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ABSTRACT

Three new quantitative Fourier traDsform infrared (FTIR) spectroscopie methods

were developed to measure key lubricant condition monitoring parameters; total acid

number (TAN), total base number (TBN), and moisture (H20). AlI metbods employ a

eommon sample...handling acecssory and are based on the addition of specifie rœgents

designed to react stoiehiometrically with target spccies in oils, with quantification being

carried out using differential FTIR spectroscopy. The combined use of a stoiehiometric

reaction and difTerential spectroscopy overcomes the necd for a referenee oil, which bas

traditionally hindered quantitative aualysis of lubricants by FTIR spectroscopy.

Potassium hydroxide, trifiuoroacetie acid (TFA) and 2,2-dimethoxypropane (DMP) were

the stoicbiometric reagents used to develop the FTIR TAN, TBN and H20 methods,

respectively. Calibrations were developed using either peak height measurements or

panial least squares (PLS) regression and the methods were validated using standard

addition techniques, as the ASTM (American Society ofTesting and Materials) standard

methods were not sufficiently reproducible to make valid comparisons. Validation of the

methods indicated that the TAN, TBN and H20 methods had accuracies of :t<>.09S mg

KOH/g, ±<>.5 mg KOHlg and ±32ppm respectively and corrcsponding reproducibilities of

~.OS mg KOH/g, :tO.17 mg KOHlg and j:22 ppm. The TAN, TBN and H20 methods

were implemented on a Continuous Oil Analysis and Treatment (COA-r-) System,

integrating instrumentation, software and sample handling 50 as to provide packaged,

user and CDvironmentally friendly analytical methods tbat are alternatives to conventional

ASTM wet ehcmical methods.



•

•

•

RÉSUMe

Trois nouvelles méthodes d'analyse quantitative ont été développées afin de

mesurer les paramètres d'importance en référence avec révolution de la fonctionnalité

des lubrifiants grâce au support de la spectroscopie à infrarouge à traDsformation de

Fourier (FTIR). Celles-ci visant à mesurer l'indice d'acidité (TAN) de basicité (TBN)

ainsi que le niveau d'humidité. Toutes ces méthodes font appel à un accessoire de

traitement des échantillons conventionnel et sont basées sur l'addition d'un réactif

soigneusement sélectionné afin de produire une réaction stœchiométrique directement en

rapport avec le phénomène étudié qui pourra par la suite être quantifiée à l'aide d'une

mesure différentielle obtenue grâce à la spectroscopie à infrarouge à transformation de

Fourier. L'utilisation conjointe d'une réaction stœchiométrique et d'une mesure

différentielle obtenue par l'entremise de la spectroscopie élimine l'obligation d'avoir

recours à une huile de référence qui avait dans le passé constitué un obstacle majeur à

l'utilisation d'une telle technologie. L'hydroxyde de Potassium, l'acide Tritluoroacétique

(TFA) et le 2,2-Dimethoxypropane (DMP) furent utilisés comme produits réactifs dans le

cadre de cette recherche pour mesurer à l'aide de la spectroscopie à infrarouge à

transformation de Fourier (FTIR) respectivement TAN, TBN et humidité et servir au

développement de ces méthodes. Le calibrage firt développé à l'aide d'une mesure des

sommets à la longueur d'onde étudiée et/ou à une régression basée sur la moindre

partielle des carrés (PLS). Ces méthodes furent ensuite validées grâce à l'utilisation de

techniques d'additions standard telles que décrites par l'ASTM (American Society of

Testing and Matcrials). n fut toutefois noté que le peu de reproductibilité de ces méthodes

empêcha d'effectuer une comparaison appropriée. La validation de ces méthodes

confirma un niveau d'exactitude de %O.09Smg KOHlg pour TAN,:O.5 mg KOHlg pour

TBN ainsi que ±32ppm pour l'humidité avec une reproductibilité de %0.05 mg KOHlg,

%0.17 mg KOH/g et :i:22ppm. Ces trois méthodes furent par la suite mises en fonction sur

un système d'analyse et de traitement continu des huiles (COAr-) permettant une

intégration de toutes ces foDetioDSt d'une analyse par logiciel et d'un traitement des

