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INTRODUCTION AND BACKGROUND

Ihe U.S. Government operates the largest single ground-vehicle fleet in the world,
including materials handling and automotive support equipment. The U.S. Army has the
custodial responsibility for the principal automotive engine lubricant specifications''>*
under which the Federal Government purchases engine oils for its civilian and military
ground vehicle fleet. In addition to this enormous engine o0il responsibility, the Army also
develops and maintains specitications for the procurement of gear oilsV, arctic engine
oils™ Y, and hydraulic oils®” for use in DOD ground-powered military equipment, and in
Army aircraft systems. Knowledge of lubricant nature, product quality, basic composition,
and performance characteristics is essential for the Army to write the most meaningful
specifications for government product procurement purposes. Product guality control,
quality assurance, and used-lubricant analyses are three of the critical lubricant functional
aspects in which state-ot-the-art chemical analysis must be applied if the best interests of
the government as a lubricant end-user are to be satisfied.

Many routine chemical analyses developed in industry and government are directly
applicable to certain of the lubricants the government uses in noncombat ground-vehicle
service or support equipment (i.e., purchaed under specification MIL-L -46152),
However, the requirements and needs of the Army and DOD ground-powered combat/tac-
tical fleet and support equipment are entirely different from those in the civilian and non-
combat sector. For example, one specification'’ lubricant is designed to satisfy a wide
variety of engine types operating under varying conditions, unique to the military. Specific
severe operating conditions include: frequent long periods of engine idling, short vehicle
trips, or engine shutdown; unintentional or inadvertent use of wrong specification pro-
ducts: mixing of several different suppliers’ products and viscosity grades (qualified under
the same specification) in many engines, such that when there is an unusual problem, it
becomes difficult to identify the specific lubricant(s) being used; and the widest
environmental temperature and climatic variations, including frequent trips into sandy,
dusty and snowy areas.

Until the early 1960’s, the U.S. Army procured and used relatively simple lubricants
compared with those materials being offered as a result of the modern lubricant formula-
tion technology of the 1970’s. It was common for the Army to purchase single grade, con-
ventionally formulated mineral oils of variable quality level, depending on the performance
requirements of the equipment in which the lubricants were to be used.

In the mid-1960"s the Army recognized the benefits of using multiviscosity grade
engine oils and quickly adapted these oils™ for noncombat-type vehicles (i.e., GSA
Interagency motor pool sedans and pickup trucks; U.S. Postal Service trucks and sedans;
and DOD commercial trucks and sedans). These multigrade oils, with their high mofecutar
weight polymers added for high-temperature thickening purposes, introduced the first ot a
series of complex problems to the government. This was due to the nature of the polymeric
thickening material (generally referred to as a viscosity index improver). While industry and
the civilian sector had been using these multigraded oils for a decade or more, the fact

*Superscript numbers in parentheses refer to references at the end of this report.




remained that the government was only beginning to purchase these types of oils in the mid-
1960’s. Viscosity index improvers are high molecular weight straight-chain/cross-linked
polvmeric materials which undergo varying degrees of shear degradation in service and lose
some (or all) of the viscosity improvement capability they are intended to impart to the
finished lubricant. From an analytical standpoint, these materials present problems of iden-
titication (1.¢., polar and nonpolar blends) and separation, because of the critical solubility
of the polymeric improvers, particularly it the lubricant is a used sample and possibly was
mixed with another supplier’s oil in the field.

Lubricant formulation technology has continued to advance (and become more com-
plicated) since the mid-1960's, at which time the Army turned to synthetic-based arctic
engine oils. The difficult requirement of low-temperature fluidity coupled with good high-
temperature performance in modern high-output diesel engines necessitated the develop-
ment™!'" of a new arctic engine oil specification®> designed around the use of synthetic
lubricants as problem solvers. More recently, the 1973 Middle East oil embargo and the
consequent advent of so-called long-life or extended drain and no-drain synthetic crankcase
lubricants''' '*" has required the Army to intensify chemical analysis research and develop-
ment for the purposes of lubricant characterization.

The properties and physical performance characteristics of many synthetic and
mineral-based lubricants have been presented and discussed."> ' 1t is the intention of the
current report to place in perspective a part of the Army's experience primarily with ground
vehicle engine lubricants so as to illustrate the impact synthetic and hybrid oil base stock
has had on the analysis of new and used engine oils.

