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SUMMARY

High-speed gel permeation chromatography is a reliable and rapid technique
for the examination of both natural and synthetic lubricating oils and their additives.
In most instances, a specific lingerprint i1s obtained on a few microliters of sample,
which identifies the oil when dual detectors (R and UV 254 nm) are utilized. Over
fifteen different oils have been examined using this technique. Changes in compo-
sition or the results of degradztion of the base oil are easily observed. In one instance,
the quantitative analysis of a three-component system was reduced from 90 to 25
min. Examples illustrating these resulis are presented.

INTRODUCTION

The improvement of lubricants for increased resistance to degradation has
been ofinterest for centuries. The additions ol aatioxidants, viscosity index improvers.
synthetic base oils, ete., have all had an impact on the lubricating oil industry. Each
new development has made the analytical chemists™ search for methods of detection
and quantitation more ¢f a challenge. Many methods and techniques have been utilized
to identity these components and many references can be found in the literature! ~'=.

In about the last 6 years, these materils have been examined by gel permeation
chromatography (GPC): crude oils and vacuum cuts by Oelert'?, Coleman er al's.
Oclert er al*?, Done and Reid! and Albaugh and Talarico!”: plasticizers by Alliet
and Pacca', Hallwachs er ¢/.'% and Howard?": antioxidants and stabilizers by Coupek
er al*'; and synthetic oils by the Industrial Laboratory at Kodak Park**-**. Waters
Ass. ¥ and DuPont?. High-speed GPC is un extension of this tyvpe of analysis to in-
clude not only the fingerprinting of hvdrocarbons, synthetic hydrocarbons and ester
base oils. but also to demonstrate that- degradation from use can be detected and
some additives can be collected, identified and quantitated. In other words. GPC
can give a rapid and reliable solution to iubrication problems and also encourages
suppliers to maintain specifications.

° Presented at a Gel Permeation Chromatography Seminar Sponsored by Waters Associates.,
November ist, 1973, at the Pittsburgh Marriott Inn. Pittsburgh. Pa., U.S.A.
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For the most part, the oils examined in this work ranged from 300 SUS at
. 100°F to instrument-type oils of lighter viscosity.

‘Extensive and detailed literature on GPC is readily available, covering both
the theory of molecular size separation (Cazes?®: Bombaugh®?) and equipment (Waters
Ass.2®: Cazes®: other instrument manufacturers). It will suffice, therefore, to state
that all the illustrations of the lubricants presented in this paper were accurately
scaled down from curves produced by a Waters Ass. ALC/GPC Model 301 equipped
with both a refractive index and an ultraviolet detector (254 nm) which was attached
to a Westronics dual-pen strip-chart recorder.

EXPERIMENTAL AND RESULTS

Five microlitres of sumple were injected directly into the sample njection port
of” the chromatograph using a Hamilton 701N 10-¢] syringe and an EPR septum
{except tor cases where an “A™ follows the identification number of the oil, e.g.. 8A:
the exact ditference for these few cases is described in the text). No heating or cooling
of the apparatus was attempted and tire solvent, tetrahydrofuran (Eastman 3308), con-
tained 0.025Y of BHT (butylated hydroxytoluene) for stabilization. A flow-rate of
2 ml/min was maintained throughout. Two 4 ft. » 3/8 in. standard columns (Cata-
logue No. 26900j) of 60 A Poragel, packed by Waters Ass. (Milford, Conn., U.S.A))
with approximately 480 plates/ft.. were emploved for all of the separations. Poly-
propylene glycol standards of molecular weight from 3900 to 790 were supplied
with the instrument and were complemented by sebacites, adipates, phthalates and
toluene purchased from various suppliers. Solvent eluted from the columns was measur-
ed in 5-ml increments or counts. The conditions used for the calibration curve were
also wutilized for the actual sample analysis.