échantillons de façon rapide et efficace et par suraoit sans danger pour l'enVÎJODDement -

ü
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définitivement une alternative viable à la méthode chimique traditionnelle pronée par

l'ASTM qui utilise un large volume de produits nocifs à l'environnement.

iü
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CONTRIBunONS TO KNOWLEDGE

1. DemoDstrated the utillty 01 die teebDlqae 01 dlfl'ereDtiaI lpeetroscopy ÎD

cODjUDCdoD wlth a cllemlcal reaeeDt _ a q.adtative bals lor lubricant
cODdidoD mODitoMe by Foarler traulorm lDIrarecI (F-'IR) IpectroIcopy.
The characteristic absorptions ofproducts fonned by reacting species ofinterest in
lubricating oils with specific reagents were shown 10 he clearly discemible by
ratioing the spectra rccordecl after addition of the reagcnt against the spectrum
recorded befote reagent addition. By using spectral ratioing to obtain ditTerential
spectra, most spectral interfercnces lSSOCiated with the base oil and additive
package are effectively remov~ making quantitative measurement possible
without requiring a reference oil.

2. Developed a quadtadve lDedlod ollDeuurIDl carboxyUc acid cODtribudoD
to the Total Acid Namber (TAN) iD miDeni bued labricuts by FIlR
spectroscopy.
The method is based 00 the additioo of a KOHlhexanol solution to react with
carboxylic acids in oil, indicative of base ail oxidatioo. The acids are converted
into their respective salts and quantification is based on the salt absorbance
appearing in the 1603-1560 cm·a region. The method cm replace the standard wet
chemical TAN procedure recommended by the American Society of Testing and
Materials (ASTM).

3. Developecl a quaadtadve metIIod 01 meaarial Total Bue Nu.ber (TBN) iD
miDeral based lubricaatl by FI1R spectrolcopy.
The method is based on the addition of trifluoroacetic acid (TFA)lbexanol
solution to react with basic constituents in an oil, their depletion heing indicative
of oxidation of base oil or accumulation of &Ciels formed by combustion. TFA is
converted to its salt and quantification is based on salt absorbance al 1673 cm·a•

The method can replace the standard wet chemical TBN procedure rccommended
by the American Society ofTesting and Materials (ASTM).

4. Developed a quaadtative metbod for die deteradaadoD of lDollmre preseDt
iD lIÛIIeni baed lubrlcaats by FI1R spectrolcopy.
The method is based on the addition of 2,2-dimethoxypropane (DMP) to oils to
react with moÎ5tUre and the measurement ofthe absorption ofthe gem-diol formed
over the region of 3945-3156 cm-a. The metbod cau replace the Karl-Fischer
method recommended by the American Society ofTesting and Materials (ASTM)-

s. IDtegrated ad Imple...ted die medlodl developeel 10 U to make dlem
simple ad roatiDe to use.
The metbods dcveloped were programmed and integrated into a Continuous Oil
ADalysis and Trcatment (COAr-> System so tbat the FTIR. methods could he used
in a routine maDIler in an industria1laboratory.
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CHAPTER1

GENERAL INTRODUCTION

Lubricating oils, wbich represent a very significant portion of lubricants in

general, are formulated ftom a range of base oils and chemical additives tbat serve to

lubricate a variety of engines, equipment and macbinery. The predominant componen~

the base oil9 provides its lubricating fimction by forming a tluid layer that separates

moving surfaccs9 and additional fimctions including removing heat, dispersing wear

particles as weil as circulating additives to where they are needed. The chcmical additives

in a base oil function as lubricant stabilizers and/or performance enhancers, e.g., addition

of antioxidants improves the base oirs resistance to oxidative degradation. Additives and

additive packages, often UDdefin~ complicate the usually simple chemical nature of the

base oil. There can often be a wide range oC undefined additives present in lubricating

oils, which can make them quite complex in their overall chemical makeup.