Il. SPECTROMETRIC OIL ANALYSIS PROGRAM

A. Fleet Tests

During the mid-1960’s, interest in the analysis of used engine oils from military ground
equipment (that is, trucks, tanks, generators, and so forth) had been in large part due to the
application of the Army Spectrometric Oil Analysis Program (ASOAP) to aircraft engine
maintenance.'™

During fleet tests sponsored by the U.S. Army Coating and Chemical Laboratory (this
was disestablished in June 1974 and the function transferred to become part of the Energy
and Water Resources Laboratory at MERADCOM) in 1967-1969, the engine and gear oils
were sampled and analyzed in support of broadening the application of ASOAP (o include
ground vehicles. (1?20

While ASOAP relied specifically on metals analysis of used lubricant samples for wear
level evaluations of oil wetted engine and gear components, applications of ASOAP (o

diesel and gasoline engines required more comprehensive analysis.

Contamination and deterioration due o a combination of ftuel dilution, blowby




products, and engine operating parameters result in a complex analytical situation where
many oil properties can change in service, some of which changes were more meaningful
than others.

B. Standard Analytical Methods

Standard test procedures outlined in Table 1 were and are used to provide data from
engine oil drain samples. A casual consideration of the tests contained in Table 1 would
lead correctly to the conclusion that synthetic base stock would not impair these procedures
whether the sample is new or used.

TABLE . TEST PROCEDURES

Test Description Dcsigna(ion(::
Viscosity D-445
Flash Point D-92
Pour Point D-97
Total Acid Number D-664 or D-2896
Total Base Number 12896
Pentane & Benzene Insolubles D-893
Carbon D-524 or D-189
Sultur D-129
APl Gravity D-287
Copper Strip Corrosion D-130
Steel Strip Corrosion D-130
Sulfared Ash D-874
Fuel Dilution D-322

C. Modern Analytical Methods

Modern analytical techniques, which have not been standardized, have been used to
measure metal concentrations, chemical reactions,  diesel fuel dilution, and other
characteristics in engine oils.

lhese nonstandard methods include infrared spectrometric analysis, gas
chromatography, and various metal sensitive spectrophotometers and spectrometers. More
than casual consideration as to base stock impact must be given to these test methods.

1. Infrared Spectrometric Analysis

Lubricants, both new and used, yield spectral absorption traces in the infrared
(IR) region of the electromagnetic spectrum from 600 to 4000 cm™, which can be used both
qualitatively and quantitatively to describe chemical differences and changes.
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Ihe most commonly utitized IR technique is reterred (0 as ditterential infrared
(DIR) and has been applied 1o used oil analysis by Frassa and associates."**" This techni-
que involves the use of a dual beam infrared spectrometer and matched (of the same sample
thickness) solution cells.

An alternative method, the direct absorption technique, eliminates the need for
using matched solution cells. Demountable sample cells, utilizing lead spacers to form a
sample cavity, are completely dismantled, cleaned, and polished between cach run. Some
variance in the thickness of lead spacers, as well as some ditficulty in measuring the depth
of the sample cavity, requires use of the interference method*®' to determine cell thickness.
This cell thickness must be determined, since the spectral resules are reported in absorbance
per centimeter.

Figure 1 contains spectra obtained by both the differential and direct intrared
techniques tor a used oil, and il'ustrates the comparable results obtained by the two
methods. Using the direct infrared absorption technique, the dashed line in spectrum A
(Figure 1) is of the new oil, and the solid line is from the same oil after 3800 miles of service.
In spectrum B, illustrating the ditferential technique, the dashed line is from the new oil in
both reterence and sample cells. The solid line in spectrum B is a differential of the new oil
and the same oil after 3800 miles of service. Calculation of the oxidation products present
in the used oil by the base line technique gives essentially the same result by both the dit-
terential and the direct intrared techniques.

Table 2 lists the frequencies assigned to particular molecular species found in new
and used mineral oil-based lubricants. Interterences will be noted for some compounds, as
indicated in column 6 of Table 2, which shows the overlapping frequencies that can occur.
T'he sensitivities, as determined by using a 0.0025-¢m cell, are tabulated in column 5. These
calculations were based on calibration standards for water, glycol, and additives prepared
in new oils, while the reaction products were calculated utilizing used lubricant.

Fuel contamination may in some cases be detected by infrared by the measure-
ment of out-of-plane deformation vibrations due to aromatic C-H bonds. The considera-
tions here are that the fuel has sufficient aromaticity and that the lubricant be primarily
saturated. In actuality, however, this idealized situation is not realized.

A 1966 tuel survey” " indicated that the range of aromaticity in 78 (No. 1 and No.
2) diesel tuels varied trom 12 to 38 percent. A similarly large range in aromatic content also
occurs in gasolines. This wide spread would cause difficulty in accurate dilution calcula-
tions utilizing aromatic absorptions. Also, aromatics have different absorption frequencies
and ditferent absorptivities, depending upon their structural arrangements.