From the calibration curve (Fig. 1), it is evident that the exclusion limit of this
set of columns is at about 38.5 ml. Most of the oils which have been considered have
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Fig. 2. Hydrocarbon oils: (a) H-1; (b) H-2.
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the major peak betiween an elution volume of 45 and 50 ml, which falls on the slightly
curved portion just preceding the straight-line section of the calibration curve. All of
the curves of actual samples have been depicted by the refractive index (RI) activity
drawn with the base line placed at the bottom of the figure and with the UV response
represented by a dotted line with the base at the top of the figure and with the elution
of the species of higher molecular weight starting at the lefi. Changes in sensitivity
of either of the detectors has been recorded on the left-hand side of the figure at the
base line for the particular detector. All UV sensitivities arc expressed as absorbance
units full-scale.

Hydrocarbon-rype oils

Oil H-1 (Fig. 2a), which is a hydrocarbon type, gives an indication of a cresol
additive as part of a shoulder on the right-hand side of the UV curve. Otherwise the
main bulk of the UV activity is caused by the hvdrocarbon itself due to unsaturation
and/or aromatics. Note that the RI indicates the main peak just before an elution
volume of 50 ml. . '

Another hydrocarbon-type oil, H-2 (Fig. 2b). shows that the main RI peak
has moved slightly and 1s now centered directly at an elution volume of 50 ml. indi-
cating a lower molecular size which correlates with lower viscosity, while the UV
curve has a sharper shoulder, probably indicating the presence of slightly more ad-
ditive.

. A third hvdrocarbon-tyvpe oil. H-3 (Fig. 3a), has the RI peak shifted to about
48.0 ml and a slight shoulder at about 38.75 ml, and again the UV trace has a fairly
sharp shoulder appearing when 60-70 ml have been eluted. Oil H-3 was obtained
from a different supplier than H-1 and H-2.

The hydrocarbon-type oil H-4 has several differences which can easily be ob-
served (Fig. 3b). In the RI curve, a small peak is beginning to emerge at about 39.5
ml and another at about 63.5 ml. But the most drastic change is noted in the large UV
peak which is evident at 61.5 ml and an increase in UV absorption directly over the
main hvdrocarbon peak in the RI curve at 30 ml. This could indicate the addition of
two additives to the base oil, or an increase in aromaticity and the addition or in-
crease of one additive.

A further hvdrocarbon-type oil, H-3 (Fig. 4a). clearly indicates the presence
of an oil of lower molecular weight, and one which is composed of several components
as indicated by the three shoulders in the RI trace with components between 60 and
70 m! as the major contributors to the large UV absorption. Note that in this case the
sensitivity of the UV detector has been halved to 0.64 rather than 0.32 absorbance unit
full-scale. Much stronger absorption i1s apparent.

The last hvdrocarbon-type oil, H-6, has a distinctive RI response with a small
peak at 40 ml, a peak between 50 and 55 m! and a much broader distribution than the
other hvdrocarbons, extending to 75 ml before complete return to the base line (Fig.
4b). The UV at reduced sensitivity (0.64) has a small peak at about 40 ml and then an
extremely broad absorption band which covers nearly the balance of the total available
column volume.

Syathetic hvdrocarbon-type oils
The first synthetic hydrocarbon oil, SH-1 (Fig. 5a), has a distinctive curve
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Fig. 3. Hyvdrocarbon oils: (a) H-3: (b) H-4.
Fig. 1. Hydrocarbon oils: (a) H-5: (b) H-6.

which indicates a high-molecular-weight fraction at 40 ml. a shoulder and peak be-
tween 45 and 50 ml and another shoulder between 33 and 60 ml in the Rl response.
It is interesting to note that nearly all of the UV absorption which begins at about
45 mi centers between 50 and 35 ml, which would tend to indicate that it was an ad-
ditive, but not the same as in oil H-1 which peaked at about 62 mi
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Fig. 5. Synthetic hydrocarbon oils: (1) SH-1: (b) SH-2: () SH-3.

Synthetic hydrocarbon oil SH-2 (Fig. 5b) shows a much higher peak in the
RI response at 40 ml and a shift in the shoulder to 45 ml with the peak at 47.5 ml
Two very small peaks are evident in the UV curve but much less in total area than the
UV absorption shown on the first synthetic hydrocarbon oil.
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A different formulation is indicated with synthetic hydrocarbon oil SH-3,
with the RI response close to 49.0 ml being much more pronounced (Fig. 5c). In this
case, the UV trace indicates four possible UV-absorbing substances which absorb
UV radiation more strongly than those in oil SH-2. These differences still remain

to be investigated.