Ali lubricating fluids are subject to degradation during service, which gradually

leads to a 1055 of the functionality that the tluids are designed for. Among various

processes leading to degradation, rcactions with oxygen are very important as the oil May

become corrosive and can Corm insoluble sludges. Additive degradation and/or losses via

chemical reactions or pbysical processes such as cvaporation also shoncn the useful Iife

of lubricants as can UDwanted contaminants such as soot or moisture, all of concem to

machinery operators because they can lcad to expensive mccbanical failures.

Additionally, it bas been standard pr8Ctice to chanse lubricants on an operating lime or

mileage basis, without consideration ofthe actual state of the lubricant. Depending on the

load or stresses incurred during operation, IWo identical machines may end up having

lubricants in quite different conditions fiom each othet. T'hus, it bas etTectively been

argued that the condition of lubricants should he regularly monitored or measured in

order to justify procurement and disposai expenses, wbich are usually bigh. This bas Icd

to the concept ofcondition monitoring and predictive maintenance as a means to be more

efticien~ reduce costs and obtain maximum lubricant service Iife without sacrificing
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equipmcnt safety and reliability. Many large commercial enterprises as well as the

military have very extensive machinery and equipment inventories for which lubricant

changes and disposai are a significant cost of operation. Condition monitoring can be a

very effective means ofcontrolling these variable costs as long as then: are effective ways

ofmonitoring the condition ofthe lubricant.

The methods commonly used. to monitor oil condition, usually in central or

commercial testing laboratories, arc largely based on the standard methods of the

American Society of Testing and Materials (ASTM). Many of these methods are

traditional wet chemical methods that are time consuming and labor intensive and often

involve hazardous solvents and reagents. Over the past 10 years, there bas been a major

effort to develop instrumental methods that allow the condition of an oil to be monitored

more readily. A key development in this regard bas becn the more extensive use of

Fourier transform inftared (FTIR) spectroscopy as a condition monitoring taol, an

initiative undertaken by the US military under the guise of the Joint Oil Analysis Program

(lOAP). FTIR spectroscopy is a major advance over traditional dispersive IR

instrumentation in terms of ease of use, versatility of sample handling and software for

the managing and interpretation of spectral data. The JOAP protocol is a structured

methodology that makes use of characteristic inftared absorptions of the functional

groups ofconstituents in the oil to indieate whether they are present, rising or dropping in

relative concentration. In condition monitoring, speed and multiple analytical capabilities

are very desirable, and a broad range of constituents cao he evaluated simultaneously by

FTIR spectroscopy. FTIR is being used extensively for the rapid and routine screening of

used lubricants for remaining additives, oxidative degradatîon oC base oils and oil

contarninants, however, the results obtaiDed are still qualitative and an extensive lubricant

degradation database is rcquired ta interpret the meaDÎDl ofthe spectral trends and values

output.

Although FTIR. spectroscopy bas generally been used as a qualitative too~ the

McGill IR Group bas succcsstùlly developed quantitative FTIR. malytical Methodologies

2
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for industrial quality control appücations, especially for edible fats and oils. The methods

developed are rapid, use minimal or no solvents or reaaents and have been designed to

replace traditional wet-chemical methods. Thermal-Lube IDe., a MontreaI base<! lubricant

manufacturer, recognized that if the quantitative capabilities of FTIR. spectroscopy could

be applied ta lubricants, condition monitoring would become a mueh more reliable and

useful analytical tool. An industrial researcb partnersbip between the McGill IR Group

and Thennal-Lube Icd to the development of an automatcd Continuous Oil Analysis and

Treatment (COA~ System that utilizes FTIR. spectroscopy and bas been successfully

used to monitor the depletion ofadditives in lubricating oils. As experienee was gained in

working with lubricating oil matrices, it became clear that developing quantitative

methods would be problematic because of the undefined nature of the oil due to

constituents making op the additive package. Without defining the oil, or at least knowing

that the oil formulation would remain consistent, there is no reference point to work ftom.

Because there are 50 Many formulations and even for brandcd products, formulations can

change without notice, the concept of baving reference ails on file is considered

impractical. It is largely due to these problems that the FTIR. based JOAP protocol is a

mostly qualitative ratber than quantitative procedure. Thus, although oil condition

information can be obtaincd via FTIR, most users still tum to traditional methods to

verity or determine a definitive value for specific parameters ta malee tbeir decision

whethcr or not to change oil.