Some correlation work has been done using 20-percent fuel bottoms. This was
successful, but only to the extent that the fuel contained a high aromatic content and the
same fuel and lubricant systems were maintained. This technique could be developed for a
specific application where a fleet is utilizing a single fuel of high enough aromaticity and a
single lubricant not containing synthetic base stock of the polyalkylated benzene type.

8
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FABLE 20 INFRARED SPECTROPHOTOMETRY OF LUBRICANTS ABSORPTIONS AND INTEREFERENCES
g / Secondary
Fiigag ' S . Type of Diagnostic
Absorption (cm )  Adsorption (cm ) Vibration Significance Sensitivity * Interferences
3300-3500 1600 O-H stretch water 0.05% vol  Glycol, oxidation
1700-1750 1100-1200 C=0 stretch Viscosity improver  0.2% wt Oxidation
1700-1750 1100-1200 C=0 stretch Oxidation 1 A/cm Viscosity
improver
1630 1270 N=0 stretch Organic nitrate 1A/cm Alkenes
1100-1200 e 503 assymetric Sulfonate detergent 0.2% wt Oxidation
1040 3300-3500 C=0 stretch Glycol 0.2%"* vol ~ Oxidation
1080 3300-3500 C-0 stretch Glycol 0.2% vol Antioxidant
950-1050 = P-0-C Zinc dithiophos- 0.2% wt Aromatics
Asymmetric phate
stretch
500-1000 1600 C-H out of plane Fuel dilution Indeter- Unsaturation
deformations of minate in lubricants

aromatics

" Based on a cell thickness of 0,0025 cm.

=1 =
when absorbances at 1040 cm ~ and 1080 cm  are added together.
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Insoluble particulate material, commonly found in used diesel or light service
spark ignition engine lubricants, adsorb and scatter the infrared radiation and thus effec
tively remove the energy from the sample beam. These particulate materials are primanly
sludge and carbon particles from incomplete combustion, and may be separated by any of
several techniques such as filtration, solvent dilution, and ultracentrifugation. Filtration
has generally failed to give desired results, since cither the fine pore size filters plugged im-
mediately or the larger pore sizes failed to remove the insolubles.

By far the most promising approach has involved the centrifugation at speeds
equivalent to forces in excess of 30 kgf. The centrifuged samples can then be analyzed by
infrared as well as by other techniques. Figure 2, spectrum A, shows IR absorption spectra
that were obtained before and after centrifuging a used lubricant which was high in insolu-
ble particulate material. The dashed line in spectrum A is of the used lubricant before cen-
trifugation, and the solid line is of the same sample after centrifuging for I hour in a Sorvall
ultraspeed centrifuge at 30 kgf. The characterisuie high absorption at 4000 c¢cm Iand
background slope of the spectrum of the used oil have been eliminated in the spectrum of
the oil after centrifuging. In spectrum B, the spectrum of the used oil after centrifugation
(solid line) is compared to the spectrum (dashed line) from new oil, which allows inspection
for additive bond changes, oxidation, and other changes without the problems imposed by
the initially high particulate matter content.
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FIGURT 2 THELEELCT OF ULTRACENTRIPUGATION ON A USED DIESEL TUBRICANT

Figure 3 is an infrared spectra of an ester-based engine oil (SAE viscosity grade:
10W-30) which clearly demonstrates the impact that this type of material has on the inter-
pretation of used oil properties (particularly at 1200 and 1750 ¢cm ). The only synthetic
lubricant base stock which does not interfere with infrared interpretations is that made up
of poly-alpha-olefins such as the oligomers ot decene-1.
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Fuel Dilution By Gas Chromatography

As was discussed in an earlier section, infrared analysis does not provide for deter-
mining fuel dilution if the fuel does not contain sufficient aromatic hydrocarbons, which is
true with many diesel fuels. A rapid gas chromatographic (GC) technique can be used 1o
evaluate fuel dilution due to gasoline, diesel, or compression ignition-gas turbine fuels if
the oil is sufficiently nonvolatile. Volatility measurement is independent of the chemical

nature of the lubricant base stock. However, for a given viscosity grade, the volatility of
mineral oil-based stocks. Gas

2

ester-base stocks will be much lower than that for
chromatographic operating conditions have been chosen for each type of fuel such that:

The instrument inlet, column, and detector are maintained at constant

temperatures.
b. A single peak from the fuel in the oil is obtained with the areca of the peak
being measured and used as an index of the fuel dilution.

A distillation residue from the fuel used in the engines is used for calibration.

Based on a 1957 ASTM survey®® of gasoline engine crankcase oil dilution tests, it was con-
cluded that a 20- to 25-percent distillation residue was commonly present in used gasoline
engine oils. Similar data are not available for diesel engine used oils; however, Davis and
Luntz®” have reported that the 25-percent distillation residue from commercial **all year™
railroad diesel fuel is characteristic of the diluent found in used diesel engine oils subjected
2 is probably much

to normal operation. Although use of a 25-vol % residue from DF-
lower than is realistic, it can be used for semiquantitative analysis, which would allow

monitoring of changes more than of absoluic quantities.