Srathetic ester-based oils

Since World War H, ester-based oils, usually adipates or sebacates (Dukek
and Popkin®) have become increasingly popular. Fig. 6a represents the base ester
of an ol stripped of all antioxidants and other performance-improving chemicals.
The main peak at about 49.0 ml represents a number-average molecular weight of
approximately 500 and only one other small response is noted between 35 and 60 ml.
The UV detector shows virtually no response, with only a slight bulge in the base line.

After making certain additions to the ester-base oil S-1. the oil as originally
received from the supplier has acquired improved properties (Fig. 6b). A viscosity
index improver in the acrylic family has appeared at about 39.0 and a second peak
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Fig. 6. Ester-base oils: (a) S-1: (b) S-2: (¢) S-3.

of’ a subsiance of a lower moleculiur weight is apparent at about 64.0 ml on the RI
monitor. Not much change has taken place in the UV response until the sharp ab-
sorbance which peaks just after 60 ml. This peak actually coincides with that of the
compound which causes the slight response in the RI curve beiween 60 and 65 ml.
Note that it was necessary to reduce the sensitivity of the UV detector to 0.6 in order
to keep the peak on scale. This demonstrates that the UV detector is much more
sensitive than the RI detector with compounds that absorb UV radiation at 254 nm.
The compound detected is of the naphthylamine antioxidant family.

Fig. 6¢ represents an improved version of oil S-2 with a slight increase in the
amount of viscosity index improver, reduction of the lower-boiling ester peak between
55 and 60 ml and the introduction of a cresol-tvpe antioxidant of higher molecular
weight which appears on the UV curve directly over the main ester peak at 49.0 ml.
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This oil has been used as a standard and more will be said about it later.

This sample of ester-base oil S-3A (Fig. 7a) was run in chloroform rather than
tetrahydrofuran and it is apparent that changes have occurred in the retaining capacity
ol the Poragel which makes the main ester elute at 45 ml and the antioxidant between
65 and 70 ml with the appearance of a shoulder between 50 and 55 ml. The UV trace
has developed a shoulder over the peak at 45 m! and maintained the peak between
45 and 50 ml. Adsorption effects, the hyvdrodynamic volume of the material andfor
shrinkage of the gel could contribute :o this effect. Variations such as this could prove
very valuable if fraction collection was to be undertaken.

Ester-base oil S-4 (Fig. 7b) is another synthetic base oil with an ester of slightly
higher molecular weight with the main RI peak eluting at 47 ml and with the amine
antioxidant peaking slightly past 60 ml in UV absorbance.
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Fig_ 7. Ester-base oils: (a) S-3A: (b) S-3.
Fig. 8. Ester-base oils: (@) S-5: (b) S-6.

The trace of ester-base oil S-3 (Fig_ 8a) indicates that the oil is of lower vis-
cosity, peaking at 51 ml and with a great reduction 1n antioxidant activity. Ester-
base oils S-3 and S-5 pass the oxidation stability test of MIL-L-6083A (ref. 2).

Ester-base oil S-6 (Fig. 8b) shows very little character, but it is apparent that
it is an oil of lower molecular weight due to the shift of the main peak to an elution
volume of about 51.5 mL

The high-temperature oil S-7 (Fig. 9a) is characterized by a large peak at
40 m! together with peaks at 55-60 and 60-65 ml. In the UV response there are three
distinct and well separated peaks, )-Lhich should lend themselves to easy fraction col-
lection for identification purposes.

Ester-base oil S-8 (Fig. 9b) has a very distinctive curve with five components
indicated by the RI detector, with two very weak UV-ubsorbing substances.

The ester-base oil $-9 shown in Fig. 10a is a blend of two esters and also con-
tains a viscosity index improver and includes a shoulder between 55 and 60 ml. Not
much activity was recorded by the UV detector.
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Fig_ 10. Ester-base oils: (a) S-9: (b) S-10.

