 174-76 (1964).LF.17. Furlan, Mirjana, "Spectrophotometric Determination of Zinc in

LubicaingOil,"Nafta (Zagreb) 19(6), 249-52, June 1968.

173



G.1. Gardner, L., "Application of I.R. Spectroscopy to the Examination of
Lubricants. I. Examination of Lubricating Oils," Can. Spectrosc.
9(8), 136-42 (1964).

G.2. Gardner, L., "Infrared Spectroscopic Examination of Used Lubricating
Oils," Can. Spectrosc. 11(4), (1966).

G.3. Gassmann, A. G., and O'Neill, W. R., "The Use of a Porous-Cup Electrode
in the Spectrographic Analysis of Lubricating Oils," Proc., Amer.
Petrol. Inst., Sec. III, 29M (1949).

G.4. Gassman, A. G., and O'Neill, W. R., "Spectrographic Determination of
Phosphorus and Metals in Lubricating Oils, Using a Porous-Cup

Electrode," Anal. Chem. 21, 417-18 (1949).

G.5. Gehrke, R. J., Packer, L. L., Woody, B. A., and Burton, W. A., "PPM
Measurements of Iron-in-Oil by Radioactive X-ray Fluorescence
Analysis," Appl. Low Energy X-Gamma Rays, Charles A. Gordon and
Breach: New York, N.Y., p. 33 (1971).

G.6. George, M. M., "Iron and Copper Content of Lubricating Oils Colorime-
tric Method," Report from Defense Standards Laboratories, Maribyrnong,
Australia, 20 pp, June 1971; Defense Standards Laboratories, Aus.
Defense Sci. Serv. Rep. No. 452, Ascot Vale, Victoria, Aus., June
1971; DDC Ac. No. 889 979.

G.7. Gerhardt, P. B., and Hartmann, E. R., "Determination of Calcium or
Zinc Additives in Lubricating Oils and Concentrates," Anal. Chem.
29, 1223 (1957).

G.8. Giffert, R. C., and Moore, R. J., "Determination of Extent of Oxida-
tion in Used Lubes by I.R. Spectroscopy," SAE Paper 436D/61, (3), (1961).

G.9. Gillette, Jack Mealey, Diss. Abstr. 14(10), (1954).

G.10. Gillette, J. M., Boyd, B. R., and Shurkus, A. A., "Spectrochemical
Determination of Metailic Elements in Non-Metallic Samples," Appl.
Spectrosc. 8(4), (1954).

G.11. Glaeser, W. A., Newman, F. D., and Snediker, D., "The Application of
Oil Analysis Techniques to the Diagnosis of Condition and Prediction
of Failure in U.S. Army Construction Vehicles," AD 770 461, November 1973

G.12. Gleim, W. K., "Occurrence of Molybdenum in Petroleum," 166th National
Meeting of American Chemical Society, 26-31 August 1973, Chicago, Illinois.

G.13. Golden, G. S., "The Determination of Iron in Used Lubricating Oil,"
Appl. Spectrosc. 25(6), 668 (1971).

G.14. Golightly, D. W., and Weber, J. L., Jr., "Studies of Calibration
Standards Used in Department of Defense Equipment Oil Analysis Program,"
NBS-IIN-751, National Bureau of Standards, Washington, D. C., 49 pp,
COM-73-50184, January 1973.

174

I°-4



G.15. Grazdziela, A., "On Criteria for Changing Lubricating Oil,"
Przeglad Morski (9), 32-36 (1967).

G.16. Greenfield, S., and Smith, P. B., "The Determination of Trace
Metals in Microlitre Samples by Plasma Torch Excitation - With
Special Reference tc Oil, Organic Compounds, and Blood Samples,"
Anal. Chim. Acta 59(2), 341 (1972).

G.17. Guettel, C. L., "Spectrograph Identifies Inorganic Constituents,"
Petrol. Times 42(9), (1945).

SG.18. Gulyaeva, A. G., and llchenko, T. G., "Determination of the Zinc
Content in Hydrocarbon Lubricants," Report No. FTD-HT-23-494-72,

Foreign Technology Div., WPAFB, Ohio, 11 pp, AD-750987, August 1972.

G.19. Gunderson, Ed. R.C., and Hart, A. W., "Synthetic Lubricants," New
York, Reinhold Publishing Corp., 1962.

G.20. Gunn, E. L., "Determination of Additive Elements in Lubricating Oils
by Emission Spectrographic Methods," Anal. Chem. 26(12), 1895-99 (1954).

G.21. Gunn, E. L., "Elemental Interaction Effects in the Spectrochemical
Determination of Additive Elements in Lubricating Oils," Anal. Chem.
32(11), 1449-55 (1960).

G.22. Gunn, G. J., and Whittenberg, R. L., "Modern Application of Engine
Oil Analysis to Airline Operation," unpublished paper, April 1969,
Maintenance ane Engineering Center, American Airlines.

17

~~175 :



H.1. Habosian, K., "Analysis of Limits of Detection and Precision
Achievable with Spectrometer, Fluid Analysis, A/E 35U-3,"
accompanying data sheet MP-05C, November 1972.

H.2. Hall, G., Bratzel, M. P., and Chakrabarti, C. L., "Evaluation of a
Carbon-Rod Atomizer for Routine Determination of Trace Metals by
Atomic Absorption Spectroscopy. Applications to Analysis of
Lubricating Oil and Crude Oil," Talanta 20(8). 755 (1973).

H.3. Hammerich, T., and Gondermann, H., "A Contribution to the Analysis
of Reclaimed 0i. Determination of the Total Contamination in Used
Compounded Motor Oils," 18(1), 29-31 (Jan. 1965).

H.4. Harman, R. W., "A Nucleonic Oil Debris Monitor for Detecting Metal
in Recirculating Lubricating Systems," Report No. USAAMRDL-TR-74-28,
Nucleonic Data Systems, Inc., 90 pp, AD-784137, June 1974.

H.5. Hearn, W. E., Mostyn, R. A., and Bedford, B., "Metal Caprates as
Analytical Standards for Spectrometric Oils Analysis," Anal. Chem.
43(13), 1821 (1971).

H.6. Hearn, W. E., and Mostyn, R. A., "Spectrometric Oil Analysis Programme
(SOAP) Part II. Metal Caprates as Spectrographic Standards,"
QAD(MATS) Report No. 177, Quality Assurance Directorate (Materials.
Hdqtrs. Bldg., Royal Arsenal East, London, SE 17 GTD), April 1971.

H.7. Heinze, H. 0., and Eckhardt, F., "Evaluation of Oils by Infrared and
G. C. Investigations," Brennst. Chem. 45(3), 84-8 (1964).

H.8. Heise, M., "Particle Size Determination in Emulsions of 1'-ile
Lubricants and Finishes," Faserforsch. Textiltech. 15(8), 386-90 (1964).

H.9. Hercules, D. M., Cox, L. E., et. al., "Electron Spectroscopy (ESCA):
Use for Trace Analysis," Anal. Chem. 45(11), 1973).

H.10. Hilger, "Spectroscopy in 1.ngine Lubricant Examination," Lubrication
18(9), Sept. 1966.

H.11. Hirsch, D. E., Dooley, J. E., and Coleman, A. J., "Correlations of
Basic G.P.C. Data and Their Applications to High-Boiling Petroleum
Fractions," Report of Investigations 7875.

H.12. Hollinger, R. H., "Metallic Debris Monitor for Recirculating Lubri-
cating Oil Systems," Final Report, Franklin institute Research Labs,
Philadelphia, Pa., 52 pp, AD-745205, April 1972.

H.13. Hollinger, R. H., "Advanced Capacitive Oil Debris Monitor," Final Report,
Franklin Institute Research Labs, Philadelphia. Pa, 37 pp, AD-772948,
August 1973.

H.14. Hooks, R. W., and Noar, J. W., "The Direct Determination of Additive
Metals in Lubricating Oils by Ccmplexometric Titration," Analyst
94(1119), 473-76 (1969).

176

N ,~_ ~



H.15. Horczy, J. R., and Hill, B. N., 'Determinatlon of Trace Metals in
Oils," Anal. Chem. 27(12), 1899-1903 (1955).

H.16. Howard, J. M., and Spauschus, H. 0., "Comparison of Two Colorimetric
Methods for Determination of Copper In Mineral Oils," Anal. Chem.
35(8), 1016-17 (1963).

H.17. Hughes, J., and Major, C. R., "The Diagnosis of Engine Deposit

Problems," J. Inst. Pet. 39 (1953).

1H.18. Hum, R. W., "Analysis of Aviation Gas Turbine Fuels," DOT, FAA,
WAshington, D. C., Rep. No. FAA-RD-73-189, AD 774673, Dec. 1973.

H.k9. Hyatt, L., and Robbins, Geo. D., "Visible Oil Comparer," U.S. Patent
2,016,832, Oct. 8, 1935.

H.20. Hypta, Stanislawa, "Determination of Zinc Contents in Additives to
Lubricating Oils, Their Concentrates and Fresh Oils Containing These
Additives by Complexometric Titration," Anal. Chem. 13, 1141 (1968).

H.21. Hofstader, R. A., Milner, 0. I., Runnels, J. H., Analysis of Petroleum
for Trace Metals, American Chemical Society, Advances in Chemistry
Series 1976.

21



I.1. lanetti, V., "Analytical Conditions for the Determination of Traces
of Metals in Some Aeronautical Products," Aeronautica 47(6), 199-205
(1967).

1.2. Ibralhim, R. J., and Sabbah, S., "The Effect of Viscosity Differences
Between Standards and Samples on Iron Measurements in Crude Oil
by Atomic Absorption," At. Absorption Newslett. 14(5), (1975).

Tr3. Ishii, T., Musha, S., and Munemori, M., "Atomic Absorption Spectro-
photometric Determination of Zinc in Lubricating Oil," Bunseki
Kagaku 17(1), (1968).

1.4. Ishimaru, M., "Mechanisms of Oil Deterioration and Oil Change Period
of Engine Oil," Junkatsu 17(4), 227-34 (1972).

1.5. Ivanov, K. I,, and Vilyansay, G. D., "Improving Operational
Characteristics of Power Oils," Teploenergetika 12, 65-66 (1971).

1

4,

*1 r

i 178 _



J.l. Jackson, D. R., "Comparison of Atomic Absorption and Emission
Spectroscopy in the Evaluation of Lubrication in Normally-operating
Diesel Engines," Lubric. Eng. 28(3), 76 (1972).

J.2. Jackson, D. R., Salama, C., and Dunn, R., "An Evaluation of Atomic A

Absorption Spectroscopy for the Determination of Wear Metals in
Used Lubricating Oils," Can. Spectr., 17 (Jan. 1970).

J.3. Jackson, D. R., "Some Phenomena of Engine Wear as Revealed by the
Radioactive Tracer Technique," paper presented at SAE National
Fuels and Lubricants Meeting, Chicago, Ill., Oct. 30-Nov. 1, 1951.

J.4. Jackson, K.W., Aldous, K. M., and Mitche]l, D. G., "Simulataneous
Determination of Trace Wear Metals in Used Lubricating Oils by Atomic
Absorption Spectrometry Using a Silicon-Target Vidicon Detector,"
Appl. Spectrosc. 28(6), 569 (1974).

J.5. Jantzen, E., "The Spectruscopical Analysis of Metal Wear Based on
Oil Investigations of Aircraft Turbine Engines," AD 907240, 1973.

J.6. Jantzen, Dr. E., "Early-Stage Detectiun of Oil Changes in Aircraft
A Engines," AGARD Conf. Proc., 1971.

J.7. Jantzen, E., "Investigation of Aircraft Turbine Oils from Aircraft
Engines (German)" Report No. DLR-FB-70-07, Deutsche Forschungs-Und
Versuchsantalt Fuer Luft-und Raumfahrt, Munich, 35 pp. N70-27564,

February 1970.

J.8. Jantzen, E., "Spectroscopic Analysis of ME-tal Wear Based on Tests
of Aircraft Turbine Engine Oils," Deutsche Forschungs-Und Versu-
chsanstalt Fuer Luft-Und Ramfahrt, Munish, 56pp. N73-21417, November
1972.

J.9. Jantzen, Dr. E., "Determination of Phosphoric Acid in Gas Turbine Engine
Oil with ThermoionicDetector," Schmiertechnik-Tribolopic, 21 Jahrg,
No. 4, 89-91, 1974.