11




More recently, GC methods incorporating internal standards have been used to
determine fuel dilution and are discussed later in this report.
3. Metals By Instrumental Methods
To varying degrees, atomic absorption spectrophotometers, atomic emission spec-
trometers, and more recently X-ray fluorescence spectrometers have been employed for
rapid metal analyses of oils.
Table 3 is a listing of the usual wear, contamination, and additive metals found in

engine oils. The specific sources of the metals in Table 3 are dependent on engine compo-

TABLE 3. METALS IN ENGINE OILS

Wear Contamination Additives

Ee Si p

Pb ¢——— > Pb Zn
Cu B Ve=—c—— 3B

Cr Calea 5 CH

Al ¢——— Al Ba

Ni Na¢——— 3 Na

Ag Mg

Sn

nent metallurgy, type of fuel, and lubricant formulation, such that some of the metals can
be from multiple origins. To cite a few examples:

a. Pbis a ‘“‘wear” metal from bearing inserts containing lead and is also a
“‘contaminant’’ from leaded gasoline.

b.  Aluminum is generally from aluminum piston and aluminum alloy wear, but
is also present from dust and dirt contamination.

¢.  Boron is generally a contaminant from engine cooling liquids containing
boron, but has also been used in some qualified engine lubricants as part of
the additive package.

d. Calcium generally is present as an oil ‘‘additive’” in the form of a
detergent-dispersant, but can also be from coolant and external water con-
tamination as well as from dust ingestion at some locations.

While the known physical and matrix differences (especially viscosity) between
used oil samples affect the accuracy of metals analysis, no demonstrated eftects due to base
stock type (mineral versus synthetic) have been demonstrated except for X-ray fluorescence
which is dependent on elemental matrix effects which would be present to differing degrees
in esters but not poly-alpha-olefins which closely resemble the mineral oil containing metal
standards.




D. Fleet Test Qil Analytical Data Results

A complete compilation of the large bulk of analytical data obtained for the engine
and gear oil samples during the 1967-1968 fleet test program is contained in a special
report." Utilization of some of the nonstandardized test techniques emploved in this
studv! % included the following essential considerations:

) g

(n

(2)

4

(5)

Comparison of metal concentration data from three laboratories indicared that
accuracy ot analysis was a problem from both procedural and interlaboratory
standpoints, although precision within a laboratory permitted the monitoring of
trend changes in metal concentrations for diagnostic purposes.

The direct infrared absorption technique, cemploying a demountable cell,
climinated the necessity of maintaining cells in matched condition. High-speed
centrifugation was used to clarify optically dense oil samples.

A technique involving gas chromatographic single peak analysis of gasoline,
diesel, and CITE®Y fuel dilution was developed to provide a rapid method of
monitoring fuel dilution changes.

Particulate matter size distribution was determined by a microfiltration procedure
described by Frassa and associates®**> with the exception that the pentane-
diluted sample was filtered through three consecutive filter pore sizes (5, 1.2, and
0.22 p) to give four weight distributions: > 5, > 1.2, but less than S x, > 0.22
but less than 1.2 y; and total weight percent, >0.22 u.

Dispersancy was determined by blotter spot test® using one drop of oil (at room
temperature) on Whatman No. 40 filter paper (horizontally suspended).

Analyses of oils from 20,000-mile road tests of 24 Army general-purpose vehicles pro-
vided an evaluation of the significance of spectrometric oil analysis techniques.' The
results of this evaluation allowed the following observations to be made:

(h

(2)

Bearing insert failures:

a. Failures were more readily predicted than other tyvpes of component failures
in diesel engines, on the basis of lead, copper, and iron concentrations in the
oils.

b.  Failures were not readily predicted in two gasoline engines for the following
reasons: contamination of the oil with lfead from the fuel, lack of copper in
the bearing overlays, and possibility of iron originating from other
components.

Wear rates were not directly related o wear metal concentrations because of
variations in:

13




A, Oil consumpuion, drain period, and or wear imetal suspension propertices.

b.  Type of wear in that distinctions between normal wear and scuffing,
scratching, and  or scoring could not be made.

(3) Coolant leaks and dust ingestion were readily detected through analysis for
stlicon, boron, and or sodium. Concentrations greater than 0.05 vol % for warter
and greater than 0.2 vol 6 tor glveol can be determined by infrared.

() Infrared provided a means of monitoring chemical changes involving additive
bond depletions and oxidation, but the interpretation of such changes was found
to be dependent on prior knowledge of lubricant propertices.