Oil S-10 is the new version of' S-9 (Fig. 10b) substituted by the supplier without
notification or designation change, and was originally detected by the disappearance
of one ester peak using a gas chromatographic method. It is obvious that GPC gives
a much more detailed description of what the oil actually contains. Besides the dis-
appearance. of one shoulder at 47.5 ml there has been an increase in the higher molec-
ular weight peak at 40 ml and the appearance of a peak between 60 and 65 ml which
matches the largest of the UV peaks. In addition, the UV response shows a peak
above 40 ml, a shoulder and then another peak at 50 ml. Obviously, the supplier
had changed the components of the o1l more drastically than it had been realized when
the change was made.

In o1l S-11 (Fig. 11a). the RI sensitivity was reduced to 16 - and a larger peak
appears in both the RI and UV responses between 60 and 65 ml. Because of the width
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of this peak, is was suspected that there might be two additives involved at this point.

After changing the cluting solvent to chloroform. a better separation was
achieved (Fig. 11b) and the peaks at 65 and 70 ml were collected and identilied by
IR spectroscopy as a naphthyvlamine and a thiazine antioxidant. It should be noted
that only 2.5 ul were used for this curve with an increase in sensitivity to 4. on the
RI detector. The smaller UV-absorbing peak at 30 ml has not vet been identified
but could possibly be an anticumming agent. Again. the chloroform eluent provided
a betler separation and cased the problem of fraction collection. This emphasises
the fact that even though a satistactory separation is being achieved with one solvent

svstem, it can be useful to try another.

Hear-treated oils
. We can now consider the changes that can be brought about by heating

some ol the oils which have been tingerprinted and note the changes which can be
detected. Comparison of the original curves of the various oils with the curves for
those which have been heated will be most advantageous in assessing the true value
of the GPC technique and, therefore, the original identification numbers have been
maintained for ease of reference. Afier heating oil H-3 for 330 h at 250 F. a weight
loss of 3.26%; was noted (Fig. 12a). A slight change was evident in the RI response,
a shoulder developed on the high-molecular-weight side and the antioxidant shoulder
disappeared using UV (compare Fig. 12a with Fig. 3a).

Oil H-¢, after the same heat treatment, suflered a 3.58%] loss in weight and a
more pronounced increase in UV absorption in the high-molecular-weight region.
Again, the antioxidant to the right of the curve has disappeared and this 1s most
apparent when Fig. 3b is examined.

After heating oil H-1 at 500 F for 4 h (Fig. 13a). much more drastic results
were noted, with the build-up of a peak in the Rl curve at 40 m! and a shift of the main
peak towards a slightly higher molecular weight. The UV detector followed suit, with
a large increase in the UV absorption just betore 40 ml.
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Fig. 14, Ester-base oils: (a) S-1: (b) S-2: (¢) S-3 cach heated for 1 h at S00°F.

Afiler running a product using oil H-1 for over 2000 h to fatlure (Fig. [3b).
the oil showed the typical heat-induced pattern except that it was more pronounced.
The small peak between 65 and 70 ml was due to chloroform.

After exposing ester-base oil S-1 to a temperature of 500°F for 4 h (Fig. 1da).
a pattern of degradation similar to that of the hvdrocarbon-type oils was produced.
Note the changes at 35, 40, 453 ml in both the RI and UV traces.

Ester-base o1l S-2. when heated for 4 h at 500°F (Fig. 14b), showed a loss of
the amine antioxidant and the build-up of higher molecular weight components
between 40 and 47.5 ml. The temperature of 300-F was chosen as a rapidly acting
temperature to show the degradation which could take place and MIL-L-9236A
tref. 2) called for a corrosion oxidation stability test at this temperature.

After exposing ester-base oil S-3 (Fig. 14c) to a temperature of 500 F for 4 h,
the amine antioxidant had been consumed and some high-molecular-weight build-up
was noted. with some loss of the acrylic additive. Comparison of oil §-3 with S-2
indicates that the addition of the cresol additive made the oil more stable at elevated
temperatures. When considering the original curve of oil S-3 carlier, 1t was stated
that it would be used as a standard. so several references to it will be made trom this
point.