J.10. Johnson, C. R., and Garcia, E. A., "Spectrophotometric Characterization
of Lubricating Oils," Refiner Natur. Gasoline Mf. 20(12), December 1941.

J.ll. Johnson, D. J., "Analysis of Wear Metals in Jet-Engine Oils via Atomic
Fluorescence Flame Spectrometry with a Continuum Source," Can. J.
Spectrosco. 19(5), 151 (1974).

J.12. .>'lliff, J. V., "Spectrometric Analysis of Lubricating Oil," Nay.
Eng. J., December 1966.

J.13. Jordan, J. E., "Tri-service Oil Analysis Conference Agenda. Items
for Carribbean Area," NASCR-232C-JEJ, Nov. 29, 1966.

J.14. Jovanovic, D., "Development of an X-ray Emission Spectography
Method for the Determination of Molybdenum in Oils," Anal. Chem.
42(7), 775-76 (1970).

179



K.1. Kahn, H. L., Peterson, G. E., and Manning, D. C. "The Detezmina-
tion of Iron and Chromium in Used Lubricating Oils," At. Absorption
Newslett. 9(3), 79 (1970).

K.2. Kalayton, E. N., "Lubricating Oils for Jet Engines," Report No.
FTD-HC-23-1296-68, Foreign Technology Pivisin, WPAFB, Ohio, 236 pp,
AD-717835, December 1970.

K.3. Kalil, P., "Additive in Lubricants," NLGI Spokesman XXVI, 179-86
(1962).

K.4. Kalinowski, M. L., Frank, W. W., and LaCroix, "Effect of Engine
Mileage on Motor Oil Quality," SAE Paper for Meeting, Nov. 8-10, 1964.

K.5. Kamykowski, E. J., et al. "Analysis of Metallic Wear Products by Fast
Neutron Activation," Gruman Aerospace Corp., Bethpage, N.Y.

K.6. Kanarchuk, V. E., "Using Spectral Analysis for Determination of
Intensity of Wear and Tear of Motor Depending on Work Rate," Visn.
Sil's kogospod. Nauki 9(10), 32-36 (1966).

K.7. Karadakov, Borislav, "Spect:ophotometric Study of the Reaction of
Iron (III) with Methylthymol Blue," Talanta 15(6), 525-34 (1968).

K.8. Kashiki, Masayuki, "Determination of Calcium, Barium, and Zinc in
Lubricating Oils by Atomic Absorption Spectrophotometry," Anal.
Chim. Acta 55(2), 436--38 (1971).

K.9. Kavanagh, F. W., "Engine Wear - Comparison of Radioactive Wear and
Fluid Measurement," Paper at SAE Summer MeL~ing, Atlantic City, N.J.,
June 1-6, 1952.

K.10. Keliher, P. N., "Determination of Wear Metals in Used Hydraulic
(MiL-H-5606B) Fluid by Atomic Adsorption Spectrometry," American
Chemical Society 1974 Middle Atlantic Regional Meeting, 24-26 April
1974, Wilkes-Barre, Pa.

K.11. Khalupovskii, M. D., "Luminescent Analysis of Lt-bricating Oils,"
Ind. Lab (USSR), 28 (1962).

K.12. Kishi, Yoshio; Yoshihara. Tomid; Sat, "A New Test Method for
Insclubles in Used Lubricating Oils," Bull. Jap. Petrol. Inst. 9,
(1967).

K.13. Kitcinger, D. C., "Correlatf.on of Emissio. and Atomic Absorption
Techniques for Accuracy and Precision in Relation to Lubricating
Oil Samples," Tech. Rep. ASD-TR-68-57, WPAFB, Ohio, Nov. 1968.

K.14. Kittinger, D. C., "Evaluation of Effectiveness of Spectrometric
Oil Analysis Techniques for Multiengine Aircraft," Technical Report
ASD-TR-68-58, Engineering-Aeronautical Systems Div., Air Force
Systems Command, WPAFB, 76 pp, AD-686155, February 1969.

180



K.15.. Kittinger, D. C., and Ellis, J. L. "Correlation on Atomic Absorption
Techniques on the Analysis of Lubrication Oil Samples for Wear
Metal Contamination," Tech. Rep. ASD-TR-68-2, WPAFB, Ohio,

April 1968.

K.16. Klaus, E. E., Tewksbury, et al., "Fluids, Lubricants, Fuels, and
Related Materials," AFML Tech. Report TR-74-201, Part I., June 1974.

K.17. Klimes, I., Kantorova, K., Janak, J., "Pico-Gram Procedure. I.
Colorimetric Detection of Some Ions from 10-10 to 10-13 Grams,"
Collect. Czech. Chem. Commun. 32(1), 443-7 (1967) (Ger.).

K.18. Knauer, H. E., and Milliman, G. E., "Analysis of Petroleum for Trace
Metals - Determination of Mercury in Petroleum and Petroleum
Products," Anal. Chem. 47, 1263 (1975).

K.19. Knight, J. B., "Analysis of Some Essential Oils Using Technique of
Combined Capillary Gas Chromatography and Chemical Ionization Mass
Spectrometry," 9th Western Regional Meeting of American Chemical

C Society/12th Pacific Meeting of SOCIE, 1-3 November 1973, San Diego,
Calif.

K.20. Kollman, Karl, "Wear Measurements by Means of Radioactive Isotopes
On Piston Bearings, Rings and Sleeve," Motortechnishce Zeitschrfit
24(2), 33-39 (1963).

K.21. Kolobielski, M., "Determination of Zinc Dialkyl (Diaryl) Dithio-
phosphate in Lubricating Oil," AD-757605. Coating and Chemical

Laboratory, Aberdeen Proving Ground, Maryland, February 1973.

K.22. Korobkov, M. V., and Mosikhm, "Comparison of Different Systems for
Estimating Deposits on Engine Pistons," Ikspluat, Tekh. Svoistva
Primen. Avto. Topl. (1970;.

K.23. Kovda, N. I., "Metal Particles in Lubricants Detector," Itkrytiya

Izobreteniya Promyshlennay4 Obraatsy, Tovarnyye Znaki, Pat. 274,
494 (1970).

K.24. Kozyrev, S. P., "Wear of Metals by a Hydroabrasive Flow," Report No.
FTD-HT-23-732-70, Foreign Technology Division, WPAFB, Ohio, 16 pp.
AD-718478, November 1970. '7

K.25. Krasnova, V. S., "Luminescen e Analysis of Petroleums and Lubricating
Oils," Zavod. Lab. 11, 561-67 (1945).

K.'6. Krishna Murti, G. S. R., and Volk, V. V., "Colorimetric Determinationof Iron of Mixed Valency by Orthophenanthroline," Soil Sci. Soc.
Amer. Proc. 30(5), (1966).

K.27. Kriss, R. H., and Bartels, T. T., "Improved AA Techniques for Measuring
Iron Particles in Lubricating Oil," At. Absorption Newslett. 9(3), 78
(1970).

i~ ~ 2~Iii2~



K.28. Krulls, G. E., "Gas Turbine Liquid Fuel Treatment and Analysis,"

J. Eng. Power, Trans. ASME, Paper No. 74-GT-44, p. 53 (Jan. 1975).I K.29. Kucera, M., "Colorimetric Determination of Oil Acidity," Chem. Prum.
21(1), 27-29 (1971).

K.30. Kuliyev, A. M., and Uryliv, G. G., "Chemiluminescene Study of Oxi-
I} dizability of Additve Containing Oil in Functioning Diesels,"
r Additives to Lubricating Oils, Collection of Works (2), Academy of

Sciences Azerbaydzhan, SSR, 173-79 (1969).

K.31. Kuno, M., Abe, H., and Nakamura, E., "Spectrochemical Determination
of Wear Metals in Urzed Diesel Lubricating Oils," 1(3), 15-18,

i Sept. 1961.

K.32. Kuznetsova, A. P., Otmakhova, Z I., and Kataev, C. A., "Spectral
Determination of Metal Impurities in Petroleum," Zavod, Lab. 39
(8), 1265 )1973).

K.33. Kyuregyan, S. K., "Emission Spectral Analysis of Petroleum Products,"
Report No. FTD-MT-24-267-70, Foregin Technology Div., WPAFB, Ohio,
412 pp. AD-727197, May 1971.

K.34. Kyuregyan, S. K., and Marenova, M. M., "A Direct Spectral Method
for Determining Wear Products in Lubricating Oil," Chem. Technol.
Fuel Oils (USSR) 12(7), (1967).

K.35. Kittinger, D. C., and Bond, A., "Spectrometric Analysis to Determine
Wear Metal in Engine Lubricating Oil," National Aerospace Electronics
Conference, Dayton, Ohio, May 1966.

I182



L.I. Landers, J. W., and Zak, B., "Determination of Serum Copper and

Iron in a Single Small Sample," Amer. J. Clin. Pathol. 29, 590
(1958). Comments: Reagents for Ion in Biological Materials.

L.2. Lang, Carlos,"Practical Methods for the Examination of Lubricating
Oils in Continuous Service, for Alteration and Contamination,"

Rev. Brasil. Quim. 16, 51-54 (1943).

L.3. Lang, Y., "Novel Results in Oils' Metallic Impurities Titration by
Direct Reading Spectrography," Method. Phys. Anal. 5(2), (1969).

L.4. Langanke, A., "Quantitative Inorganic Analysis of Fuel and Lubri-

cant Residues on Engine Parts Using Organic Ion Exchangers and
New Universal Column Devices," Erd5 Kohle-Erdgas-Petr.chemie
Brennst.-Chemie.

L.5. Lantos, F. E., and Lantos, J., "Method for Determining Free-Carbon
and Oxidized Matter in Used Lubricating Oils," Lubric. Eng., p. 184,
June 1971.

L.6. Lelong, H., "Analyse par Spectrometrie D'Emission," Method. Phys.
Anal. 5(3), 262-68 (Sept. 1969).

L.7. Logan, J. A., "Oil Tester," [Apparatus (with a Photoelectric Cell)
Adapted for Colorimetric Tests of Used Lubricating Oils.] U.S.
Patent 2,062,588, Dec. 1, 1936.

L.8. Lopez de Azcona, J. M., and Sanz de la Rosa, J., "Estimation of
Traces of Metals in Lubrication Oils," International Spectroscopy
Colloquium 8th, Lucerne, Switzerland (1959).

L.9. Louis, Rudolph, "X-ray Fluorescence Analysis for Motor Oil," Erdol
und Kohle 20(4), (1967).

L.10. Lykken, Louis, Fitzsimmons, K. R., et al., "The Determination of
Metals in Lubricating Oils," Petrol. Refiner 24(10), 405-14 (1945).

L.11. Lyndall, J ., "Engic.e We-ir Footprints," Fleet Owner, 66(4), 57-61,
April 1971.

L.12. Leyden, D. E., and Luttrell, G. H., "Preconcentration of Trace
Metals Using Chelating Groups Immobilized via Silylation," Anal.
Chem., 47(9), 1612, (1975).

1 I

183 i

[__



M.I. Madden, T. H., "Used Oil Analysis -What Does it Tell?" SAE Meeting,
May 11, 1959.

m.2. Majumdar, A. K., "l-(2-Carboxy-4-sulfonatophenyl)-3-hydroA;-3-phenyl-
Mtriazene as Indicator in the EDTA Titration of Fe(III) and the

Spectrophotometric Determination of Oxalate," Anal. Chim. Acta
55(2), 450-2 (1971).

M.3. Malysheva, I. V., and Yakubovich, A. V., "Change in Oil Quality During
Prolonged Storage," Chem. Technol. fuels Oils (USSR) (1), (1967).

m.4. Marangoni, C., "Spectrometric Oil Analysis Program for Prevention
and Surveying of Crashes," Aerotec M.S. 50(5), 279 (1971).

m.5. Marangoni, C., Lutrario, P., and Tronca, A., "Application of X-ray
Fluorescence Spectrometry to Wear Metal Determination in Lubricants,"
Metallurgia Italiana 64(8), 381 (1972).

M.6. Marangoni, C., Tronca, A., and Cardini, G., "Spectrometric Determina-
tion of Wear Metal Traces in Used Lubricating Oils," Metallurgia
Italinia 63(5), 209-15 (1971).

M.7. Marlow, D. A., and Beerbower, A., "Status Report on the Tech O/F-7
Contamination Methods Program," Hydraulic Systems Cleanliness
Symposium, Toronto (1970).