(5)  Poor oil dispersancy could not be determined by metal concentrations or infrared
analysis, and was assessed through the use of microfiltration and blotter spot
tests. The tests were shown to be qualitative in that their direct correlation (o
cngine sludge ratings has not been demonstrated.

While many of these test techniaues continue to be used, they have not been tully
evaluated and standardized tor all lubricant base stocks. Their use with synthetic-based oils
such as dibasic acid esters and polvol esters must be questioned and not assumed to be equal
to that of mineral oils. This has already been shown in the case of infrared spec-
trophotometry.

During a recent field test comparing mineral oil and ester-based lubricants under ex-
tended drain conditions," " direct visual comparison of blotter spot tests for the different
oils suggested ditterent compatibilities may exist with respect to the blotter spot test paper,
perhaps due (o the higher polarity of the esters. Knowing the variety of types of synthetic
lubricant base stocks should provide the analviical chemist with an indication of what
physical-chemical ettects will be operational ina particular analyocal technique.

I1l. CHARACTERIZATION OF LUBRICANT BASESTOCKS

o properly understand the nature of today’s complex lubricants, it has become
necessary for the Army to develop and use more extensive analytical methods. This has pro-
vided a basis for the characterization ot the many different [ubricants or combinations of
lubricants used in ficlded equipment.

A comprechensive analytical methodology has been made available (o the petroleum
chemist to provide desired lubricant characterizaton data through the use of the analytical
approach outlined in Figure 4.7 This approach proposes no new art, but places
cmphasis on the utilization of existing methods in a logical sequence as a guide 1o generate
usclful information about lubricant composition so that an end user may properly select a
lubricant for his application. Figure 418 not a “*cookbook™ line diagram (o the analysis of
all lubricants. Ieis a guide to suggesting methodology and instrumentation used to elucidate
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the structure and detine the composiion of svathetnie and hyvbid  lubrnicants. Both

mstrumental analvses and chenncal separanons are used i charactenizing lubnicants.,
[Instrumentatton icludes  gas and  hgud  chromatography  and  spectrophotometny
Chemical processes include hvdrolyvsis and dermvatization of the hvdrolyvsis products.

I'he logic of the major paths in Figure 4 s as follows: An infrared spectrum is obtained
to indicate major chemical types present. Gel permeation chromatography is performed to
determine molecular weight distribution and, if needed or desired, to obtain low molecular
werght base stock and high molecular weight viscosity index (V1) improver fractions. Mix
tures of polar and nonpolar base stocks are separated with adsorption or reversed phase
chromatography or are analvzed directly, whichever is the more appropriate for a par
ticular sample. Both polar and nonpolar base stock fractions are analyzed directly by gas
chromatography (GC). The polar fractions are also hvdrolvzed. Derivatives of the
hvdrolysis products are analvzed by GC for detailed characterization. The VI improver
fraction is analyzed similarly, taking into consitderation its chemical polarity and molecular
weight.

I'he clements of Figure 4 have been used (o characterize the base stocks of a variety of
sclected test lubricants which are deseribed in Table 4. Table 4 identifies the tyvpes of
lubricants and provides some of the physical and chemical properties usually supphed by
the manutacturer or obtained by analysis. In addition to the typical data in Table 4, other
composition data arc generally obtained, including: sultur, phosphorus, barium, calcium,
zine, sodium, sulfated ash, and carbon residue. No special techmques are required for these
analyses due to base stock type (mineral versus svanthetic). These lubricants have been
categorized in Table 4 as Quahlified Candidate Military [ ubricants and Commercial
“Extended Drain™ Lubricants. The avctic lubricants were purported to be dibasic acid
esters (alternatively called dibasic esters), svnthesized hvdrocarbons, or hybrid blends of
cach which have demonstrated good performance in laboratory tests and Army arctie tield
operations since 1967, 7101017 Ao included in Table 4 are synthetic-based lubricants
already qualified to M1 -1 -46152 and a collection of current-generation commercial syn
thetics intended for extended-drain operation in commercial fleet vehicles and povate
passenger cars for periods of roughly 25,000 o 50,000 miles."™" The physical-chemical pro
perty data in Table 4 are not adequate (o characterize base stock composition so as (o
define what is meant by the “*synthetic™ designations. Infrared spectra of these lubricants
served to provide preliminary distinctions regarding lubricant base stock based on the
presence or absence of aromatic, carbonyl, and other absorption bands. This informanon
is usually not conclusive nor is it quantitative with regard to the spectfic type or quantity of
synthetic material in a lubricant, but it does provide a preliminary classification. Based on
this  preliminary  classitication, further informaton must be obtained  through  the
chromatographic and chemical techniques suggested in Figure 4.