Heating oil §-3 in the presence of copper (Fig. 13a) increased the degradation
slightly, as indicated by the elongation of the UV peak at an elution volume of 39.5 ml.

When ester-base oil T1-A was heated for 4 h at 500°F (Fig. 15b) there was o
lack of build-up of high-molecular-weight substances tn the UV trace which was so
evident with ester-base oil S-3 (see Fig. I1b. which was also run with chloroform as
the eluent).

In Fig. 16a, the amine antioxidant has disappeared . but a high-molecular-
weight UV-absorbing peak did not appear afier heating at 212°F for 158 h and at
320°F for 24 h. The higher temperature cresol-tvpe antioxidant still remains eftective.
After the MIL-L-6085A (ref. 2) oxidation stability test, the amine antioxidant was
only slightly affected.
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Fig_ 15. Ester-base oils: (a) S-3

Fig. 16. Ester-base oils: (a) S-3 heated for 138 h at 212°F and for 24 h at

neated for 20 min at 400°F.

Atfter heating a thin film of oil S-3 at 400" F for 20 min (Fig. 16b), degradation
was so advanced that chloroform had to be used in order to dilute the viscous residue
so as to allow it to be drawn nto the syringe. The large RI response between 65 and
70 mi is due to chloroform. The volume of the oil exposed to deagradation conditions

is an important consideration in overall performance.

Ester-base o1l S-3, after a product test for 100 h (Fig.
ol amine antioxidant and an increase in UV absorption at 50 ml. Residual chloroform

17a), showed some loss

from extraction was also evident in the Rl response.
Changes that occurred with product test oil S-3 after 1500 h (Fig. 17b) show
some indication of UV build-up of a high-molecular-weight fraction and also loss
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Fig. 20, Calibration curve for the acrylic. viscosity index improver in oil S-3.

of the amine antioxidant. Comparison should be made with Fig. 6¢ to appreciate
the changes.

Fig. 18 shows the triangulation method used for the area 01 the acrylic and am-
ine peaks for quantitation in oil S-3. This quantitative anal)als, run by older methods
(IR spectroscopy, gias chromatography and methods'in refs. 3 and 4), required 90 min
while GPC required 25 min.

The calibration curve for the amine antioxidant is represented in Fig. 19 and
indicates the linear response of the UV detector in the range of interest. An area of
942 cm is equal 1o 0.74%;, of amine.

Fig. 20 is the calibration curve for the acrylic: an area of 43 cm® equals 2,14

of acrvlic.
CONCLUSION

It has been found that slight changes in the response of RI and UV detectors
occur z2nd that the calibration curves have to be run occasionally in order to maintain
accuracy in quantitation. This can easily be checked by retaining a standard of an
oil with Kknown values and checking the peak areas from time to time.

The following advantages have been noted:

(1) Various oils can be rapidly fingerprinted, identified and changes detected.

(2) Small samples (3 ¢l or less) are required.

(3) No prior sample preparation is necessary.

(4) More information, such as number-average molecular weight, as well as
the presence or depletion of additives in fresh or used oils, is available from this
technigue than from thin-layer or gas chromatography or other methods.

(3) Fractions can be collected since the detectors are non-desiructive and
IR spectroscopy, mass spectrometry, etc., can be used toridentification. Thisisespecially
helpful with ester-base oils because their additives are difficult to separite from the
basc oil by other methods.
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(6} Quantitative resulis can be obtained after calibration.

On the other hand, the following disadvantages are apparent:

(1) All additives do not appear as separate entities, and materials with the
same molecular weight could overlap.

(2) Some changes in columns after a long period of use are to be expected.

AL this stage in our investigation of oils, many peaks remain unidentified, but
we have found that mixtures or contaminants can be detected. Correlution of ex-
posure values based on the loss of amine :and build-up of high-molecular-weight com-
pounds at high temperature (300 F) and in actual production testing of the ester-
base oils is feasible. From our experience to date, GPC has permitted a much decper
understanding of lubrication possibilities and is considered to be a most valuable

addition to our analytical problem-solving capability.
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