Recognizjng tbat the qualitative nature of the JOAP FTIR. protocol u1timately

limits its usefu1ness, the objective of tbis research was to develop quantitative FTIR

methods which could replace key ASTM cbemical methods such as total acid number

(TAN), total base number (TBN) and moistule (HI0). This work draws on cxperience,

concepts and FTIR. methodology development work carried out by the McGill IR Group

and extends them, particularly the use ofstoicbiometric reactions in conjunction with the

use of differential spectroscopy. The Methodologies developed for TAN, TBN and H10

analyses are descnDed in Chapters 3-5, respectively, with Chapter 6 ÎDlegrating and

summarizing the concepts in relation to their instrumental implementation. The researcb

3
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rcsuIts prescnted will demonstrate tbat leneralized quantitative aDalysis of lubricants is

feasible and that with appropriate instrumentation, sample bandlinl and programming,

quantitative FTIR spectroscopy should he both practical and beneficial to the lubricant

industry.

4
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CHAPTER2

LITERATURE REVlEW

2.1INTRODUcnON

In relation to industrial machinery, lubricant quality is an essential part in

preserving the performance and longevity ofequipment. As oil gradually degrades during

the service, if not attended to, excessive mechanical wear will occur, leading to

permanent and/or costly hardware damage. Typically, used oil May bec:ome too dirty

and/or viscous to protect a machine, even becoming corrosive, fonning harmful sludge

and deposits, all of which can cause machine damage. Additives formulated as part of a

lubricant for protection of specific functionalities MaY also deplete as the lubricant

deteriorates, leading to impaired performance. Based on extensive investigation and

experience, scientists and engineers bave noted that certain operating cycles cause

specific changes to a lubricant and tbat cach type of lubricant degradation results in

damage or 10ss ofperformance ofspecific mechanica1 components. It became evident that

qualitative and quantitative analyses oflubricant physical properties, its organiclinorganic

constituents and wear metals could yield worthwhile information. Such analysis provided

information on the condition of the oil and the equipment and often provided indication

of pending failures ofkey components such as bearings (Smolenski and Schwartz, 1994).

Monitoring the presence of wear metals commonly employs ferrographic techniques and

elemental analysis methods such as atomic absorption (AA) or atomic emission (AE)

spectroscopy. Condition monitoring cao provide supplemental information to indieate the

state, effectiveness, and remainjng usefbl Iife (RUL) of the lubricant based on

degradation and contamination analysis (Lukas and Anderson, 1998).

Condition monitoring is defined as a "field of technical aetivity in which selected

physical parameters associated with an operating machine are periodically or

continuously sensed, measured and recorded for the interim purpose of rcducing,

analyzing. comparing and displaying the data and information 50 obtained and for the

ultimate purpose ofusing this interim result to support decisions related to the operation
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and maintenance of the machine" (Anonymous). An effective lubricant condition

monitoring program commonly employs a varidy of tests involving pbysical and

chemical approacbes, Many of whicb only provide indirect information on oil condition

and/or contamination_ More direct and comprehensive information is available via FTIR

spectroscopy, the JOAP protocol facilitating its use as a standardized tool for qualitative

lubricant condition monitoring_ On the other band. FTIR spectroscopy also bas the

potential to be used as a quantitative tool. its development being the subject and objective

of tbis thesis. To provide appropriate background, the following sections provide an

overview of lubricant tecbnology and review selccted analytical methods as weil as IR

spectroscopy in relation to lubricant condition monitoring.

2.% LUBRICANT TECRNOLOGY

Lubricant use bas a historical record dating back to the begjmùngs of civilization

when natural rats and oils obtained from animal orvegetable sources were used (Dowson.

1979). These oils were first used to lubricate wheels on cans by spreading them on

contact moving surfaces to reduce friction. The industrial revolution gave new impetus to

lubricant technology as heavy machinery was developed and tbis led to large-scale

production and commercialization ofminerai oils in the carly 19tb century. In the 1930's,

lubricant technology advanccd significantly wben it was recognized that the overall

eifectiveness of lubricants could be enhanced with the addition of oil soluble

"performance additives", thus giving birtb to the science of lubricant additive chemistry.

