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Abstract: On average, additives make up to 7% of a typical lubricant base. Commonly, they
are blended with lube oils to enhance specific features thereby improving their qualities.
Ultimately, additives participate in the performance of car engine oils. Using an analytical
tool, attenuated total reflectance fast transform infrared spectroscopy, various grades of car
engine oils, at different mileages, were analyzed. Sulfate oxidation and wear were found to
trigger chemical processes which, in the long run, cause lubricant degradation while carbonyl
oxidation was observed to occur only at a slow rate. Based upon data obtained from infrared
spectra and using a curve fitting technique, mathematical equations predicting the theoretical
rates of chemical change due to the aforementioned processes were examined. Additive
depletions were found to obey exponential regression rather than polynomial. Moreover,
breakpoint (breakpoint is used here to denote the initiation of deterioration of additives) and
critical mileage (critical mileage defines the distance at which the lubricant is chemically
unusable) of both samples were determined.
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1. Introduction

Primarily, lubricating oils are designed to reduce the friction and wear between two bearing surfaces in
relative motion. If manufactured from fossil resources, they are denominated as mineral oils while called
synthetic oils if the feedstock, from which they are produced, is petroleum-free [1,2]. For a better
performance, external materials are required to be blended with the base oil which not only upgrades
both physical and/or chemical properties but also extends the useful life. Such materials are designated as
additives. Additive combination, the amount to be mixed as well as the type is decided upon knowledge
of lubricant application. A summary of additives, commonly used in tribology, is outlined in Table 1 [3].

Table 1. Lubricating oil additives.

Additives Chemical Composition Purpose
Viscosity Index
Acrylate pol To keep the vi ity at table levels.
Improvers crylate polymers o keep the viscosity at acceptable levels
Anti-F i Dimethylsili
nt-roaming 1.me Y Sl, 1cones To reduce the foaming effect in oils.
Agents (dimethylsiloxanes)

Zinc dithiophosphate (ZDP);
Anti-Oxidants

Alkyl sulphides; Aromatic sulphides;
Aromatic amines; Hindered phenols.

To inhibit the oxidation process of oils.

Phenolates, sulphonatesphosphonates

To neutralize strong acids present in the lubricant.

Detergents of alkaline, alkaline-earth elements To form a film on part of the surface preventing
such as Mg, Ca, Na, Ba. high temperature deposition of sludge.
L hain hyd b
. Ong C a.m yCrocarbons To keep the foreign particles present in a
Dispersants succinimides, such as . . .
) . lubricant in a dispersed form.
polyisobutylenesuccinimides
Pour Point Co-polymers of To inhibit formation and agglomeration of
Depressants polyalkylmethacrylates wax particles

The stressful environment, into which lubricating oils are forced to operate, favors their degradations
over time. This loss of performance is a result of a complex tribo-chemical (tribo-chemistry refers to
chemical reactions taking place between lubricant (and/or environment) with surfaces in motion under
lubrication conditions [4]) process (es) occurring within the engine [5]. Due to their active sites
(functional groups) and conditions existing within the engine, additives are likely to degrade through a
series of chemical reactions which invariably results in loss of their primary functions. Their chemical
activities are thereby deteriorated. Various analytical tests, focusing on a particular property, have been
used to monitor degradation of additives in lubricating oils including fast transform infrared
spectroscopy (FT-IR) [6].