M.8. Marshall, E. E., Brown, C. M., "U.S. Army Experience With Atomic
Absorption Spectrophotometry and Emission Spectrometry in the Analysis
of Aircraft Lubrication Oils," Symposium on Atomic Absorption
Spectroscopy, ASTM, June 25-28, 1968.

M.9. Marshall, R.A.G., "The Quantitative Thin-layer Chromatographic
Determination of Zinc Dialkyldithiophosphate," J. Electroanal.
Chem. Interfacial Elecrtrochem. 56(2), 311-13 (1974).

M.10. Martin, H. L., "Life Cycle Cost Study of Army Spectrometric Oil Pro-
gram (ASOAP), "Army Material Command, Texarkana, Tex., 59 pp, AD-786501,

~April 1974.

M.11. Matson, T. P., "New Metallo-Organic Standards with Superior Stability
and Compatibility," At. Absorption Newslett. 9(6), p. 132 (1970).

M.12. Matsumur, T., Yamashit, T., Kudo, Y., and Kotani, N., "Spectrochemical
Standard Samples of Titanium and Its Alloys," Japan Analyst 20(l),
91 (1971).

M.13. McElfresh, P. M., and Parsons, M. L., "Wear Metal Determination by
Plasma Jet Direct Current Arc Spectrometry," Anal. Chem. 46(8),
1021 (1974).

M.14. McGown, R. J., "Spectrochemical Analysis of Oils Using a Modified
Electrode," Technical Note NCEL-TN-399-Rev., N~qal Civil Engineering
Lab, Port Hueneme, Calif., 5 pp, AD-647262, January 1961.

184

I % 4



M.15. Means, E. A., and Ratcliff, D., "Determination of Wear Metals in
Lubricating Oil by A. A. Spectroscopy," At. Absorption Newslett.
4(1), 174-79 (1965).

M.16. Melpolder, F. W., Brown, R. A., and Washall, T. A., "Composition
of Lubricating Oil - Use of Newer Separation and Spectroscopic
Methods," Anal. Chem. 28, 1936-45 (1956).

M.17. Middledorf, A. J., "Spectrometric Oil Analysis Program," The Spex
Speaker Vol. XIII-No. 1, 1 (1968).

M.18. Middleton, J. L., and Westcott, V. C., "The Investigation and Inter-
pretation of the Nature of Wear Particles," Progress Report (10 May-
20 Sept 1973), Trans-Sonics Inc., Burlington, Mass., 30 pp,
AD-i68357, September 1973.

SM.19. Miller, R. L., Fraser, L. M., and Winefordener, J. D., "Combination

Flame Atomic Fluorescence Atomic Emission D.C. Spectrometer for
Analysis of Trace Wear Metals in Jet Engine Oils," Appl. Spectrosc.
25(4), 477-82 (1971).

M.20. Mills, R. L., "Ev.luation of the Foto~cope as a Supplement to SOAP,"
Thesis (GEP/PH/75 M-11), USAF Air University, Air Force Institute
of Technology, WPAFB, Ohio, March 1975.

M.21. Milner, 0. I., Analysis of Petroleum for Trace Elements, Int. Ser.
Monographs on Anal. Chem., Pergamon Press (The MacMillan Co.),
New York, N.Y., 1963.

M.22. Miner, J. R., and Packer, L. L., "X-ray Wear Metal Monitor," Final
Technical Report, Pratt & Whitney Aircraft, 25 pp, TR-75-6, Jan. 1975.

M.23. Monaghan, D. A., "Development of Abrasive Oil Contaminant Indicator
Systems for M35A2 2 Ton Truck and M151A2 1 Ton Truck Engines," Final
Technical Report, Foster-Miller Associates Inc., Waltham, Mass.,
98 pp, AD-752576, May 1972.

M.24 Moore, E. J., Milner, 0. I., and Glass, J. R., "Application of Atomic
Absorption Spectroscopy to Trace Analyses of Petroleum," Microcrei-.
J. 10, 148 (1966).

M.25. Mostert, B., and Bohnes, H., "Chromatographic and Infrared Spcctro-
graphic Methods for Analyzing ana Production Control of Lubricants,"
Schmiertech. Tribol. 17(2), 64-74 (1970).

M.26. Mostyn, R. A., Newland, B.T.N., and Hearn, W. E., "Lanthanum as a
Releasing Agent in Atomic Absorption Spectroscopy in Organic Solvents,"
Anal. Chim. Acta 51, 520 (1970).i

M.27. Mostyn, R. A., and Cunningham, A. F., "Some Applications of Atomic
Absorption Spectroscopy to the Analysis of Fuels and Lubricants,"
J. Inst. Petrol. 53(519), 101 (1967).-

M.28. Muntean, I., and Badea, S., "Determination of Ni, V. Fe, and Cu, in Petro-
leum Products by Flame," Petrol. si Gaze 22(2), 115-17 (1971).

d 185

6-
N ~ ___ .--~



M.29. Mobil Airlines SOAP Symposium Proceedings, Held at Dural Hotel
and Country Club, Miami, Fla. 4-5 November 1971.

186

~~ZIA



N.l. Newlin, K. D., "A Statistical Analysis of Spectrometric Oil Data .from the Transmission of the TH-55A Helicopter and Recommended
Improvemerts for the ASOAP Program," Research Report, Texas A&M
Univers;ity, College Station, Dept. of Industrial Engineering,
132 pp, AD-.139l52, May 1970.

N.2. Norwitz, G., and Calon, M., "Spectrophotometric Determination of
Antimony in Sebacate-Base Lubricants by the Iodide Methods," Anal.
Chim. Acta 61, 413 (1972).

N.3. Norwitz, G., and Galan, M., "Spectrophotometric Determination of
Antimony in Sebacate-Base Semi-Fluid Lubricants," Test Report
No. FA-572-2-l, Frankford Arsenal, Philadelphia, Pa., 22 pp,
Ad-738849, January 1972.

t

187



0.1. Oberright, E. A., and Hepplewhite, H. L., "High Temperature Jet
Lubricant," U.S. Patent 3,247,111, Apr. 19, 1966, 5 pp.

0.2. Okada, T., "Spectrographic Determination of Trace Elements in
Lubricating Oil by the 'Tangut Method'," J. Chem. Soc. Jap.,
ind. Chem. Sect. 58(9), 661-64 (1955).

0.3. Orcutt, F. K., "De%.elopment and Evaluation of Som~e Mechanical Wear
Detection Senf-rs," Technical Report MTI-69 TR34, Mechanical
Technology Inc., Latham, N.Y., 66 pp, AD-690447, June 1969.

Mitre Corp., 1820 Dolley Madison Blvd., McLean, Virginia

22101, January 1973.

0.5. Otte, 0. M., "Gas Engine Oil Drain Analysis," 1973 off-Highway
Vehicle Meeting, 10-13 September 1973, Milwaukee, Wisconsin.

iiif0Z;i



P.1. Pagliasotti, J. P., "Spectrochemical Analysis with the Rotating
Electrode " Appl. Spectrosc. 9(4), 153-8 (1955).

P.2. Palzmar, M. A., and Senholzi, P. B., "Proposed Technical Approach
Explorato.y (Cat. 6.2 R&D) Development Oil Analysis Program,"
Naval Air Engineering Center, Philadelphia, Pa., January 1973.

P.3. Pallady, P. H., "The Monitoring of Synthetic Ester Oil Degradation
by the Use of GPC," NLGI Spokesman 36 (1972).

P.4. Panfilov, V. A., "Use of Radioactive Isotopes in Studying Wear,"
Zavod. Lab. 31(2), 224-27 (1965).

P.5. Parker, James W., "A Summary of Contamination in Hydraulic Fluid
Systems of USAF and Support Systcm,'" Tech. Documentary Report
No. ASD-TN-61-143, WPAFB, Ohio, August 1361.

P.6. Parsons, M. L., "Wear Metal Analysis by Plasma Jet D.C. Arc Spectro-
graphy," Pittsburgh Conference on Analytical Chen'istry and Applied
Spectroscopy, 5-9 March 1973, Cleveland, ('io (Arizona State U.,
Tempt. 85281).

P.7. Patel, M., and Winefordaer, J. D., "Graphite Rod Atomization and
Atomic Fluorescence for the Simultaneous Determination of Silver
and Copper in Jet Engine Oils," Anal. Chim. Acta 64, 135 (1973).

P.8. Pennsylvania Checks It's Lube Oil. Railway Locomotives and rars,
March 1958.

P. . PerLins, W. D., Miller, J. R.. Moser, J. H., "Direct Determination
of Metals in Used Lubricating Oils by Emission Spectrography,'

Paper No. 13, ASTM, National Meeting, Los Angeles, Calif., September
195 6

P.10. Pe'kins, 4. D., Miller, J. R., and Moser, J. H., "Evaluation of a
Direct Emission Spectrograpnic Method for the Analysis of Used
Lubricating Oils," Sym. of R.R. Materials & Lubric. Oils - STP-214
(1957).

P.11. Persiani, C., and Shelby, W. D., "Nondestructive Instrumental Monitoring
of Fuel Oil for Vanadium, Sodium, and Sulfur," Environ. Sci. Tech.
7(2), 125 (1973).

P.12. Persmark, U., and Toregard, B., "Metal Analysis of Edible Fats and
Oils by Atonic Absorption Spectrophotometry," J. Amer. Oil Chem. Soc.
48(11) (1971).

P.13. Peterson, G. E., and Kahn, H. L., "The Determination of Barium, Calcium,
and -inc in Additives and Lubricating Oils Using Atomic Absorption
Spectrophotometry," At. Absorption Newslett. 9(3), 71 (1970).

P.14. Peterson, H. B., "Literature Search and Critical Raview of Mechanical
zFailure Technology," Final Report MIL-70 TR 48, Mechanical Technology

Inc., Latham, N.Y., 546 pp, AD-708764, July 1970.

189

Ik



P.15. Petrozzi, Enrico, "Investigation of the Anti-wear Propertics of
Lubricating Oils by Means of Radioactive Isotopes," Rev. Ing.
5, 413-20 (1955).

P.16. Pforr, G., and Mikkeleit, W., "Emission-Spectroscopic Determina-
tion of Metallic Constituents in Mixed Engine Oils," Chemical
Technology 14, 754-55 (1962).

P.17. Pickles, D., and Washbrook, C. C., "Determination of Low Concentra-
tions of Metals in Lubricating Oils by Spectrometric Methods,"
Microchemical Techniques in Petroleum Industries, January 1970.

P.18. Pinotti, P. L., Hull, D. E., and McLaughlin, E. J., "Radioactive

Tracers Used in Research on Engine Wear," Petrol. Eng. 21(6) (1949).

P.19. Pinta, M., Detection and Determination of Trace Elements, Ann Arbor
Sci. Pub., Ann Arbor:London, 1971.

P.20. Pomeroy, R. G., "The Contamination, Deterioration, and Decomposi-
tion of Lubricating Oils in Service," J. Inst. Pet. ;0, 95-133 (1944).

P.21. Porter, R. S., and Johnson, J. F., "Improved Gas-Chromatographic

Analysis for Fuel Dilution and Volatile Contaminants," Anal. Chem.
33(8), 1129-30 (1961).

P.22. Prevot, A., "Recent Methods of Determining the Quantity of Trace Meals.
Effect of Trace Metals on the Stability of Oils," Rev. Fr. Corps. Gras.,
116 (Fr.-1971). F

-tt

190

_n-



Q~l. Quility, C. J., "Determination of Acidity in Petroleum Products by

I Thermometric Titrimetry," 
Anal. Chem. 39(6),666-68 

(1967).

1,91

C1 191!



R.l. Ramaiya, K. S., and Traktovenko, I. A., "Burning of Additives and
Accumulation of Mechanical Impurities in Motors," Chem. Techn.
Fuels Oils (USSR) 13(9) (1968).

R.2. Rao, V. Pandu Ranga, "Absorptiometric Determination of Traces of
Iron Extracted as Ferroic Thiocyanate," Talanta 16(2), 277-80 (1969).

R.3. Reeves, R. D., Molnar, D. J., Glenn, M. T., et al., "Determination
of Wear Metals in Engine Oils by Atomic Absorption Spectrometry
with a Graphite Rod Atomizer," Anal. Chem. 44(13), 2205-11 (1972).