Subsequently, various lubricants based on synthetic fluids and vegetable oils have

become available on the market, in part becausc of either thcir unique lubricating

properties or their biodegradability in the environmenL

2.2.1 LabricatiDl Bue Oils

The most common base oils currently used for formulating lubricants include

minerai oils, synthetic fluids and vegetable oils, with the minerai oils maJcjug up the

majority of overall base oil production. Depending on the type of application a lubricant

is designed for, modem lubricating oils are formulatecl by mixing base oil(s) with special

6
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chemica1 additive(s) to enhaDce lubricant performance or stability. Base oils contributc

basic lubricant fimctional propertics such as provision ofa ftuid layer 10 separate moving

surfaces, removing heat and wear particles, and acting as a carrier for additives and

keeping them in solution under normal worlcing COnditiODS.

2.2.1.1 Mineral Oils

Mineral (or petroleum) oil was first introduced in the late 18th and early 19th

centuries and rapidly overtook natural lubricants as the essential base lubricant fluid for

the 20th century. Due to its abundance and reasonable lubricating perfonnance attributes,

minerai oils comprises the largest group of liquid lubricants in common use (Dawson,

1979; Durant and Teintzc, 1991). Mineral oils are produced by refining crude oil, with

each source having particular quality characteristics and propenies depending on its

makeup and how it is refined. There is no fixed chemistry for minerai oils per sc, since

they contain varying amountslratios of hydrocarbons, including alkanes (Paraffins),

alkenes (olefins), alicyclics (naphthenes), aromatics, and smaU amounts oforgano-sulfur,

·nitrogen and -oxygen species (Prince, 1997; Sequeire, 1994). Figure 2.1 summarizes the

general structures of tbese constituents. The variation in the composition of mineraI oils

strongly influences their chemical and physical properties, such as viscosity and viscosity

index (V1), tbermal-oxidative stability, and pour point, ail of which are govemed by

molecular structure. Mineral oils used in the manufacture of lubricants include: solvent

neutral oils (SNO), naphthene pale oils (NPO), bript stocks (88), cylinder oils, and

specialty oils (Sequeire, 1994).

In general, minerai oil based lubricants are not necessarily the best lubricants

because trace elements, especially sultùr, and unsaturation make them subject to

oxidation, causing the formation of sludge and othe!' undesirable compounds. Even so,

minerai base oils still domina!e lubricant base ftuids and bave found widc application in

most areas of macbinery lubricalion becall5e of availability, reasonable performance and

priee. Important attributes ofminerai oils include: (i) a wide range ofviscosities available

7
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Alkanes-Branched

Alkenes

Alicyclics

Aromatics

Organo-sulphur

Organo-nitrogen

•

Figure 2.1 Examples of hydrocarbon and non-hydrocarbon constituents commonly
present in minerai oils.
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for various applications; (ü) relatively low and consistent coefficient of fiiction and low

compressibility; (üi) reasonable effectivencss in dissipating beat; and (iv) low priee. Non­

mineraI bascd tluids tend to he used in application whcre special propertics are necessary,

where pettoleum base oils are in short supply or wherc substitution by natural products is

practicable or desirable.

2.2.1.2 Synthetic Fluids

The term synthetic fluids covcrs a broad range oC polymerie compounds and out

oCover 25 types oC synthetic tluids identified by Gunderson and Hart (1962), seven are of

primary importance. These include the polyalphaolefins (PAO), polyalkyleneglycols

(pAG), phosphate esters, alkylated aromaties, polybutenes (or polyisobutenes, PIB), and

[WO synthetic esters, namely, polyol esters and aliphatic diesters (Brown, et al., 1997).

Figure 2.2 presents typical functional group structures found in the more commonly used

synthetic base tluids.