FT-IR has been found to be a reliable and sensitive technique to assess the presence of degraded
materials resulting from lubricant and additive degradation [7]. Although, one may see IR spectroscopy
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as a qualitative test, recent literature has revealed extensive investigations which have focused on the
quantitative aspect of infrared spectroscopy. Fernandez et al. 1998, used mid infrared to determine pKa
(pKa is a dimensionless value which tells how acidic (or not) a given hydrogen atom in a molecule is)
of the contaminant inducing dehydration degree of phospholipids [8]. Similarly, the interest in
contaminants in lubricants was deepened by (Borin et al., 2005). Using IR spectra and through a
technique known as interval least squares, they quantified the amount of poisonous components in
automotive lubricating oil artificially contaminated with water, ethylene glycol and gasoline [9].
Contaminant is a generic term used in tribology science which indicates a foreign material present inside
the lubricant whose action deteriorates the quality of the oil including oxidized compounds easily
detectable in an IR spectrum. Based on that principle, (Van de Voort et al. 2003) proposed the
quantification of acidic materials resulting from oxidation processes. Although, the results were
supplemented by acid number (AN) and base number (BN) tests, the computations were made from the
characteristic peaks of oxidized compounds [10]. Although the quantitative features of FT-IR have
stimulated a certain interest, its poor selectivity has often been known to be one of its major drawbacks.
However, through a combination of both chemometrics and FT-IR the chemical alterations that are not
detected could be magnified [11,12]. Thus, considering lubricating oils as a case study, this research not
only aimed to monitor the degradation of lubricating oils but also to propose a forecast of additive
depletion based solely on infrared spectra and mathematical tools.

2. Mathematical Approach

As the engine runs, additives deteriorate until the point beyond which they become “chemically
different” is reached. This point corresponds to a distance, indicated by the odometer, above which the
car engine performance is reduced and it is desirable to change the oil. In this study, the distance is
defined as “breakpoint” and has been determined through a mathematical model. It is believed that
regression or depletion of additives follows a pattern that could be linearized. Moreover, an early
detection of a breakpoint, using IR spectra, could be a stepping stone for innovative techniques including
additive reconstruction and oil degradation sensors [13,14]. With regard to this, extent investigations
have been conducted in the last decade. (Mujahid et al., 2010) and (Irshad et al., 2013) have proposed
the correlation of data obtained by infrared and nanotechnology for the development of sensitive sensors
to monitor the formation of carbonic materials [15,16].

Three major causes of lubricating oil degradation including carbonyl oxidation, sulfate oxidation and
wear, which are believed to be the principal reasons of additive depletion, have been defined. Prior to
developing a mathematical model, it was assumed that interferences between the different peaks of the
spectra were minimal. Also, dimensionless parameters, which trace the fraction of degraded additives
(DA) formed as a result of a specific chemical process, were defined.

» &ox defines the fraction of oxidized materials formed because of carbonyl oxidation. Also,
it accounts for the amount of antioxidants consumed during this process.

= Caw represents the fraction of contaminants appearing because of wear metal poisoning. To an extent,
it quantifies the amount of antiwear additives (AWs) depleted solely due to metal contamination.

= Ewu expresses the fraction of contaminants appearing as a result of sulfate oxidation. Also,
it expresses the amount of depleted sulfonate detergents.
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Eox, Esu and &Eaw are expressed in molfresh lubricant/MOIDA.
Consider an additive i, with an initial transmittance %Ti on an infrared spectrum, %Tx to be its
transmittance after X km as sketched in Figure 1. The fraction of DA formed at any distance X, could be

computed as expressed by Equation (1)
_%T; — %T;

i %T, ] x 100 (1)
where:

%Ti is the transmittance of the fresh lubricating oil, in %.
%7Tx is the transmittance of a used lubricating oil at any distance X, in %.
& is the fraction of DA appearing solely due to a specific chemical process, in molfresh lubricant/mMOIDA.

Figure 1. Schematic of the computation of degraded additives.

%T8 ﬂ
%T5 ,'r
%T4
b &6
Es
%T3 ﬁ\ 54
&
%T2
&

%T1 < | ;

X1 X2 X3 x4 x5 X6

The ratio of the fraction of appeared DA over the mileage outlines a chemical change occurring within
the lubricant per mileage. By analogy to reaction rate in kinetics, a ratio, ri, that expresses the rate of chemical
change of a lubricating oil has been defined. Its mathematical formulation is shown by Equation (2)

g
P = 2 (2)

X

r

where:

I in MOlfresh lubricant/MoIpA -km;
&i, 1N MOlfresh lubricant/MOIDA;
X, in km.

At initial conditions, X = 0 km i.e., for a lubricant freshly introduced in the car engine, there is no
chemical reaction occurrence, hence no additive depletion.

Thus, it has been postulated that the origin (X = 0), & = 1 molfresh lubrican’molpa and
It = 0 molfresh lubrican/molpa-km.