R.4. Reeves, K. D., Molnar, C. J., and Winefordner, J. D., "Rapid Atomic
Absorption Determination of Silver and Copper by Sequential
Atomization from a Graphite Rod," Anal. Chem. 44(11), 1913 (1972).

R.5. Riceman, J. P., "A Statistical Study of Spectrometric Oil Analysis
Data from the Naval Oil Analysis Program," Master's Thesis, Naval
Postgraduate School, Monterey, Calif., 87 pp, AD-704522, October 1969.

R.6. Robbins, W. K., "Analysis of Petroleum for Trace Metals. The Determina-
tion of Trace Quantities of Mn in Petroleum and Petroleum Products
by Heated Vaporization Atomic Absorption," Anal. Chem. 46(14),
p-2177 (1974).

R.7. Robbins, W. K., and Walker, H. H., "Analysis of Petroleum for Trace
Metals - Determination of Trace Quantities of Cadmium in Petroleum
by A.A. Spectrometry," Anal. Chem. 47, 1269 (1975).

R.8. Ross, W. D., Hansen, L., and Scribner, W., "Iron Bathophenanthroline
Study," from report ARL-71-0285, December 1971.

R.9. Rowe, W. A., and Yates, K. P., "X-ray Fluorescence Method for Trace
Metals in Refinery Fluid Catalytic Cracking Feedstocks," Anal. Chem.

35(3), 368 (1963).

R.10. Runnels, J. H., Merryfield, R., and Fisher, H. B., "Analysis of
Petroleum for Trace Metals - A Method for Improving Detection Limits
for Some Elements with the Graphite Furnace Analyzer," Anal.
Chem. 47(8), 1258 (1975).

192

4e.s-

, 01-



S.1. Sakata, S., "Investigation of Operational Variables in Wear
Metal Analysis in Oil," QEEL/OH 74-28, Interservice Oil
Analysis Laboratory, Naval Ammunition Depot, May 1974.

S.2. Sanders, J. B., "Applications of Atomic Absorption Spectros-
copy to the Analysis of Petroleum Products," Varian Techtron
Pty. Ltd., 12 pp (1971).

S.3. Sandulescu, T., "Considertii noi in Problema Stabileri
Limiteiide Folosinta Sau a Perioadelor de Schimb a Lubri-
fiantilor," Rev. Chim. 6 (1955).

S.4. Sz.,,cr, W. G., "Proceedings of the Meeting of the Mechanical
Failures Prevention Group (12th), Held at Warren, Michigan on
8-9 July 1970," Technical Report MFPG-5, Chesapeake Collegt,
Wye Mills, Md., 44 pp, AD-721913, April 1971.

S.5. Sawyer, W. G., "Proceedings of the Meeting of the Mechanical
Failures Prevention Group (16th), Held at the National Bureau
of Standards, Gaithersburg, Md. on 2-4 November 1971," Technical
Report MFPG-9, Rensselaer Polytechnic Inst., Troy, N.Y.,

74 pp, AD-738855, February 1972.

S.6. Sawyer, W. G., Proceedings of the Meeting of the Mechanical
Failures Prevention Group (17th), held at the National Bureau
of Standards, Boulder, Colorado on 25-27 April 1972. Technical
Report MFPG-10, Rensselaer Polytechnic Inst., Troy, N.Y., 88 pp,
AD-750411, November 1972.

S.7. Saxe, H., Freiberg, L., Milowski, L., and Keil, G., FFH: A 348.

Evaluation of Used Engine Oil Analyses, Freiberger Forschungshung,
348A, 225-34 (1965).

S.8. Schallis, J. E., and Kahn, H. L., "Determination of Tin in Used
Lubricating Oils by A. A. Spectrophotometry with a Nitrous
Oxide-Acetylene Flame," At. Absorption Newslett. 7(4), 84 (1968N.

S.9. Schenk, L. W., Johnston, R. K., and Monita, C. M., "Investigation
of the Effects of Trace Metals on the Thermal Stability of JP-7
Fuel," Technical Report SWRI-RS-579, Southwest Research Institute,
San Antonio, Texas, 38 pp, AD-736475, December 1971.

S.10. Schilling, M. A., "Huiles Moteurs," Bull. Ass. Fr. Techn. Petrole
134 (1959).

S.11. Schroeder, W. W., Strasheim, A., and van Niekerk, J. J., "A High
Repetition Rate High Voltage Spark Source and Its Application to
The Analysis of Wear Metal in Oils," Develop. Appl. Spectr. 10,
269 (1972).

S.12. Scribner, W. G., "Environmental Degradation of Fuels, Fluids, and

Related Materials," Technical Report AFAPL-TR-71-101 (1971).

S.13. Scribner, W. G., Short, F. R., Eyster, H. C., and Weiss, J.,

"Determination of P.P.B. Iron in Hydrocarbon Jet Fuels,"
Technical Report AFAPL-TR-66-4/ (1966).

193

211 - . _R
- - -



S.14. Scruggs, Wm. E., "Lube-Oil Analysis - A Practical Tool in
Preventive Maintenance," Oil Gas J. 58(2) (1960).

S.15. Seiffert, W. W., and Westcott, V. C., "A Method for the Study
of Wear Particles in Lubricating Oil," Wear 21(1) (1972).

s.16. Seitz, W. R., "Evaluation of Trace Metal Analysis by Low Pressure,
Microwave-Induced Plasma Spectroscopy," ROAP 16 ADN-32, Nat.
Env. Res. Center, U.S. EPA, Corvallis, Oregon.

s.17. Senholzi, P., "Oil Analysis Project, Quarterly Summary," Naval
Engineering Center, Philadelphia, Pa., 8 February 1974, Report
No. A/T A3400000/051B/4F53537401.

S.18. Sherwood, R. M., and Chapman, F. W., Jr., "New Techniques for

Analyzing Mixtures of Trace Metals," Anal. Chem. 27(l), 88 (1955).

S.19. Short, F. R., Eyster, H. C., and Scribner, W. G., "Spectrophoto-
metric Determination of Parts-per-Billion Iron in High-Temperature
Hydrocarbon Jet Fuels," Anal. Chem. 39(2), 251-3 (1967).

S.20. Skala, G. F., "The In-Line Oil Monitor and Its Role in Engine
Condition Monitoring," Env./One Corp. - paper presented at
Symposium on Instrumentation for Airbreathing Piopulsion.

S.21. Slavin, S., and Slavin, W., "Fully Aitomated Analysis of Used
Aircraft Lubricating Oils,' &-. Absorption Newslett. 5(5), 106 (1966).

S.22. Smith, H. A., "Evaluation of Complete Oil-Breakdown-Rate Analyzer,"
Technical Report AFARL-TR-68-121, Cobra Instrument for ARL-WPAFB,
Ohio, November 1968.

S.23. Smiths Industries Ltd., "Otl Contamination Monitoring," Tribology
4(4), 187 (1971).

S.24. Smith, R., Stafford, C. M., and Winefordner, J. D., "An Evaluation
of Atomic Fluorescence Flame Spectrometry for the Determination of
Wear Metals in Jet Engine Lubricating Oils," Can. Spectrosc., p. 38
(March 1969).

S.25. Smith, W. D., "Correlation of Laboratory Results in the Army
Spectrometric Oil Analysis Program," Texas A&M Univ., College
Station, Dept. of Industrial Engineering, 69 pp, AD-738936,
Decerber 1967.

S.26. Solazzi, M. J., "A Liquid-Sample Holder for X-ray Spectroscopy,"
Amer. Lab., p. 69 (June 1970).

S.27. Souther, H., "Testing Lubricating Oils," ASTM Proceedings (8),
593 (1970).

S.28. Spira, Heinz, "Semi-micromethod for Chromatographic Investigation
of Lubricating Oil," Erdol und Kohle 13 (1960).

19419.



S. 29. Sprague, S., and Slavin, W., "A Rapid Method for the Determina-
tion of Trace Metals in Used Aircraft Lubricatirg Oils," At.
Absorption Newslett. 4(10), 367 (1965).

s.30. Sreenath, A. V., and Venkatesh, S., "Experimental Studies on
the Wear of Engine Components," Wear 10 (1970).

S.31. Stavinoha, L. L., and Newman, F. M., "Hydrocarbon Type Analysis
of Gasoline by Gas Chromatography," Final Report FLRL No. 15
Southwest Research Inst., San Antonio, Tex., Army Fuels and
Lubricants Research Laboratory, 18 pp., AD-748446, July 1972.

S.32. Stravinoha, L. L. and Newman, F. M., "The Isolation and Determina-
tion of Aromatics in Gasoline by Gas Chromatography," J. of
Chromatographic Sc., 10, 583-589, (Sept. 1972).

S.33. Stavinoha, L. L., and Quillon, R. D., Jr., "Spectrometric Metals
Analysis of Oils - Army General Purpose Vehicles," Final Report
FLRL-5, Southwest Research Inst., San Antonio, Tex., Army Fuels
and Lubricating Research Lab., 96 pp, AD-685886, October 1968.

S.34. Stavinoha, L. L., and Wright, B. R., "Spectrometric Analys.s of
Used Oils," SAE Publication 690776, National Combined Fuels and
Lubricants and Transportation Meetings, Houston, Tex., Nov. 4-7.
1969, 20 pp.

S.35. Stemberger, Vida, "Analiza Mazivih ulja I smjisa Aditiva Fizikalnim
Methodama Odjeljivanja I Infraervenom Spektroskopijom," Nafta Brog.
11, 22, November 1971.

S.36. Stepina, V., et al., "Application of MS for Observing Chemical
Changes in Lubricating Oils During Tneir Application" Ropa Uhlie
16, No. 8, 455-63 (19-4).

S.37. Stewart, R. S., "Engine Oil Analysis as Management Tool," SAE
M 69(11), 66-67 (Nov. 1961).

S.38. Studeny, J., "Metal Determination in Used Lubricating Oils," Ropa
Uhlie, 9(6-7), 205-07 (1967).

S.39. Sikharnikov, V. N., "Analytical Method for Determining Service
Time of Lubricant in an Engine," Samoletostr. Tekh. Vozdusho.

Flota. 13 (1968).

S.40. Swindlehurst, P. W., "RAF Working Panel on Equipment Condition
Monitoring," Ministry of Defence, Rep. No. AF-340-73, 12 Mar 1973.

S.41. Shott, J. E., Garland, T. J., and Clark, R. 0., "Determination of
Traces of Nickel and Vanadium in Petroleum Distillates," Anal.
Chem. 33(4), 506 (1961).

S.42 Sugawara, K. F., Wectall, H. H., Schucker, G.D., "Preparation,
Properties, and Applications of 8-Hydroxyquinoline Immobilized
Chelate," Anal. Chem., 46(4), 489 (1974).

195



S.43. Saba, C. S., Eisentraut, K. J., "Determination of Titanium in

Aircraft Lubricating Oils by Atomic Absorption Spectrophotometry,"
Anal. Chem. 49(3), March 1977.

S.44 Ibid, "Determination of Molybdenum Wear Metal in Lubricating Oils

by Atomic Absorption Spectrophotometry with a Particle Size

Independent Method," Anal. Chem. 51(12), October 1979.

1I

I

-II



T.l. Taylor, E. L., "Comparison of Wet Chemical and Spectrometric Analysis
of SOAP Correlation Samples," SFQLC Tech. Report, Aerospace Fuels
Lab., McDill AFB, Florida, 19 July 1972.

T.2. Taylor, E. L., "Evaluation of Alternate Organo-Metallic Compounds for
Use as SOAP Standards," SFQLC Tech. Report on Project TR73-17,
Aerospace Research Lab., McDill AFB, Florida, 4 April 1974.

T.3. Taylor, J. H., Bartels, T. T., and Crump, N. L., "Behavior of Metal
Particles Compared to Organometallic Compounds Measured by Flame
Atomic Absorption Spectrophotometry," Anal. Chem. 43(13), 1780 (1971).

ST.4. Tennyson, T. A., "Dark Field Microscopy and Colorimetric Analysis in

Used Oil Examination," Lubric. Eng. 18(12), 514-16 (1962).

T.5. Teodorescu, V., and Stanescu, M., "Zinc Dialkyldithiophosphate
Characterization by TLC and IR Spectrophotometry," Lucr. Conf. Nat.
Chim. Anal., 3rd, 4, 203-8 (1971).

T.6. Thompson, C. J., Cooley, J. E., and Vogh, J. W., "Analyzing Heavy
Ends of Crude Oil," Hydrocarbon Processing, August 1974.