Synthetic based lubricants were simultaneously and independently developed in

Germany and the United States in the carly 19305 (Brown, et al., 1991), with the

technology developing extensively during wwn duc to the shortages oC petroleum

products at that time (Shubkin, 1993). It soon became evident tbat in Many applications,

synthetic lubricants were superior to minerai oil Cormulations because they did not

contain any of the readily oxidized or sludge forming compounds commonly present in

minerai ails. They also have inherent advantages sucb as lower coefficients of friction

and significantly prolonged service life due 10 molecular sttuctures tbat are more

chemically stable. In addition, they bave low pour points (wbicb allOW$ fimction al very

low tempcratures); do not rcadily ignite or bum; withstand radiation; and (iv) do not gas

offin a vacuum or space environment(~ 1989). Theil main disadvantage is that

they are expensive relative 10 mincral base ails.

- Owing 10 their unique pbysical and chemical properti~ synthetic lubricants have
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Polyalphaolefins

Polyol esters

Diesters

o 0
Il Il

RO - C-(CH:);-C- OR

Polyalkylene glycols

Phosphate esters
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l "O=P-OR
1
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Alkylated aromaties

R

Polybutene

Clù Clis CH2
1 1 U

CHrC-(CH-Cl-CH-C1 JI· J 1
CI-L CIL CfU

•
Figure 2.2 Typical structures or functional groups ofselected synthetic fluids.
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found wide application in aU areas of lubricatioD, including automobiles, trucks, marine

diesels, transmissions, general industrial lubricants, as well as areas where minerai based

lubricants are undesirable, such as the aviation and aerospace sectors.

2.2.1.3 Vegetable Oils

Lubricating base oils obtained tiom vegetable sources (rapeseed, soybean. etc.)

are made up predominantly of triacylglycerols or triglycerides, which are triesters of fatty

acids and glycerol.

In tenns ofperformance in reducing friction and wear when used as lubricants, vegetable

ails are superior to bath minerai based and synthetic ails (Hairston, 1994). With

increasing awareness ofenvironmental issues, there bas been a trend toward making more

extensive use of vegetable ail lubricants in environmentally sensitive applications.

Another reason for considering vegetable based lubricants is the growing concem about

polycyclic aromatics (PCAs) present in minerai oils, considered a potential risk to human

hea1th. Vegetable oils are free of PCAs and low in unwanted species such as sulphur­

containing compounds, which are often lSSOCiated with minerai ails. Aside from direct

use as lubricants, vegetable oils have value as a feedstock for the oleochemical industry to

produce a wide variely of chemical produets wbich find use in ManY applications

associated with lubricatioll, eitber as lubricant additives or for the production ofsynthetic

materials such as ester base fluids (Crawford, et al., 1997).

Vegetable oils tbat cau be used directly as lubricating base oils include soyb~

castor, Canol, coconut, paIm ternel and industrial bigh erucic acid rapeseed (HEAR)

ails. Among thcse, HEAR oil is the most promising one, baving good adherence
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properties, a high flashpoint, a high viscosity index, low volatility, good miscibility with

other oils as well as excellent stability under shear stress over a wide range of operating

temperatures (Kyriakopouls, 1995; Flider, 1995; Cheng. et al., 1991). Commercial

utilization of vegetable oils with a predominandy higher degree of monounsaturation for

lubrication purposes bas also bcen reponed (Gapinski, et al., 1994).

Vegetable ail based lubricants are particularly attractive to environmentally

sensitive sectors such as construction, rock and quarry, the forest industry, and the mining

industry (Hydrick, 1995). Vegetable oils have found applications in the automotive area

(Randles, et al., 1989), tractor transmissions (Saunders, 1995), two-cycle outboard

engines (van der Waal and Kenbeek, 1993), hydraulic oils (Sraj, et al., 2000; Legisa, et

al.. 1997. Cheng, et al., 1991), and as chainsaw lubricants (van der Waal and Kenbeek,

1993). They have not however been completely successful as engine cranlccase lubricants

and tend ta be restricted to a limited number of applications due to their inherently poor

oxidative. hydrolytic and thermal stability. At low temperatures they tend to solidify and

at high temperatures they deteriorate rapidly. These disadvantages CID however, be

overcome to some degree by the use of appropriate performance-enhancing additives,

such as antioxidants and pour point depressants.