A. Application of High Performance Liquid Chromatography

Gel permeation chromatography (GPC) was an analvtical high-pertormance liquid
chromatography (HPLC) method used o obtain information about molecular size
distribution (molecular weight range) and (o provide a method to solate and quantitate the
high molecular weight traction of lubricants. Through preparative scale GPC, the igh
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FABLE 4 PHYSICAL PROPERTIESOF TEST TUBRICANTS
Commercal
“Extended Dran
Lubncant - i) _ Qualitied Candadate Military L ubncantis - . Lubricants
Code No AL 3770 ALSIH0 AL So81 AL-SS94 AL So04 AL 5074 AL 6307 AL-S670 AL STIN AL 6367
Iype Svin Svin Sy Svn Svin Mineral Svn Svn Svn Syvn
SAL viscosity grade SW 20 SW 20 10w S0 N A N'A N/A 10W 40 1OW 50 10w -50 Sw.20
Descnption
SAL JING (4 (W SE (( NA N'A N A SE/CC SE Sk SE/CC
Military Arctic Arctic MIL-L461S2 FAPDSII6* FAPDSI30* MIL-H6083 MIL-L-46152  None None None
Properties
Visat 989 € oSt 613 652 17 39 380 380 \D 1429 2099 18NS 794
Visat 378 CoeSt 2Nod 3508 L | ¥ lo 84 16 8N 145 76 98 12700 11600 460 602
Visconity index 214 153 178 131 ND \ND 207 203 142 157
Aol meq g 00s 204 2.76 ND \D \ND 1.74 1.40 3.25 20N
Base meq g 640 S04 §.32 ND \ND \D S.52 749 0.05 5.66
Flash pont, ( 249 227 241 218 238 104 232 238 227 238
Pour point. ( 65 sS4 40 \ND \D \D 55 40 is S6
APL gravity at 156 € 211 23.5 24 1 336 344 29 253 222 16 4 30 3

Nute Refer to Reterence Nac | tor analy tical methods tor properties and composition. )
*Eoanktond Anenal Purchase Descnption S136, Fire Resistant Hy draubic lad

Sy Syntheti

NoA Nat Apphaable

NONot Detesined

and low-molecular weight (MW) components were separated and gravimetrically measured
to vield values (in weight percent) for the lubricant’s high-molecular weight viscosity index
improver. Results using this approach, as well as the other major analytical characteriza-
tion data obtained for the synthetic-based lubricants in Table 4, are summarized in Table 5.
The preparative scale GPC-separated lower molecular weight fractions were retained for
further study using analytical GPC and adsorption chromatography.

Low-resolution preparative-scale adsorption chromatography was used to obtain first
approximation concentrations such as 27 and 73 wt percent of ester and synthetic hvdrocar-
bon, respectively, for AL-5594 as indicated in Table 5.

B. Application of Gas Chromatography

Gas chromatographic techniques were used to determine the boiling point distribution
data in Table 5 and provide ‘‘fingerprints’’ for comparative analysis of lubricants. The
volatility characteristics of four lubricants as determined by molecular distillation are
shown in Figure 5. Two of these lubricants are mineral oils, and the other two are synthetic
lubricants. These same lubricants were evaluated by GC, and the resulting boiling point
distributions are shown in Figure 6. Comparison of the data in Figures S and 6 demonstrate
some of the advantages of gas chromatography. Gas chromatography not only has higher
resolution, but can be more accurate and less time consuming than the molecular distilla-
tion approach or other similar distillation techniques. The GC approach assumes that the
hydrogen flame ionization detector (HFID) has an essentially equal response on a weight
basis for all lubricant hydrocarbons. Molecular distillation was used to give a residue por-
tion [approximately 566 °C (1050 °F) and greater] and a distillate portion for verification of
quantitative GC analysis. This distillate by GC analysis showed essentially no residue based
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ona C-C anternal standard and contirmed the assumption of equal detector response for
the hyvdrocarbons present.

T'he gas chromatographic detector output recordings are computer reduced to form
detailed boiling point distribution data in terms of wt percent off versus boiling point and
the amount of residue boiling higher than the selected final boiling point. Any high
molecular weight viscosity index improver, as well as other high boiling materials, will stay
in the column and are accounted tor as a “‘residue’ in this analytical procedure.