T.7. Thorp, J. M., "Mechanism of Lubrication by Molybdenum Disulphide
Dispersed in Oil and Effect of Zinc. Dialkyldithiophosphate
Additive," Wear 23, 63 (1973).

T.8. Tranwirski, J., "Spectral Method for the Determination of Metals in
Petroleum Products," Wiad. Naft. 11, 56-59 (1965).

T.9. Trinder, P., "The Improved Determination of iron in Serum" J. Clin.

Patiol. 9, 170 (1956). Comments: Reagent for Iron in Biological

Materials. R

T.10. Tronca, A., "Determination of Wear Metal Traces in Lubricants Taken
From Aircraft Engines," 17th International Spectroscopy Colloquium,
16-22 September 1973, Florence, Italy.

T.ll. Turner, L., and Salmon, D. G., "Determination of Fuel Contamination
in Used Synthetic Aviation Turbine Oils,- J. Chromatogr. Sci.
8(4), 229-232 (1970).

'97



U.l. U.S. Army Test and Evaluation Command, "Fuels and Lubricants,"
NTIS AD-768-209, 30 Oct 1973.

U.2. Universal Oil Products Co., "Trace Metals in Oils by Wet-Ash-
Spectrographic Method," UOP Method 389-71.

U.3. Universal Oil Products Co., "Trace Metals in Petroleum and Organic
Products by Wet-Ashing; Flame Photometer and Spectrophotometric
Methods," UOP Method 391-64.

191

tIJf

I -



V.I. Van Rysselberge, J., "Analysis of a Lubricating Oil," Ind. Chim.
Belge 33 (1968).

V.2. Versino, C., Bachiorrini, A., Del Sole, C., "Studies of the
Detergent-Dispersant Additives," La Rivista di Combustibilli,
Vol. XXVII (11-12) 491-498, (1973).

V.3. Vigler, M. S., and Gaylor, V. F., "Trace Metals Analysis in Petro-
leum Products by Atomic Absorption," Appl. Spectrosc. 28(4),
342 (1974).

V.4. Vipper. A. B., "Infrared Spectroscopic Study of the Interaction
of Additives with Motor Oils," Chem. Technol. Fuels Oils (USSR)
16(6), 47-50 (1971).

V.5. von Lehmden, D. J., Jungers, R. H., and Lee, R. E., Jr., "Determina-
tion of Trace Elements in Coal, Fly Ash, Fuel Oil, and Gasoline -

A Preliminary Comparison of Selected Analytical Techniques,"
Anal. Chem. 46(2), 239 (1974).

A

NN

*1 199

N q

1 4.O



W.l. Wagner, K., and Pteil, F., "Advances in the Investigations of Wear
and Lubrication by the Aid of Radioactive Tracer Techniques,"
Isotopenpraxis 7 Jg, Heft 7, (1971).

W.2. Wakana, Akira, et al., "Reagents for Testing Deterioration of

Engine Oils," Japanese Patent 2096(61), March 1961.

W.3. Ward, J. M., "Navy Spectrometric 411 Program," SAE, Paper 680213
for Meeting (1968).

w.4. Washbrook, C. C., and Pickles, D., "Determination of Low Concentra-
tion of Metals in Lubricating Oils by Spectrometric Methods,"
Soc. for Anal. -hem. and Royal Inst. of Chem. (September 1969).

W.5. Webber, M. W., "Additives for Lubricants," Petroleum (London);
Vol. 8, 76-7, 85, 87 (1945).

W.6. Weber, J. H., "Mass Spectrometry: Its Use in Analysis of Petroleum,"
15th Annual Rocky Mountain Spectroscopy Conference, 20-21 August
1973, Denver, Colorado (U.S. Dept. of the Interior, Bureau of Mines,
Laram).

W.7. West, Philip W., "The Determination of Trace Metals in Air," Coates
Chemical Labs, LSU, Baton Rouge, La. 70803.

W.8. Westcott, V. C., "Predicting and Determining Failures by Means of
Ferrography," paper presented at Ninth Annual FAA International
Aviation Maintenance Symposium, 13 December, 1973.

W.9. Westcott, V. C., "Survey of Wear Processes and the Particles Re-
sulting from Wear by Means of a Ferrograph," Final Report, Trans-
Sonics Inc., Burlington, Mass., 105 p , AD-753251, October 1972.

W.10. Westcott, V. C., and Seifert, W. W., "Investigation of Iron
Content of Lubricating Oil Using a Ferrograph and an Emission
Spectrometer," Wear 23(2), 239 (1973).

W.11. Wilson, J. N., and Marczewski, C. Z., "The Direct Complexometric
Determination of Metals in Unused Lubricating Oils and Additives
by Automatic Nonaqueous Potentiometric Titration," Analyst 98,
42 (1973).

W.12. Winefordner, J. D., "AFOSR Progress Report, September 1, 1973-
January 1, 1974." U. of Fla., Gainesville, Fla.

W.13. Winefordner, J. D., and Vickers, T. J., "Atomic Fluorescence
Spectrometry as a Means of Chemical Analysis," Anal. Chem. 36(1),
161 (1964).

W.14. Winefordnder, J. D., "Trace Spectrometric Flame Analysis and Gas
Chromatographic Detectors Related to Jet Engine Oil Analysis and

Gas Detection," Florida University, AD-769298.

200

R ~ h-



W.15. Winefordner, J. D., Ruigh, W. L., and Davis, W. 0., "Atomic Fluores-
cence Analysis and the Air Force Spectrometric Oil Analysis Program,"
Technical Report 1, Florida University, 41 pp, AD-684591, March 1969.

W.16. Wix Corp., "Diagnosis of Engine Ills thru Oil Analysis," Technical
Services Dept., Wix Corp., Gastonia, N.C.

W.17. Woods, H. P., "Trace Metals Analysis on Small Oil Samples," AppJ.
Spectrosc. 27(6), 490 (1973).

W.18. Wood, W. G., and Hathiesen, J. H., "Applications of Energy Dispersive

X-ray Spectroscopy in the Petroleum Industry," Finnigan Applica-
tions Tips: Q/M 38, May 16, 1974, 6 pp.

W.19. Wright, R. W., "Differential Oil Analysis by Infrared Absorption
Spectroscopy," AFAPL-TR-75-74 (1975), Air Force Areo-Propulsion
Laboratory (AFAPL/SFL), WPAFB, Ohio.

ii

201:

Ap

A2

z

Io



APPENDIX B

SAMPLE HYDROCARBON DATA REDUCTION

To illustrate the manner in which concentration values are
obtained from the raw data, the data reduction sequence is de-
tailed for the chromatogram shown in Figure 14 (JP-4 at 15 psig).

The output from the Autolab System IV integrator is con-
tained in Table Bl.

First the area values are converted to a common attenuation(103 x 8) which is the attenuation of the hexane calibration

curve (Figure 15). Previous experience has shown that the
attenuation correction is linear within the limits of injection
precision for the H-P Model 5750B used in the analyses. Attenu-
ation corrected data are listed in Table B2.

Next the area values are divided into two sets (indicated
by the line in Table B2) corresponding to the two portions of
the chromatogram on either side of the column switch. The FID
designation in Table B2 indicates the flame ionization detector
at which each peak is detected (see Figure 4). The total area
in each of these sets is obtained by summing the indi-idual peak
areas. The values obtained are:

Area at FID A = 24165 counts

Area at FID B = 52746 counts

The area detected at FID B must be corrected for baseline
rise and the impurity peak associated with the heating of the
Chromosorb 105 column (see Figure 14). The excess area associ-
ated with this correction is measured by planimetry. The value
obtained for the excess area associated with the baseline rise
and the impurity peak in Figure 14 is 8.313 square inches (at
10 x 64 attenuati3n). Converting to 103 x 8 attenuation giv- .,

•640 :
Planimeter Attenuation Correction = 8.313 (8g) = 0.665 sq in.

This value must be converted to integrator counts. The empiri-
cally determined conversion factor is 21983 counts/sq. in.
Therefore:

Planimeter Correction = (0.665 sq. in.)(21983 counts/sq. in.)

= 14619 
counts

This value is subtracted from the area detected at FID B to yield: h
Corrected TArea at FID B = 52746 - 14619 = 38127 counts
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TABLE B!. RAW INTEGRATOR DATA

Sample 12 3-4-75

Time, sec. Area, counts Attenuation

29 20288 103 x 8
60 3204
71 673

419 936 10 x 64
832 11436
860 1073
928 25280

1012 21208
1104 32482
1208 47708
1372 115585
1528 118486
1748 277546
2132 7581 I

TABLE B2. INTEGRAT3R DATA CORRECTED TO 103 x 8 ATTENUATION

Time, sec. Area, counts FID

29 20288 A
60 3204 A
71 673 A

419 75 B
832 915 B
860 86 B
928 2022 B
1012 1697 B
1104 2598 B
1208 3817 B,
1372 9247 B
1528 9479 B
1748 22204 B
2132 606 B
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Next the integrator area counts are related to an equivalent
mass of hexane (in Ug) by using the calibration curve (Figure 15).
This yields:

Hexane Equivalent at FID A =10.55 ug

Hexane Equivalent at FID B = 16.65 ug

The data must be corrected to account for differences in
the responses of FID A and FID B. Since the calibration curve
was obtained on FID A, the FID B data must be corrected by the
conversion factor:

Response FID A = (1.38) Response FID B

Therefore:

Corrected Hexane Equivalent at FID B = (16.65 ug)(1.38) = 22.97 g

These values are converted to concentrations in ppm (v/v)
by applying the ideal gas law:

V = Total Volume Sampled = 0.150 1s
P = 1 atm
T = 298 0K
R = 0.082 k.atm/mole OK

VH = volume hexane equivalent
g hexane equivalent
mol weight hexane

C H  Concentration (ppm as hexane) = H x 106
H VS

V nRT
VH = -RT

At FID A

V = [(10.55 x 10-6 g)/(86 g/mole)](0.082 £-atm/mole OK)(298K)
4H 1 atm

-3.0 x 10- ' k

02.0 x 0-  k x 106 = 20.0 ppm (paraffins)CH = 0. 150 k

204
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At FID B

V [(22.97 x 10-6 g)/86 g/mole)3(0.082 X'atm/mole °K)(298OK)
H 1 atm=6.53 X 10- 6

56.53 x 10-6 k
= 6.5 0 £ 106 = 43.6 ppm (oxygenated + aromatics)

When it is desirable to express these as ppm methane, the
values are multiplied by 6, giving:

Paraffins (unreactive) = 120 ppm as C

Oxygenates + aromatics = 262 ppm as C

g4 )
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APPENDIX C

MULTINOMIAJ DISTRIBUTION PROGRAM FOR STATISTICALLY
PREDICTING THE ABUNDANCES OF BASE STOCK

ESTERS IN MIL-L-23699 LUBRICANT

C
C MULTINOMIAL PRCBABILIrY PROBLEM
C PROGRARPER MS. K~ATHY FLAYLER
C R EQULSYOR MR. JOE BROOKS
C PROJECT NUMBER 200.3O00
C DATE FEB 76
C
C

INTEGER AtB.C.D.EIF
DIMENSION NA(l002,NBf1001*NC(100,
CALL FREMAT
LCR:1

LPR=5

K~1
W RITEILPR,510)
DO 10 L=1*2
J~ I

C
C READS X CONTRIBUTION.OEPENOCNCE,NUMBER OF BONDS PER MOLECULE
C

2 REAO(LCRo5002 N*PERCNT9NDEP
NNN,1

C
C PICK$ OUT ONLY USIQUE OCCURRENCES
C

00 3 NBsIMN
DO 1 NA1=1.NN
NBhJ)=NB1-l

NC(.J):N-(NA(J) +NB(J))
I F INC(J) *LT. 01 60 TO I
J:.J,1

1 CONTINUE
3 CONTINUE

NJ=J-l
I F (NOEP CEO. 1) 60 TO 15

C
C MULTINOMIAL PROBABILITY EQUATIONS
C

00 10 .J=1,NJ
VAL=(FLOAT(IPERMIN) 2/(FLOAT(IPERMNA(.2 2 *
IFLOAT(IPERM(NB(J)) 2FLOAT(IPERM(NC(J2 22.
2( .25*SNA(J2*..**NB(J2S.25**NC(J))
VALP=V AL aPERE NT
IdRITE(LPP,520) K.NAIJ).NB(J).NCIJ2,VAL.PERCNTVALP
K=K,1
SUM=SUM+V AL P