Equations (1) and (2) were set as governing equations and were further used to develop mathematical
models as discussed later.
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3. Experimental
3.1. Sampling

The study, performed on a laboratory scale, considered two car engines fueled with the same gasoline,
whose technical specifications as well as the type of lubricating oil used, are tabled in Table 2. The
investigational study was conducted over two months. Samples were collected from engines at different
distances at regular intervals of two weeks traveling mainly within a city. Prior to the experimental phase
and to reduce foreign particle poisoning, the two cars underwent a thorough spot check and were
cleaned. Samples were cleared of solid materials by a centrifugation process. The IR spectrum was
recorded thereof.

Table 2. Model characteristics and lubricants grade.

.. . Distance at which Samples
Type and Lubricating  Experimental

Car Engine Specifications were Collected

Oil Grades Code -
In miles In kms

0 0
1150 1851
1-4, 4 Cylinders, 1.8 L Fully Synthetic SW-40 FS 5W 1380 2221
1678 2700
1818 2926

0 0
1483 2387
CamPro, 4 Cylinders, 125 gross  Semi Synthetic 15W-50 SS 15W 2020 3251
2810 4522
3175 5110

3.2. Instrumentation

The spectral analysis was performed using attenuated total resonance FT-IR (Perkin Elmer, Kuala
Lumpur, Federal Territory of Kuala Lumpur, Malaysia). The values obtained were based on
transmittance with a wavelength scan ranging from 500-4000 cm™'. The equipment was set at 16 scans
with a generated spectrum having a resolution of 0.4 cm™! for 3028 cm™! in the band for methane. A
drop, collected from the samples at various distances, was deposited on the surface of the lens of the
crystal diamond. In-built software was used to treat and process the signal and raw spectra were
generated. A baseline correction was performed to give actual spectra which were used for this research.

4. Results and Discussion

A used lubricating oil spectrum should be viewed as a sum of spectra of all components contained
within the car engine oil including base oil, additives, degraded products and contaminants.
A comparative spectral analysis was performed, as shown on Figures 2 and 3 for both FS 5W and
SS 5W respectively. A slight shift, caused by oxidation of chemical materials contained within the
lubricant, was observed. It appears to be more stressed on SS 5W. The base stock or the initial
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composition of lubricant is thought to be the reason for such a pattern. Moreover, the shift, herein
observed, suggests a low rate of oxidation in a fully synthetic model. Certain zones of the spectra
that appeared, suggest a high concentration of degraded products. Also, they indicate eventual processes
responsible of additive deterioration including sulfate oxidation, ZDDP or AW depletion and
carbonyl depletion.

Figure 2. Infrared spectrum of fully synthetic model.
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Figure 3. Infrared spectrum of semi-synthetic synthetic model.
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4.1. Carbonyl Oxidation or Carbonylation

Around 1700-1750 cm™!, the differential spectrum exhibited a fair but broad peak for
the semi-synthetic model while being nearly undistinguishable for the fully synthetic. Figure 4a,b depict
the aforementioned observations.

Figure 4. (a) Carbonyl oxidation in FS_5W; (b) Carbonyl oxidation in SS_15W.
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Nevertheless, an absorption, around that region of the IR in tribology, is characteristic of a carbonyl
absorption (stretching motion). The functional group is representative of aldehydes, carboxylic and/or
ketone type compounds which result from a series of chemical reactions which convert hydroxyl
compounds. The conversion is thought to be catalyzed by wear metals such as iron, chromium and
copper. A nano-scratch, on the surface of engine parts in motion, is sufficient to release an amount of
metal which latter behave as catalyst [17]. With usage, an acidic environment builds up within the engine
and thereby promotes the formation of oxidizing agents including H2CrOs and Fe(IIT) which combine
further with oxygen (O2) and water (H20) to form a cationic complex [18]. Ultimately, conversion of
alcohols, following the chemistry below is likely to occur [19].