%.2.1 Lubricatbal 00 Additives

Lubricant additives were tint used in the 19205 and their routine use in modem

lubricants has increased tremendously sinee then. Today, pnctically every lubricant

contains al least one additive, and some oils contain severa! different types (Anonymous,

1979; Wills, 1980). Lubricant formu1ators usually incorporate an additive package

containing "perfonnance additives" to improve the chemical and physical properties ofan

oil. From the standpoint off\metionality, lubricant additives cm be classified as: antiwear

additives, corrosion inIu"bitors, oxidation inhibitors, viscosity modifiers, pour point

depressants, emulsion modifiera, (orm decomposers, taeldness agents, seal swell agents

and dyes. Widely used additives for engine oilS usually inelude dithiophosphates,

overbased calcium sulfonates, succiDimidic dispersants, and polymer viscosity index

12
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improvers (Herdan, 1997). A comprehensive examination of al1 additives is beyond the

scope of this review, however, some of the more critical additives and the associated

processes or functional parameters they are designed to control will be discussed.

2.2.2.1 Antioxidants and Oxidation

Antioxidants are probably the most important additives used in lubricating oils

because oxidative deterioration plays a major role in oil degradation. The decision of

what particular type of antioxidant to use is largely based on knowledge of the oxidative

mechanism and the nature of the products predorninantly fonned. The need for

antioxidants is based on the fact that ail oils commonly deteriorate over lime/use by

autoxidation, a free radical chain reaction consisting of three distinct stages (Igarashi, et

al., 1996), summarized below:

(a) Initiation:

[2]

[3]

[1]

-----1.... RaO.

-----1.... ROOH + R.

M'"'"/O'1,
----I..~ R.RH

(b) Propagation:

R.+02

ROO.+RH

•
[4]

[S]

[6]

---"·R-R

--~"·ROOR

-----1.... ROOR(orketones, alcohols)

(c) Tennination:

R.+R.

R.+ROOe

ROO.+ROO.

•

The general sequence of events depicted above is prevalent al temperatures below

120°C (Rasberger, 1997). The site of oxygen attaek in step [1] is determined by the

strength of the C-H bond and the reaction rate is generally slow. Once an alkyl radical has

been fonned, it reacts-irreversibly with oxygen to farm an alkyl peroxy radical (step [2]).

This reaction is extremely fast while the next step ([3]) in the chain propagation that leads
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to the formation of a hydroperoxide and a new alkyl radical is slow. The propagation

sequence of steps [2] and [3] continues in a chain reaction until finally the Cree radicals

(R. and ROO.) form stable inactive products throup the bimolecular radical-radical

termination steps ([4], [5], and [6]). Effectively, each lime one a1ky1 Cree radical is

generated, a large number oC hydrocarbon molecules may he oxidized to form

hydroperoxides including alkylhydroperoxides (ROCH) and dialkylperoxides (ROOR),

with limited Cormation oC alcohols (ROH), aldebydes (RCHO) and ketones (RR"C=O). In

additio~ cleavage of dihydroperoxides (RCOOH(CHJlLCOOHR') Cormed via

intralDolecular propagation leads to more complex products, including diketones

(RCO(CHJlLCOR'), keto-aldehydes (RCO(CHJlLCHO), and hydroxyketones (RCH(OH)­

(CHJlLCOR') (Rasberger, 1997).

Oxidation of hydrocarbons at temperatures >1200C generally proceeds through

two phases: a primary oxidation phase which involves the cleavage oC hydroperoxides

and formation ofcarboxylic acids (RCO(OH»; and a secondary oxidation phase in which

formation oC high molecuJar weight molecules takes place, leading to a bulk viscosity

increase. In the primary oxidation phase, initiation and propagation oC the radical chain

reaction are the same as those under low temperature conditions, but the reaction rate is

increased because brcakdown oC hydroperoxides leads to a proliferation of hydroxy

radicals:

ROOH - __~ RO. + HO.