10 CONTINUL
15 NN~l

00 100 I=NNONJ
A=NA (I)
B=NB( 12
C:NC(I)
DO 1000 II:NN.NJ
D=NA( 112

F=NC( II)

VALR=IFLOATIIPERIP(N2)/(FLOAT(IPVPM(A22*FLOAT(IPERM(B2)*
IFLOATI1P&:NM(C))).(1.25..A..5*.8*.25*.CI
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VALLZ(FLOA1CIPER4(N) )/(FLOAT(IPERM(Ofl*FLOAT(IPERN(E)I.1FLOAT IIPERM F))l .(.25***.5**E..25..F)IF (A.EQ.O.AND.B.EQ.E.ANO.C.EQ.F) VAL=VALL*VALR
C
C MULTIPLIES By 2 ONLY IF LEFT SIDE NOT =RIGHT SIDE BECAUSE OF THE
C MIRROR IMAGE EFFECTCI

IF (A.NE.CV) VAL=VALL*VALAS2.
VA LP=V ALOPERCNT

%dRITE(LPR,530) K.AsBsCsDtE#F.VAL#PERCNT9VALP

SUMMVALP
1000 CONTINUE

100 CONTINUE
WRITECLPR*500) SUM
STOP

500 FORMATMV
510 FORtAT('1','COMB'.Tl10.'.T1S.'8'.Tg0.'C'tIB4OePROBABLlly.T55I

520 FORMAT(1X.12.TloIs.T15,1.oT20!1.T40.F8..T55F.2T65,
IF8.6)

530 FORMAT(lXI2,T10,I1,Tl5,i1,T2.~iT25.1,T3O~r1,T3591.74.o.F.6I
f. IT55#F4.2*T65sF6.6)

END
c
C FACTORIAL COMPUTATION SUBROUTINE
C

lk FUNCTION IPERM(N)
IPERN1l
00 1 I=1,N
IPERM=I* IPER"
CONTINUE
RETURN
END
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APPENDIX D

CIRCULAR PLOT PROGRAM FOR PATTERN
RECOGNITION STUDIES

C
C PROJECT NAPE. PATTERN RECOGNITION
C P OGRAMI*ER MS. KATHY FLAYLER
C R ECUESTORS MR. JOE BROOKS AND MR. BILL ROSS
C PROJECT NO.N 13;022;760.13-200.3060
C DATE WRITTE PAY 1976
C

INTEGER OIL130).OUART1;3),QUAki2.QUART3121.GUAPT.(2)
OIMENSIOJ X(1Co),Y(10D),X1i1BOI.YI11O)hNOPT(100)
DATA gU&KRa /'09.03610O VI
DATA QUART2 /*90*
DATA QUART3 1'1619'o 1/
DATA QUART. /271.10 If
LINaX
LOUT=5
LPLOT=12
IV=MSCFA(LPLOT.'PL' 3
CAIL PLOTSINDUM.NDUM*LPLOT)

C
C NSET =NUMBER OF OILS PER GRAPH
C NOPT(J3 U 0 AREA S
C NOPT(J) U 1 LOG AREA S

REAO(LIN.19O) NGRP
DO 2 KaXNGRP
READILIN.900) NSETS
REAO(LINs950) (NOPT(I),IZ1.NSETSI

C
C DRAWS AXES TIC MARKS AND BOX BORDER
C

CALL PLOT(0.90..3)
CALL PLOT (-4..-4..31
CALL PLCT(-4.v4..21
CALL PLOT(4...4.*2)
CALL PLOT(4.o-4.,21
CALL PLGT(-'4..-4.,2)
CALL PLDT(0..0..3)
CALL SYVbOL(4.2.O...2:,QUART2.0. .2)
CALL SYMOL(-.'.,W.2..21.QUARTl.0..6i)
CALL SYME'OLu-'.7,0., .21.QUART4.O..*)

CALL SYM8OL(--.4.4. .21.QUART5.O.,4)I
CALL PLOT(3..'..1.)
CALL PLOT(-6.1,0..2)
CALL PLOTIO.,-3.9,3)

CALL PLOTCG.-4.10,21

CALL PLOTIL'0..3)

C READ OIL DESCRIPTION AND SCALE FACTORCI
REAL, (LIN*r')003 OILNO.SCALEStFACT
CALL SYMbOL(-4.0.4.8. .21fOIL.0. .60)
CALL PLCT(O..0..3)
CALL FACTOR (FACT)

C REA' POLAR CDCRnXNATES
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D0 1 J=1.NSETS
TNAX=0.

00 5 I:1.NO

IF (I .EO. NO) 60 TO 5L
IF (NOPT(J) *EQ. 1) Ylll:yfI).1000.21 C
DO 10 I:1.tvo
IF (I .EQ. NO) X1EII0.

IF (I *EQ. NO) T1(I)u0.
IF (I EQ0. NO) 60 TO9

9 CALL PLOTfT1(I):Xl(I),2)

10 C ONT INUE

C LIST INPUT

IRITE(LOUTo1025) OIL
WRITE(LOUT.101,5)

NRITC(LOUT,1010) I.2C(I).YEI)

15 CONTINUEN
C LIST OUTPUT
C

WRITE(LOUT,1020)
00 20 IU!'NO
WRITE(LOUT.1030) I*XI(I)sYI(I)

20) CONTINUE
CALL PLOT(o..0..2)
CALL PLOTIO..0.2)

I CONTINUE
CALL FACTOR (1.0)
CALL PLOT(U0..0..-3)

2 CONTINUE
STOP

900 FORMAT(12)
950 FORPAT(I1)
990 FORMAT(12)

lOOC FORF-AT(3OA2.5.3.X.F..0.1X.F5.
2 )1005 FORmAT(F%.2.5X.F5.3)

1010 FORINAT(5X.I3.5X.F6.?.10X.F?.3)
1015 FORMATM5..POLAR CUORCIf:ATE PAIPS'//l
132C rORMqAT(///.RECTANGULAR COORDINATE PAIRS-,/)2025 'R"AT41I#.30A2,,) I
233P 6.RYATI5X.I3.5k.F9.4,5X.F9.4)
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APPENDIX E

USE OF CIRCULAR PROFILING TECHNIQUES IN GAS CHROMATOGRAPHY

William D. Ross, William J. Hillan, Kathy A. Flayler,
John V. Pustinger, and Joseph J. Brooks

Monsanto Research Corporation

and

Kent J. Eisentraut
Air Force Materials Laboratory

Introduction

Just as "a picture is worth a thousand words," a good graphic

presentation can serve to display clearly and effectively a

pattern or event embedded in quantities of data. When

properly displayed, complex data can be reduced to graphic

forms which are much more easily discerned by the human

mind. Where very similar and complex sets of data are to be

compared and subtle differences noted, the correct plotting

technique can readily ampli'fy these differences. This paper

describes the application of a circular profiling technique

to complex sets of chromatographic data. In one application,

visual patterns are created by applying a novel circular

plotting technique to the data. A further extension of the

technique demonstrates the use of computer-assisted pattern

analysis to identify and quantify constituents in a complex

mixture. Data obtained from gas chromatographic analyses

of synthetic ester-based lubricants are used to illustrate the

tech4iques.
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Experimental

The gas chromatographic analyses of the synthetic ester-

based lubricants were performed on a Hewlett-Packard Model

5830A chromatograph equipped with a dual flame ionization

detector. The following analytical conditions were used:

Column: 3% Dexsil 400 on 80/100 mesh Chromosorb
W, glass, 2 mm ID, 6.4 mm OD, 1.8 m long

Sample: 1 4 of n, 6.85 wt % synthetic lubricant in

methylcyclohexane

Flow Rate: v25 mi/mmn helium

Inlet Temperature: 3400 C

FID Temperature: 3400 C

Temperature Program: 180 to 3500 C @ 20 C/min

Chart Speed: 0.5 cm/min

Data were manipulated and graphically presented using a General

Automatio 3PC 16/65 computer equipped with a Calcomp 1627

plotter. -

gI
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Results and Discussion

Because of the wide variations in the compositions of various

synthetic ester-based lubricants and close similarities in

others, we have found it desirable to have some method of easily

recognizing the various lubricants to note subtle changes in

the same lubricants as a function of operation time and assess

their contributions in mixed lubricant samples. As a result,

we have examined .arious plotting techniques as potential aids

in analyzing the chromatographic data obtained from these

lubricants. We have developed a circular profiling technique

based on a unique method of displaying and condensing chromato-

graphic data. The result is a plot which produces a

characteristic pattern that is indicative of each of the

several different synthetic lubricants. This unique method

of plotting spatially concentrates chromatographic data in a

manner that facilitates the rapid visual comparison of data

contrasted with the usual method of evaluating chromatograms.

A similar approach was described recently for converting histo-

grams into polar grapaic displays.(1)

The recognition device is developed by a technique which produces

a circular plot by manipulating the chromatographic data in the

following manner: the retention times (R.T.) of the various peaks

are plotted circularly by relating thei to degrees through an ap-

propriate scale factor (S.F.) selected to maximize the use of the
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360 degrees in the circular plot area. For cur purposes,

since none of the retention times exceeded 90 minutes, a

factor of 4 was used to maintain a consistent scale for com-

parison of the various lubricants. The corresponding peak

area percent values are plotted linearly along the radii

emanatina from the center of the circle at the appropriateIA
number of degrees dictated by the retention times. To maximize

the use of the plot area, the area percent data are normalized

to the atea percent value of the largest peak in any particular

t data set, then multiplied by the radiLs of the plot area. The

t distinctive pattern is produced by a line originating at the

origin, sequentially passing through each of the data points,

and finally returning to the origin. Figure 1 is a schematic

representation of the plotting technique.

A computer program was written to manipulate the data. Fig-

ures 2-6 show both the computer-produced circular plots and the

conventional strip chart displays for chromatographic data from

a selection of five synthetic lubricants that conform to a

particular lubricant specification. The circular plots are

calibrated in 30-degree increments and labeled with the appropri-

ate retention times. It is immediately obvious that, although

teach of these lubricants qualifies under the same lubricant speci-

fication, their detailed chemical compositions vary greatly.

Lubricant I (Figure 2) is a mixture of numerous esters. Lubri-

cants II and III (Figures 3 and 4) are generically similar with

-fewer major constituents, while IV and V (Figures 5 and 6) are

& 213
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predominantly composed of one and two major constituents,

respectively. These characteristics are emphasized in the

circular plots, and the unique patterns provide an easy

method of distinguishing between the various lubricants.

The ability to easily identify a particular lubricant is

not, however, the most useful application of this plotting

technique, since, in general, differentiation could be made

on the basis of conventional chromatograms. A more valuable

benefit is obtained when this technique is applied to com-

pare very similar chromatographic data sets. In many

instances very subtle differences can be greatly accen-

tuated. An example of such a case is given in Figures 7

and 8. The chromatogram in Figure 8 differs from that in

Figure 7 by not having the very small peak at the position

indicated by the arrow. To note this very subtle difference

would ordinarily require close scrutiny by a trained eye.

However, the difference is so greatly enhanced by the circu-

lar plotting technique that its advantage, in this instance,

is immediately obvious.

In data sets like those for lubricants IV and V (Figures 5

and 6) where one or two major constituents predominate,

information which might be contained in the smaller peaks is

essentially lost in the normalization step of the circular

I
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plotting technique. In such instances it may be of value to

plot area percent values on a log scale to emphasize the

smaller peaks. This capability was added to the computer

program. Figure 9 shows the log plots for the lubricants in

Figures 5 and 6. To obtain these plots, the area percent

values were first multiplied by the appropriate power of 10

to convert the smallest value into a number which would

produce a positive logarithm. As in the case of the linear

plots, the log data were normalized to the largest value and

8multiplied by the radius of the plot area to maximize the

plot size. With these plots subtle changes in small peaks can

be more easily detected due to the improved resolution of

small peak features.

One of our reasons for examining circular profiling techniques

for chromatographic data was to aid in determining the compo-

sition of lubricants that were mixtures of several manufacturers'

products. Figure 10 shows the conventional chromatogram and

circular plot for a mixture consisting of 28.3 wt % lubricant I

(Figure 2) and 71.7 wt % lubricant II (Figure 3). The features

of the circular plots for both of these lubricants are evident

in the circular plot for the mixture. A visual estimate of

the percent contribution for each of the lubricants in the mix-

ture could be made, but at best this technique would produce

only semi-quantitative results.