> oH + H,CrO, +6H —> 3R~<+2Cr 4+ 8H,0
\ (Water)

3 Fromweawthln engine
F 3)
B‘OH + >—0H — = ):o + >:o
R H,0/0, .
4

4
(Primary alcohol)  (Secondary alcohol) (Aldehyde) (Ketone)

R, R!, R? and R? are either phenyl, alkylene or aliphatic groups which usually form the base stock of
the lubricating oils. The broadness of the observed peak suggests a wide variety of acidic materials
formed. Transmittances corresponding to carbonyl absorption were measured in percentage and are
outlined in Table 3.

Table 3. Carbonyl oxidation results.

Mileage Transmittance Eoxs Foxs
(in km) (in %) (in MOlfresh tubricant/ molDA) (in x1073 MOlsresh tubricant/ molDA-km)
FS 5W
0 99.48 1.0000 0.0000
1851 99.46 0.0201 1.0861
2221 99.43 0.0503 2.263
2700 99.39 0.0905 3.3508
2926 99.37 0.1106 3.7790
SS_15W
0 98.96 1.0000 0.0000
2387 98.95 0.0101 0.4233
3251 98.91 0.0505 1.5542
4522 98.94 0.0202 0.4470
5111 99.02 —0.0606 —1.1863

Data from Table 3, were used to obtain Figure 5, from which the fraction of degraded materials due
to carbonyl oxidation was computed.
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Figure 5. Carbonyl oxidation profile.
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Let &ox.(rs) and &ox.(ss) be the fraction of consumed antioxidants of FS 5W and SS_15W respectively.
Antioxidant depletion, in Figure 6, was found to follow an exponential decay regression whose general
expression is:

gi,x =ax exp(—bx) (4)
Solving for the rate of appearance of DA,
b
fix = ;eXp(—bX) (5)

where

a and b are constants to be determined, in molfresh lubrican/molpa and 1/km respectively.
X the distance covered by the engine, in km.

Nonlinear least squares fitting technique was iteratively applied to both models and the regression
coefficient (R?) was found to be 0.9875 with the sum of squares Z(yi — y)* = 0.0228.

The rates of chemical change credited to carbonyl oxidation of fully synthetic and semi synthetic
samples at any distance X are expressed respectively by Equations (6) and (7):

0.9981

lox.(FS)x = Texp(—0.0014x) )
0.9656

Tox.(s5).x = Texp(—0.0003x) Rl

Both roxrs)x and Fox.(ss)x are expressed molfresh lubricant/molpa -km.
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4.2. Sulfate Oxidation: Sulfation and Sulfonation

Sulfonates are present in the base stock of lubricating oils as detergent additives. In the IR spectrum,
they are detected around 1150 cm™! in the form of oxidized materials (sulfur oxides). Sulfate oxidation
implies either sulfation and/or sulfonation. Sulfation is a process by which esters or salts of sulfuric acid
(sulfates) are formed while sulfonation refers to a chemical reaction where sulfonic acids are formed.

As the car engine runs, detergent additives are degraded following the chemistry described by
Equation (8) with sulfuric acid formed as a side product (9) [20].

SO;H SO,H
_ L SO,
2
(Alkylsulphonic acid) (Alcohol sulfuric acid)
SO,
H20 T» HzSO4 (9)

(sulfuric acid)

R and R! refer to alkylic, aliphatic and/or phenylic groups forming the base stock of the lubricant.
Sulfur oxides and other acidic materials formed during the combustion process, when accumulated
within the oil, lead to corrosion of the moving parts of the engine. They are detected because of the
asymmetric stretching motion of the bond S=0O. A strong absorption for SS 5W and a fair one for
FS 5W were observed; suggesting the inclination of the semi-synthetic model towards sulfation and/or
sulfonation compared to a fully synthetic archetype. By determining transmittance values, Table 4

was assimilated.

Table 4. Sulphation/Sulphonation results.