When interest in petroleum-base and synthetic-base hydraulic oils and Army arctic
engine oils required boiling point analysis by GC, the established procedures for mineral
oils were used. The chromatograms reproduced in Figure 7 are examples of the “*finger-
prints 7 obtainable for lubricants by GC. In descending order, the first two lubricant
chromatograms are of synthetic hvdraulic oils AL-5594 and AL-5604, formulated to the
same specification by two difterent suppliers. The GC chromatograms and data revealed
differences between the two lubricants' compositions in spite of the major base stock boil-
ing point similarity. The third chromatogram of Figure 7 vividly demonstrated the very
high volatility of lubricant AL-5074, composed primarily of a kerosene dase stock, com-
pared to the other hyvdraulic tluids which were svarhetic-based fire-resistant lubricants. The
boiling point distribution data for AL-5074 gave a residue value of IS wt percent, most of
which was confirmed by liquid chromatography to be viscosity index improver.

While the mineral oil boiling point distribution procedure provides a final boiling
point of 615°C (equivalent to n-C,, in the standard), it was found that this extended range
was not necessary for most synthetic-based lubricants. A simplified procedure was
developed using a C-Cy, normal saturate standard providing adequate calibration to 539°C
(1000 °F) tor use with synthetic and most hybrid mineral oil-based lubricants except where
very high (- 10 percent) residues were encountered. This method provided the same
resolution and **fingerprinting’” capabilities exhibited in Figure 7. The lower column oven
temperature also permitted the use of a wider range of more volatile nonpolar column
coatings. Both of these chromatographic svstems employ cool septum inlet arrangements to
climinate sample tfractionation during injection and inlet sample pyrolysis that can occur
with constant high-temperature inlets.

Some direct analyses of neutral tfractions from hybrid lubricants, such as AL -5594
(Fable 5) which contained 73 wit percent polyvalpha eletin, also provided an analysis of the
svithetie hydrocarbon composition. In the case of AL-5594, the synthetic hyvdrocarbon
composition was determined by this approach, using peak normalization to be 3 wt pereent
C.oy 86 wit percent Coy, 9 wit percent Cy, and 2 wit percent Co, oligomers of decene-1.
Ohgomers ot decene-1 are distinguishable from conventional mineral oil in that their GC
chromatographic ““fingerprints™ show specific peaks which correspond 1o average boiling
points of 1747, 3307, 4317, 489 and S34°C tor C,o, Coy Coy, Cupy and Co oligomers of
decene-1, respectively.™ This same general analytical approach was used to describe
mineral oil and polvalkylated benzenes in hybrid base stocks.

C. Parent Acid/Alcohol Identification

Identification of the alcohols from the hyvdrolysis of dibasic esters was accomplished
by GC analysis of manutacturer-supplied base stock alcohols used in the preparation of
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FIGURLE 7. BOILING POINT DISTRIBUTION OFF THREE HYDRAULIC LUBRICANTS

esters. An alcohol silylation approach was chosen (rather than direct alcohol fraction
analysis) which would give sharper, better defined peaks. Both silylated acidic and
alcoholic hydrolysis products were analyzed by GC under the same conditions given for the
unreacted lubricant; however, peak normalization techniques and an appropriately higher
detector sensitivity were used. The peaks attributed to the alcohols or acids were norma-
lized to 100 wt percent and reported for each lubricant in Table 5 as mono-alcohols and di- q
carboxylic acids. The poly-alcohols and mono-carboxylic acids in Table 5 are combined to ]
describe polyol ester base stock.
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D. Implications of Analytical Approach

Referring back 1o Figure 4, classification of a lubricant according to major base stock
type was the firse step in the quanttative determination of lubricant base stock composi-
ton.  This has not always been readily done on the basis of spectroscopy  and
chromatography when hybrid mixtures or pure esters were involved. In particular, differen-
tnaton between polyol and dibasic esters has not become evident until after hydrolysis was
accomplished. As hydrolysis products, dibasic esters provide liquid alcohols and solid acids
while polyol esters vield hquid acids and solid alcohols. Additionally, the silvlated polyol
acids were not completely resolvable by GC due to overlapping of derivatization reagent
with silvlated €, and C. mono-acids. Polyol ester base stocks such as AL-6307 have thus
best been analyzed by other established methods®™” using direct GC analysis of acid
hydrolysis products and parent polyol analysis by valeric acid ester formation. Three
lubricants (AL-6367, AL-6307, and AL-5738) in Table 5 provided alcoholic hvdrolysis pro-
ducts which were essentially free of any alcoholic materials and were composed primarily of
neutral materials. Additionally, the acid hydrolysis products were liquid as opposed to
sohids which indicated that polyol esters were present in the original lubricants prior to
hydrolysis. Based on this information, appropriate standards were chosen and the ester
compositions determined. Mixtures of polyvol ester and dibasic ester base stocks would be
difficult to accurately analyze. The small I-percent quantity of dibasic ester indicated in
AL-6367 and AL-5738 was estimated based on direct acid analysis and supported by the
type and quantity of alcohol in the neutral hydrolysis fraction.