215

:1 __ _____ ____ A

_5.



I

In order to achieve a more quantitative assessment of mixture

compositions, a computer-assisted circular profiling method

was developed. The computer recognition device is based on

the comparison of chromatographic data from a mixture with

a data base consisting of the chromatographic data sets for

each of the five reference lubricants (I-V). The mixture

data are compared with the reference data on the basis of re-

tention times ani peak heights in the following manner:

(a) Peaks exceeding the limit of the chromatogram and

those representing less than 0.05 area percent are

.4-

not included in the data sets.

(b) The retention time for each peak in the mixture is

compared with those of the reference lubricants data.

(c) A ratio of peak heights (mixture/reference) is

calculated when a correspondence to within ±0.2

minute is found between retention times in the re-

ference and mixture data sets.

The peak height ratios obtained by this method can have many

values depending upon peak coincidences and relative abundances

of the oils that make up the mixture. There should, however,

be a significant number of peaks in the mixture that are solely

due to one specific oil, and the ratios obtained for these peaks

should be reasonably consistent and represent the weight frac- p
tion of that oil in the mixture. These ratios will always be

less than one.
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Table I shows the results obtained from the comparison of the

previously described mixture (Figure 10) with the five pure

reference oils by this technique. Only two of the pure oils E-

have a significant number of peak height ratios falling in a V

narrow range (±5%). The comparison with lubricant 11 pro-

duces seven peak height ratios in the range of 0.718 to

0.792, while comparison with lubricant I yields thirteen peak

height ratios in the range of 0.248 to 0.312. A reasonable

respresentation of the mixture composition is obtained from

the mean values of these ratios. By this method, the compo-

sition of the mixture was calculated to be 75.2% lubr.:ant II

and 28.6% lubricant I compared to the actual values of 71.7%

and 28.3%. No consistent correlation was found between the

mixture data and the other three reference data sets. Of

particular interest is the lack of significant correlation with

reference lubricant III (Figure 4) even though it is closely

similar to lubricant II, the major constituent of the mixture.

This illustrates a high degree of specificity for the technique.

2
I
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Conclusions

We have found circular profiling techniques to be of value
in both visual and computer-assisted comparisons of chroma-

tographic data from the analysis of synthetic lubricants.

Some attractive features of these techniques include:

(1) Spatial concentration of data for ease in making

comparisons and hard copy storage.

(2) Optional logarithmic display of data to emphasize

smaller features.

(3) Elucidation of the composition of complex mixtures.

There are numerous other possible applications for these tech-

niques including any complex data set (chromatographic or

otherwise) for which comparisons with standards or other data

sets are required. The mass of data produced in the analysis

of environmental samples, fuels, and other multi-ccnstituent

samples by capillary column technology is ideally suited for

this type of treatment. The circular plotting technique may

be especially useful for visual presentation of such data to

the uninitiated observer, since, in general, the method of

spatially concentrating data facilitates the recognition of

subtle differences for the untrained eye.

This research was oponsored by the United States Air Force,

Air Force Materials Laboratory, under Contract F33615-75-C-1130.
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Table I

Computer-Assisted Mixture Analysis

Mixture Peak Height Ratios
R.T.(min) Lube I Lube II Lube III Lube IV Lube V

{a
4.26 0.248 a
5.73 0 . -

6.27 - - 0.531
7.57 -...
8.69 - 0.759 - --

9.78 - >T'F > 1.0 - > 1.0
13.95 - 0.731 - --

14.37 - - -

15.16 0.292 - >1.0 -

16.99 U > 1.0 0.857 -

18.04 0.444 - - > 1.0 -
19.81 .... > 1.0
21.21 - 0.763 0.943 > 1.0 -
22.21 - T > 1.0 > 1.0 -
22.87 - T - > 1.0 -
23.80 - - > 1.0 -
25.38 0.311 ....
26.60 TT" 0.875 - 0.963
28.20 - - - -

31.04 0.301 - - -
3 3 .9 3 0 . .... -
3 6 . 6 9 0 T -OW " ....
3 9 . 3 9 0 . 3 ....

42.07 T - - 0.696
44.61 2- - . 71449.66 OTMP ....-

AVG.b 28.6% 75.2%

a _ indicates no corresponding peak within ± 0.2 minutes

b_ average of underlined values
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Figure Captions

Figure 1. Schematic of Circular Plotting Technique.

Figure 2. Conventional gas chromatogram and circular plot of

lubricant I.

Figure 3. Conventional gas chromatogram and circular plot of

lubricant II.

Figure 4. Conventional gas chromatogram and circular plot of

lubricant III.

Figure 5. Conventional gas chromatogram and circular plot of

lubricant IV.

Figure 6. Conventional gas chromatogram and circular plot of

-lubricant V.

Figure 7. Conventional gas chromatogram and circular plo- of

synthetic lubricant with minor constituent indicated
i by an arrow (for comparison with Figure 8).

Figure 8. Conventional gas chromatogram and circular plot of

synthetic 7,abricant without minor constituent at the

arrow position (for comparison with Figure 7).

Figure 9. Log plots of data for lubricants IV (Top) arn V

(Bottom).

Figure 10. Conventional gas chromatogram and circular plot of

mixture of 28.3% lubricant I and 71.7% lubricant II.
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1. INTRODUCTION

1.1 PURPOSE AND SCOPE

The Colorimetric Iron Test Kit is designed to measure the amount

of iron in lubricating oils. It is specifically designed for

use on the flight line by technicians without scientific training.

This manual describes the principles of operation, pre-ope~r tional

procedures, use of the kit for iron analysis, maintenance, and

trouble-shooting.

1.2 CAUTIONS

Personnel using the kit must wear safety goggles during pre-

operational set-up and during operation. One set of goggles

is supplied with the kit. Additional goggles can be obtained

through normal supply channels.

Some of the reagents used in the analysis may be corrosive. Any

spills must be cleaned up immediately. Skin exposed to any

spills should be washed immediately with large amounts of water.

1.3 TOOLS REQUIRED

The kit is completely self-contained. No sp cial tools are

required for normal operation or for maintenance procedures

described in this manual.

23
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2. EQUIPMENT DESCRIPTION

The iron analysis test kit (Figure 1) is based on measurement

of the color of a solution formed by reaction of metallic iron

in a lubricant with a chemical reagent. The color is measured

by a spectrophotometer (Hach i~adel DR/2) after the necessary

reaction has been conducted by adding the reagents in sequence.

The reagents are contained, in the proper quantities, in plastic

tubes.

The spectrophotometer has been modified to meet the specific

requirements of the analysis for iron in jet engine lubricating

oils. The instrument is "locked-in" to the required wavelength

(530 nm) and the meter scale reads directly in parts-per-million

(ppm) iron. Figure 1 shows the kit with the contents labeled.

The carrying case provides storage space for 12 iron analysis

packets, safety goggles, the mixer and its timer. Stored in

the lid of the carrying case are the pipette for the oil, brief

instructions, and a color chart for visual comparison. The

color chart is to be used only on an emergency basis, in the

event of DR/2 spectrophotometer and back-up unit malfunction.

Also provided, but not shown, are the BLANK and lOppm standards

for instrument calibration.
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BRIE INSRUCTONSPIPETTE

D2MCRZING CASE BIFNTRTDICOLOR CHART

MIXER

MICRO IPES(Tissue)

ANLSSPACKE-TS

--- ~ TIMER

* HOLD DOWN SCREWS

a, *~ - CONTENTS OF PACKET

Figure 1. Colorimetr.Lc iron kit.
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There are three controls on the spectrophotometer.

The OFF-ON-ZERO SWITCH applies electrical power to the instrument

when set to the ON position. In the ZERO CHECK position, the

lamp is off, allowing the instrument to be electronically

zeroed.

The ZERO ADJUST is used to zero the meter when the ON-OFF-ZERO

SWITCH is held in the ZERO CHECK position. This adjustment

should be made at the beginning of each series of tests and

checked periodically thereafter. The light shield over the

test chamber must be closed to eliminate stray light.

The LIGHT CONTROL varies the lamp brightness. It is used to

standardize the instrument with the blank in the test chamber

and the OFF-ON-ZERO SWITCH set to the ON position. This

adjustment should be made before each series of tests.

Figures 2 and 3 show the interior wiring of the spectrophotometer.

II
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1. Line voltage plug

2. Power supply circuit board

, 3. Fuse

4. Power supply circuit board
connection BC-i

Figure 2. Power conversion.

hu *1 'i-3 :1' 1. Lamp cableI
2. Amplifier board connection~BC-4

3. Amnlifer circuit board

Figure 3. Spectrophotometer panel,
rear view.
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3. OPERATION

3.1 PRE-OPERATIONAL SET-UP

3.1.1 Power

The instrument is ready for use with 115-volt AC power supplies,

I but it can be converted for operation on 220-volt AC power by

installing the appropriate 220-volt line voltage plug. This

plug is located in a plastic bag taped to the bottom of the

4case in the instrument compartment. The plugs are stamped

115V and 220V, and can also be identified by the number of

jumpers: two on the 115-volt plug and one on the 220-volt plug.

If 220-volt power is to be used, install the 220-volt plug as
follows:

(1) Disconnect power to the instrument by pulling the

plug from the outlet.

(2) Unscrew the two hold down screws (see Figure 1) on

the spectrophotometer face. Carefully remove the

spectrophotometer and disconnect the AC power cable

from the power supply circuit board connection, BCl.

(3) Install the 220-volt line voltage plug (1, Figure 2).

(4) Reinstall the spectrophotometer by reversing steps

1 and 2.

It is also recommended that the instrument be left ON continuously

between readings.

The spectrophotoit.zr should be fully warmed-up before use in

analysis.
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3.1.2 Mixer and Timer

The mixer is turned on and off by the timer. The timer is hard-

wired into the spectrophotmeter and the mixer is plugged into

the timer box. The mixer should be left plugged in at all times.

The timer is set to the proper time by lifting the metal tab

and setting it to the desired time. To start the timer and
mixer, turn the black knob on the timer. The mixer will be

turned off when the black knob returns to the zero position.

Only two time periods, 1 and 2 minutes, are used in the iron

analysis.

3.1.3 Zero Adjustments and Standardization

Before running the first test, zero and standardize the

instrument as follows:

(1) Place the BLANK sample bottle in the test chamber

and close the lid.

(2) Zero the instrument by holding the ON-OFF-ZERO

SWITCH in the ZERO CHECK position while using the

ZERO ADJUST control to obtain a zero transmittance

reading (needle aligned with the orange mark at

extreme left of the meter scale).

(3) Standardize the instrument by setting the light

switch to ON and adjusting the LIGHT CONTROL so

the needle is aligned with the yellow mark at the

extreme right of the meter scale. The instrument

is now ready to measure samples. Be sure the light

shield is closed before each measurement.

NOTE: The zero adjustment and standardization should be checked

before every test during the first 30 minutes of operation.
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3.2 ANALYSIS PROCEDURE

Read this section carefully before beginning any tests. 7he

procedure is simple, but the directions must be followed

exactly. You must wear safety goggles provided in the kit.

If you spill any reagent on your skin, immediately wash the

affected area with water.

Figure 1 shows the items necessary 4': perform the iron analysis.

The following describes the procedure in detail:

*Before Beg.innina the Test*

* Put on Safety Goggles I
* Remove vortex mixer from the case.

Plug in and turn on the spectrophotometer.
Do not perform the test over the spectro-
photometer or its case.

i. Prepare Sample and Pipette

(Figure 4)

. Shake oil sample vigorously.

Remove contents from zip-
lock bag.

.* Press new pipette tip
- firmly onto pipette (make

sure it is flush against
lip of the pipette).

I

Figure 4. Installing new pipette
tip.
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2. Pipetting Oil Samples
(Figure 5)

. Depress pipette plunger.

*Place tip of the pipette
(narrow section only) in
the oil and release
plunger.

again (expelling all of

the oil).
Release plunger, allowing

tip to fill completely.

Q l . Withdraw pipette from oil.

0 . Gently draw tip of pipette
across lip of oil bottle
(to remove excess oil from

Figure 5. Pipetting oil sample. the outside of pipette
tip).

3. Add Oil to Square Bottle
(Figure 6)

Completely depress
plunger.