Mileage Transmittance Eoxs Foxs
(in kms) (in %) (in molresh ubrican/MOlpa) (in X10™* moltresh lubricant/Molpa-km)
FS 5W
0 96.04 1.0000 0.0000
1851 93.72 2.4157 0.1305
2221 93.50 2.6447 0.1191
2700 93.13 3.0300 0.1122
2926 93.03 3.1341 0.1071
SS 15w
0 96.52 1.0000 0.0000
2387 94.44 2.1550 9.0280
3251 93.87 2.7456 8.4452
4522 93.90 2.7145 6.0028
5111 93.93 2.6834 5.2502

Both alkylsulfonic and alcohol sulfuric acids later combine with metals encountered in the lubricating
oils as corrosion inhibitor or antiwear additives including sodium (Na), zinc (Zn), calcium (Ca) to form
alkylsulfonic and alcohol sulfuric salts. Thus, the wide variety of compounds yielded explains the
broadness of the absorption peak observed. The sulfation and/or sulfonation profile observed across the
samples was obtained by plotting the fraction of degraded additives and the rate of change versus the
distance run as shown in Figure 6.
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Figure 6. Sulfate oxidation analysis.
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Abrupt increase, followed by an apparent steadiness was observed in the sulfate oxidation analysis.
The curve fitting technique (R? = 0.8929 and X(yi — y)* = 0.5628), suggested an exponential rise to a
maximum pattern whose general expression is given by (10):

y(x) =Y, +a(l —exp(—bx)) (10)

By analogy in this research: yo is the initial concentration/fraction of an additive i (in molfresh iub./molpa)
that increases at a rate of a(1 — exp(—bx)) per x km.

The rates of chemical change due to sulfate oxidation for FS 5W and SS 15W are expressed as
shown in Equations (11) and (12) respectively:

0.9947 1.846
ugrs)x == T [1+exp(—0.0092x)] (11)
0.9947 2.84
o fss)x = +T[l+exp(—O.OOllx)] (12)

where I'su(rs)x and Isu(ss)x are expressed in molfresh lub./molpa-km.

4.3. Antiwear Depletion

Wear, in car engines, is mainly due to friction within the moving parts. The infrared spectrum showed
a strong peak of absorption around 1050 cm™' which is believed to be the response of the
P—O-C bond, originating from zinc dithiodiphosphate (ZDDP) present among antiwear additives (AWSs).
ZDDP was found to degrade at different rates for both models. Various factors may favor this
deterioration e.g., foreign materials and soot deposition [21]. Lubricant degradation, due to antiwears
and ZDDP depletion, is outlined in Table 5 and plotted as shown in Figure 7.
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Table 5. Antiwears and zinc dithiodiphosphate (ZDDP) depletion results.

Mileage Transmittance Eoxs Foxs
(in km) (lll %) (lll molfresh lubricant/ molDA) (1n X10_4 molfresh lubricant/ molDA-km)
FS_5W
0 96.68 1.0000 0.0000
1851 95.52 1.1998 6.4821
2221 95.48 1.2412 5.5885
2700 95.20 1.5308 5.6696
2926 95.08 1.6549 5.6558
SS_15W
0 97.02 1.0000 0.0000
2387 95.65 1.4121 5.9158
3251 95.38 1.6904 5.1996
4522 94.87 2.2160 4.9005
5111 94.21 2.8963 5.1996

Fraction of DA formed

Figure 7. Antiwear/ZDDP additives depletion profile.
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In both samples, ZDDP was found to deplete steadily with a peak around 2000 km. This observation

was observed for both samples. Based upon regression technique, a steady formation of contaminants

which is believed to follow an exponential growth pattern was observed; its general formulation is given
by Equation (13):

y(x) = axexp(—bx)

(13)

where a and b are constants to be determined, in molfresh lubricant/molpa and 1/km respectively.

Let raw.rs) and rawss) be the rates of chemical degradation of lubricating oils due to wear metal

poisoning of FS 5W and SS_5W respectively, in mol/mol-km.
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Considering the best fitting line technique (R? = 0.9524 and X(yi — y)? = 0.1483), the theoretical rates
of chemical change credited to depletion in AWs are expressed by Equations (14) and (15):

0.8301

Faw(FS) x :—X exp(0.0002x) (14)
0.9505

Faw(ss),x = TGXP(O-OOOZX) (15)

4.4. Determination of Breakpoint

Based upon the results of infrared, the depletion trend of antioxidants, sulfonates and antiwears
as well as antioxidants expressed mathematically, rox, I'su and raw were modeled. When plotting the
aforementioned parameters versus the mileage run by the engine as depicted in Figure 8a,b respectively
for fully synthetic and semi synthetic models, characteristic points were found; which were used to
determine the distance x’, above which a Ilubricant is said to be chemically degraded;
X’ refers to the breakpoint.