Hence, from this discussion, it can be seen that some ‘‘back stepping’’ and reanalysis
in reference to Figure 4 is necessary in the process of characterizing lubricants. This is fur-
ther emphasized in the case of direct hydrolysis of mixed dibasic esters and synthetic hydro-
carbons such as polyalkyl benzenes and oligomers of decene-1 (referred to as polyalpha
olefins in Table §). As an example, the infrared spectra indicated that AL-5594 was an
ester-based lubricant. However, not until analysis of the alcoholic hydrolysis fraction of
AL-5594 (containing ether soluble neutrals) was attempted did it become apparent that syn-
thetic hydrocarbons were present as a portion of the base stock. These unhydrolyzable
components appear as unreacted lubricant in the alcoholic fraction during direct or
derivative GC analysis. Assay of the initial lubricant base stock composition was then
determined based upon the identification of the particular ester which then provided for
proper standard selection for analytical infrared spectrometry. If a proper ester standard
was not available, then preparative HPLC was used to provide a gravimetric recovery
determination of the polar (ester) and nonpolar (synthetic hydrocarbon base stock com-
position. In either case, additional information was derived regarding the neutral
(unhydrolyzable) base stock by GC analysis at the appropriate time. Oligomers of decene-1
are definable by boiling point peaks in the neutral hydrolysis fraction and are, on this basis,
easily distinguished from mineral oil base stocks which give a gaussian-type boiling point
distribution having very small, if any, distinguishing chromatographic peak features. This
distinguishing characteristic allowed definition of the hydrocarbon base stock in AL-5738
to be mineral oil.

If initial IR spectroscopy indicated that polyalkylated benzenes were present as in the
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case of AL-5140, GC boiling point distribution was not adequate for final assay. Final
assay tabulated in Table § again relied on gravimetric HPLC preparative scale separation
into the less polar polyalkylated benzenes and the more polar diester base stocks of the
lubricant.

E. Extension of Methodology to Used Oil Analyses

Used oil base stocks can be characterized after the pentane insolubles are removed. In
the case of used hydraulic fluids, prior “*cleanup’ has not usually been necessary since
engine combustion contaminants are not present. In the process of converting from
petroleum to synthetic-base hydraulic fluids in fielded M60AT tank turrets, a laboratory
assay procedure was developed and established at USAMERADCOM (Fort Belvoir,
Virginia) tor used oil samples trom the field to monitor the concentration of the discon-
tinued oil sull present in the mechanical systems.”™ This was a particularly simple analysis
(using decane internal standard in a gas chromatographic method) due to the much higher
volatility of the discontinued oil (AL-5074 in Figure 7). Alternatively, referring to Table 3,
an assay procedure based on the ester composition of AL-5594 could have been established.

s

[n the flammability resting of either new or used (new-generation) synthetic-based
hydraulic fluids, no problems or inconsistencies in sesting these fluids as opposed to
mineral oil-based fluids have been encountered.?

Fuel contamination in used oils has also been determined by the same gas
chromatographic boiling point distribution procedures such as that used to develop Figure
7, except for choice of internal standard (n-tetradecane for gasoline and n-nonane or
iso-octane for diesel fuel) and more sensitive data reduction techniques. Standard methods
for fuel dilution in used mineral oils by gas chromatography have been published by the
American Society for Testing and Materials.“” Due to the high boiling point distribution ot
synthetic lubricants, these same fuel dilution methods will apply to used synthetic
lubricants. While diesel fuel dilution methods exclude SAE 5, 10, 20, and multigrade con-
ventional mineral-oil based lubricants due to fuel-lubricant volatility overlap, no such
limitation would appear to exist for synthetic-based lubricants of the type represented in
Tables 4 and 5.

IV. SUMMARY

In summary, it has been the general experience that the introduction of synthetic base
stock into the engine oil scene has not had significant impacts on most of the analytical pro-
cedures for oils except for the use of infrared analysis and for fuel dilution by gas
chromatography. In the case of infrared, it has been practically rendered useless for used
oils except where the oil is known not to contain esters. In the case of gas chromatographic
analysis for diesel fuel dilution, this method has been enhanced where diesel fuel dilution of

ester-based used oils are involved. When used oils of unknown origin are analyzed, great :
caution must be exercised due (o the introduction of synthetic and hybrid lubricants into i
the supply system. While comprehensive analytical methodology has been made available, |
no simple, rapid method has yet been devised for the petroleum chemist to thoroughly
characterize lubricant base stocks. |
é
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Nonstandardized (ests such as mucrofiltranion, biotter spot tests, and spectrometric
metals analysis may not give diagnostic results equivalent to minceral-oil-based lubricants i
the  synthetic o1l base  stocks  mterfere  with the  methods  through  matniy - or
physical chenical mteractions with test materials.,
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