* Touch tip off to side of
square bottle.

" * Screw the solid cap on
the bottle.

Figure 6. Adding oil to square
bottle.
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4. Shake Square Bottle on Mixer
(Figure 7)

- Place square bottle in
foam holder.

. Start mixer by turning
time to 2 minutes.

T: .+J"

II
I, +v

Figure 7. Shaking the square
bottle.

5. Eject Pipette Tip(Figure 8).

*Press hard on plunger
until tip pops off.

. Gently pull tip from
Teflon plunger.

* Wipe off Teflon plunger
with tissue.

Figure 8. Ejecting pipette tip.
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6. Cut Tube 1 Tip (Figure 9)

Remove cap from square
bottle.

* Cut off Tube 1 tip at
cap liner.

CAUTION: Use ONLY the
stainless steel scissors
provided with the kit.
When cutting tubes, hold
them upright and point
away from your face.

Figure 9. Cutting Tube 1 tip.

7. Add Contents of Tube . and 1A
(Figure 10)

Being careful not to
squeeze the tube, screw
the elastic cap con-
taining Tube 1 onto the
square bottle.

. Squeeze the tube one time.

Remove Tube 1. (Squeeze
"tube firmly and pull).

Cut off Tube 1A tip and
insert in cap liner (push

'IX - . down firmly so tube snaps
into position).

____Squeeze the tube one time.

Start the mixer by turning

the timer to 1 minute.
Figure 10. Square bottle with

tube 1 on mixer.
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8. Cut Tube 2 Tip (Figure 11)

Leave square bottle on
mixer.

Remove Tube 1A from the
bottle. (Squeeze tube
firmly and pull.)

Cut off Tube 2 tip just
behind white plug.

CAUTION: Leave as much of
the tip on the tube as
possible.

Figure 11. Cutting Tube 2 tip.

9. Adding Contents of Tube 2
(Figure 12)

-AP'. - Insert Tube 2 into cap h
liner. (Push down firmly
so tube snaps into posi-
tion).

. Squeeze tube one time.

(Start mixer by turning
timer to 1 minute).

Figure 12. Square bottle with
Tube 2 on mixer.
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10. Cut Tube 3 T.- (Figure 13)

* Remove square bottle
from mixer.

Remove Tube 2 (squeeze
tube firmly and pull).

. Cut off one-half ofTube 3 tip.

CAUTION: Leave as much tip

as possible on the tube so
it will fit into the cap
liner.

Figure 13. Cutting Tube 3 tip.

11. Insert Tube 3 Into Cap
Liner (Figure 14)

. Tip bottle and Tube 3
slightly.

Insert Tube 3 firmly
into cap liner.

IIC

Figure 14. Inserting Tube 3
into cap liner.
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12. Add Contents of Tube 3
(Figure 15)

. Squeeze tube two times
(allow tube to expand

y between squeezes).

CAUTION: For accurate
results, the entire con-

j " -. tents of Tubes 3 and 4
must be added to the square
bottle.

V

Figure 15. Adding contents of
Tube 3.

13. Add Contents of Tube 4
(Figure 16)

Follow steps 10, 11
and 12 usiag Tube 4.

NOTE: The contents of

.4 Tubes 3 and 4 are
identical.

Figure 16. Cutting Tube 4 tip.
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4 14. Mix Final Solution (Figure 17)

. Remove cap, cap liner and
tube. (Leave Tube 4 in- 

p., -  serted in cap liner forj °easy removal).

4 ~muv 4 . .Screw solid cap onto
square bottle.

. Slowly invert bottle three
times.

-Return to upright position.

Allow the bottle to stand
undisturbed while doing
steps 15 and 16. (Approxi-
mately 2 minutes).

CAUTION: Do not shake the
square bottle--fter adding

Figure 17. Mixing final Tubes 3 and 4.
solution.

15. Zero the Instrument
'.. ~(Figure 18)

W *" Place bottle marked BLANK
in test chamber (arrow on
.ap pointing toward arrow
on instrament).

.Close test chamber lid.

Hold toggle switch to ZERO
CHECK position while. turning the ZERO ADJUST

control so needle comes
to rest over the orange
mark at left end of

Zeongtemeter scale.

~Figure 18. Zeroing the

instrument.
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16. Standardize the Instrument
(Figure 19)

* Witn BLANK in test cell,14 ,turn toggle switch to ON.

* Adjust LIGHT CONTROL so
needle comes to rest over

yellow mark at right end

4, 

of meter scale.

P ace 10 ppm standard in

test cell and note reading.

The meter should read
10±1.

Figilre 19. Standardizing the

instrument

17. Testing Sample (Figure 20)

Place sample to be tested5 in test chamber (arrow on

cap pointing toward arrow
on instrument).

CAUTION: Wipe bottle with
tissue if outside walls are
dirty.

Close test chamber lid.

-" .... Allow 15 seconds for meter

A- needle to come to rest.

Take reading and record
- non data sheet.

-Return tubes, pipette
tip, square bottle and
used tissue to zip-lock
bag for disposil.

Figure 20. Testing a sample in
the spectroohotometer.

247



F --~

3.3 TROUBLE SHOOTING

The following is a list of possible problems and the cause/cure:

Problem Cause/Cure

Cloudy red layer Bottle inverted too vigorously

after addition of tube 4. Allow

to stand undisturbed until clear,
or rerun the test.

No red color Tube 1 or 2 not added or oil

contains no iron. Rerun the test.

Less than normal Contents of one of the tubes not

amount of red layer. completely delivered. Rerun the

test.

Tubes 1 or 2 fall a) Tip cut olf too short (Tube 2).

from cap during b) Tube not fully inserted into

shakinga cap liner. Reinsert tube.

Mixer not shaking. a) Timer not set. Set timer to 1

or 2.

b) Mixer not turned on. Depress

button on mixer.

248

-- n __T2



4. MAINTENANCE

4.1 CLEANING

The spectrophotometer, mixer, sample cells, and instrument

case must be kept clean at all times. Spills should be wiped

up promptly. The photocell window, located in the right-hand

side of the cell holder should be wiped with lens tissue or the

microwipes (tissues) included in the kit.

4.2 LAMP REPLACEMENT

When the spectrophotometer lamp needs to be replaced, the

entire lamp assembly, which includes the bulb, lead wires and

plug, should be replaced as follows:

(1) Disconnec"- power to the instrument by pulling the

plug from thie outlet.

(2) Unscrew the two hold down screws (see Fi 21) by

pulling the plug from the outlet on the spectro-
photometer face. Carefully remove the spectrophoto-

meter and disconnect the AC power cable from the

power supply circuit board connection BC1. (4, Figure

22)

(3) Remove the spectrophotometer panel and lay it face

down on a protective mat. Disconnect the lamp

cable (1, Figure 23) from the amplifier board

connection BC4. (2, Figure 23)

(4) Loosen the setscrew in the lamp holder and extract

the lamp.
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HOLD DOWN SCREWS
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1. Line voltage plug

2. Power supply circuit board

, 3. Fuse

'.f 4. Power supply circuit board
*- connection BC-I

Figure 22. Power conversion.

hILI A'
~~ 1. Lamp cable

4 2. Amplifier board connection
BC-4

3. Amplifer circuit board

Figure 23. Spectrophotometer
panel, rear view.
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(5) Install the replacement lamp assembly in reverse

order of removal. The lamp must be aligned with the

lamp filament positioned vertically, and placed as

far in the lamp holder as possible. Check the align-

ment of the lamp after the instrument is reassembled

as follows:

(a) Place a piece of white paper in the cell

holder.

(b) With the light switch ON, bring the bulb fila-

ment image into focus on the paper. Proper align-

tent gives a green vertical filament image.

(c) Position the filament image by rotating the
bulb within the lamp holder. Avoid over-

tightening the bulb setscrew. Bulb damage

could result.

4.3 FUSE REPLACEMENT

Replace the fuse as follows:

(1) Disconnect power to the instrument by removing the
plug from the outlet.

(2) Unscrew the two hold-down screws (see Figure 21)

on the spectrophotometer face.

(3) Carefully remove the spectrophotometer and disconnect

the AC power cable from the power supply circuit

board connection BCI. (4, Fig. 22).
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(4) Remove the spectrophotometer panel and lay it face

down on a protective mat.

(5) Remove the old fuse and insert a new 3AG, 1/4A,

115V fuse.

NOTE: One extra fuse is located in the plastic

bag taped to the bottom of the case in the instrument

compartment.
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ADDENDUM

During the latter stages of this contract, further research was
conducted on Task II to improve the ability of the colorimetric
method to analyze particulate iron. This addendum summarizes the
results of this work.

The use of aqua rpgia as a possible alternative to sulfuric acid
was investigated after the suggestion of Dr. Costy Saba. 3N aqua
regia was prepared as follows:

Concentrated aqua regia - 82 mL HCI + 18 mL HN03
Allow to stand at least 48 hours.

3N aqua regia - 25 mL concentrated aqua regia + 80 mL
distilled H 2 0

The procedure used in this work was the 4 step method described
previously. Actual used oils and a suspension of iron powder inMIL-L-7808 oil were analyzed using the aqua regia. The first

and second columns of the table below display comparative results
for 12 used oil samples analyzed by the colorimetric method using
3N H2 S0, and 3N aqua regia. The aqua regia data were significantly
higher than the H2SO data for six of the samples. A 20 ppm iron

powder suspension of UDRI-l in MIL-L-7808 oil was analyzed 12
times using 3N aqua regia. The average of the 12 results was
17.0 ppm, the standard deviation was 1.89 ppm, and the range was
5.8 ppm. The standard deviation and range values were much higher
than expacted based on our previous work.

In the course of this study it was determined that the isoamyl
alcohol used for the comparison of sulfuric acid and aqua regia
was discolored. When the discolored isoamyl alcohol was used in
the analysis of the iron suspension, h3 ;her results were obtained
than with normal (colorless) isoamyl (17 vs 7 ppm). The same
sample when analyzed using 3N H2SO4 and the discolored isoamyl
alcohol gave 18.5 ppm but gave only 0.4 ppm when normal isoamyl
alcohol was used. Gas chromatography/mass spectrometry (GC/MS)
was performed on the discolored isoamyl alcohol to determine im-purities. The following impurities -were detected in the dis-

colored isoamyl alcohol but not in the normal alcohol: methyl
propanol (7000 pg/mL), butanol (6500 ug/mL), butyl formste
(5900 pg/mL), normal-amyl ether (2500 Lg/mL), isoamyl acetate
(900 pg/mL) and methyl pyrazine (350 pg/mL).

The third column of the table displays the colorimetric results
obtained by substituting methyl isobutyl ketone (MIBK) for
isoamyl alcohol when using 3N aqua regia in the colorimetric
method. Six samples gave lower results when compared with the
aqua regia/isoamyl alcohol data and five of the six were the same
samples that qave higher results for the aqua regia compared to
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Fe content, ppm
Sample H2S04 / Aqua regia/ Aqua regia/ Particle
number isuamyl isoamyl MIBK Independent

P-81 4.6 5.2 4.6 6
P-86 7.0 6.8 6.4 10
P-88 31.0 37.0 32.0 42
P-91 14.2 13.0 16.2 19
H-58 3.0 $.5 4.2 3
H-63 23.5 23.5 14.5 25
H-65 14.2 23.5 12.8 18
F-18 31.0 135 45.6 132
F-23 60.0 67.0 45.0 64
F-37 5.0 5.1 5.1 13
F-39 18.5 31.0 30.0 33
GE 14.0 63.0 51.6 -

the H2 SO 4 data. The 20 ppm iron powder suspension of VDRI-l in
MIL-L-7808 oil was analyzed tqn times using 3N aqua regia and
MIBK. The average of the ten results was 12.7 ppm, the standard
deviation was 2.74 ppm and the range was 8.1 ppm. The MIBK pre-
vented emulsion formation as well as the iscamyl alcohol.

The data reported in this section is preliminary in nature and
should be treated as such. The 3N aqua regia gave higher results
for the iron powder suspension and for 6 of the 12 used oils
analyzed than did the 3N H2SO4 . However the standard deviation
resulting from the repetitive analysis of the iron powder suspen-
sion was pocr. The substitution of MIBK for isoa-.yl alcohol
would have to be studied furthe- before conclusions could ne
drawn.

V255
~U.S.Govornmntn Printino officee: '980 - 657 084/759