Graphically, the breakpoint for the fully synthetic model was found at x> = 4000 km above
which a steadiness in additive decomposition was noticed. Moreover, the plots suggest that
sulfation/sulfonation (8) are favored to the detriment of carbonyl oxidation (3). Therefore, a fully
synthetic lubricant is believed to degrade primarily due to oxidation of sulfur materials, which invariably,
consumes sulfonate additives.

The breakpoint for SS 5W was found graphically around 2500 km. Also, ZDDP and sulfonate
detergents were found to trigger the loss of performance of semi-synthetic lubricants while antioxidants
were observed to deteriorate at a rate slower than ZDDP and sulfonates; the process of depletion of
additives is similar to a fully synthetic model. However, the severity was found to hasten lubricant
degradation which partially explains the breakpoint found.

4.5. Forecasting of Depletion in Additives

Oil condition monitoring was conducted on engines which were serviced every 6000 km. Considering
a scenario, whereby the lubricants were used for an additional 2500 km, a forecast was made; by which,
the extent of chemical reactions on the depletion in additives as well as the behavior of the lubricants
throughout their life service could be monitored. Based upon mathematical equations developed
previously, antioxidants, antiwears and sulfonate detergents profiles were investigated and are illustrated
in Figure 9.
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Figure 8. (a) Graphical determination of breakpoint for the fully synthetic model;

(b) Graphical determination of breakpoint for the semi synthetic model.
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Figure 9. Comparative analysis of depletion in additives.
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Depletion in additives, hence degradation of lubricants, forecasted for 8500 km showed five distinct
phases which every lubricant is believed to follow. The first 500 km () an abrupt increase, followed
by a sudden decrease (@) in additives, is to be expected with a high rate consumption of sulfonate
materials. Reactions (3), (8) and (9) are believed to occur concurrently reaching their highest formation
rates at 500 km. However, it is believed that regardless of the occurrence of the aforementioned reactions,
within (D, the concentration in additives within the engine is still at an acceptable level. Moreover, the
base stock of the lubricant is thought to play a key role during the degradation process as a semi synthetic
model is expected to deteriorate faster than a fully synthetic model.

Depletion in additives is expected to decrease continuously (), even more after the inflexion zone,
which is characteristic of the response of the engine oil towards various forms of oxidation. Above this
zone, semi synthetic lubricants tend to degrade faster as the breakpoint is found within this distance
range. The same pattern is to be found for fully synthetic lubricating oils. However, depletion will occur
between 4000—7000 km (). As the moving parts are in contact, wear detaches metals from the surface,
which subsequently, poison lubricating oils; thereby enhancing sulfonate detergents depletion [8,22].
Furthermore, the chemical hindrance of ZDDP is to be expected. It could be argued henceforth that the
critical mileage for a semi synthetic lubricant is found within this range, more accurately around
5000 km.

The critical stage, ®), is foundt to occur above 7000 km at which major additives are largely depleted
with inclined stress for antiwears and sulfonate detergents. Such a pattern is forecasted for both fully
synthetic and semi synthetic lubricants. At this level of the process, the engine oil is “chemically broken”
and therefore unusable for an engine, which is left unprotected against corroding agents. Therefore, the
critical mileage for a fully synthetic model is around 7000 km.
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5. Conclusions

Degradation of lubricating oils is ascribed to a series of chemical reactions occurring within the car
engine oil at different rates. Based upon infrared spectra combined with a curve fitting technique,
mathematical models, that describe the behavior of additives within the engine, have been developed.
The following conclusions have been drawn:

1. Depletion in additives within a car engine follows an exponential regression rather
than polynomial.

2. Chemical breakpoint—distance above which the lubricant starts to degrade, depends on the
composition of the base stock. The breakpoint was found to be two times higher in a fully synthetic
model than a semi synthetic model.

3. Sulfate oxidation and wear poisoning were found to be the primary sources for lubricating oils.
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