Once formed, hydroxy and especially primary aIkoxy radîcals are 50 active that they

abstract hydrogen atoms oC hydrocarbons in a non-selective manner to produce new free

radicals. At the same time, intramolecular propaption is a more favorable route of

hydrogen abstraction (Jensen, et al., 1979; 1981) in a peroxy radical to produce a

hydroperoxide-peroxy radical:
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Startïng from this hydroperoxide..peroxy radic~ via intramolecular hydrogen abstraction

reactions. carboxylic acids are formed according to the following reaction schemes:

OOH 00& 0
1 1 -HO- Il

-CH-CB~-CB - ...... -C-CBz-Ç& - --+-C-CBrÇB-
1 • 1 1
00- OOB OOB

000
11 t Il Il

RC-CB~-CB-R ---+RCOB + CB3CRt
1
00&

Secondary oxidation at high temperature involves polycondensation of the

oxygenated products (aldehydes and ketones) formed in the primary oxidation phase.

producing high molecular weight intcrmediates. Further polycondensation and

polymerization reactions of these high molecular weight intennediates result in sludge, or

vamish..üke deposits under tbin..fi1m oxidation COnditiODS. More detailed descriptioDS of

the reaction mechanisms have been documentcd else\vhere <Rasbef&er, 1997; Igarashi, et

al.• 1996; Blaine and Savage, 1991a, 1991b, 1992; Hm, et al., 1983). In summary,

oxidation ofhydrocarbons al high temperatures (>1200C) leads mainly 10 the formation of

carboxylic acids (RCOOH), esters (ROOR'), and bigh molecular weight sludge and

varnish which are no longer soluble in oil

Since oil oxidation proceeds via a &ee radical chain reaction, any agents tbat will

interrupt this reaction will slow or iDhibit oxidation. Two general types of oxidation

inhibitors arc available: <a) radical scavengers tbat react with iDitiators, such as peroxy

radicals and hydroperoxides, to fonn inactive components; and (b) hydroperoxidc

decomposcrs tbat decompose hydroperoxides to form tess reactive compounds. Common
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radical scavenging antioxidants include sterica1ly bindered phenols, aromatic amines, and

organo-copper antioxidants; while common hydroperoxide decomposers include

organosulfur compounds, zinc dialkyl dithiocarbamates, and organophosphoNS

compounds (GLW Consulting, 1992; Wills, 1980; Al-Malaika et al., 1987). Zinc

dithiophospbates (ZDTPs), which bave been extensively used as multifunctional additives

in providing oxidative, wear, and rust protection, function as antioxidants in a complex

interaction involving both hydroperoxide and peroxy radical mechanisms (Rasberger,

1997). Antioxidants are used in aImost every lubricant type, including engine oils, turbine

ails, hydraulic tluids, and air compressor oils and are critical to ensuring a prolonged

operational life for the lubricant.

2.2.2.2 Antiwear Additives

Common antiwear additives arc polar materials that adsorb on a Metal surface and

provide a film that reduces metal-to-metal contact. Important antiwear additives

commonly found in lubricating tluids are zinc dithiophosphates (ZDTPs) and tricresyl

phosphate (TCP). ZDTPs inhibit surface friction by adsorption of zinc dithiophosphate

group on Metal surfaces, with the aliphatic chains Conning a boundary lubrication film in

conjunction with other lubricant components (powell and Compton, 1993). The structure

of the aIkyl groups determines the anti-wear potency of the ZDTPs, chain branching and

chain length being particularly critical (Bovington, 1997). TCP typically finds use in

synthetic polyol ester lubricants. 80th ZDTPs and TCP contain a common phosphate

functional group but thcir antiwear mechanisms arc different. TCP is bclieved to provide

protection via the formation of reactive films when oxygen. water and other polar

impurities are present in the oil as weil as providing some anti-rust protection by

hydrolysis to produce phosphoric acid (Bovin~ 1997).

2.2.2.3 Detergents and Dispersants

Detergents and dispersants are incorporated into a lubricant largely 10 prevent the

formation of barmful carbon and sludge deposits. The terms "detergents" and

"dispersants" arc sometimes used interchangeably because both additive types kcep
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insoluble combustion debris and oil OxidatiOD products dispersed within the oil.

Technically, detergents are normally utilized to minimize hi&h-temperaturc engine

vamish and lacquer deposits while dispersants are used to controllow-temperaturc engine

sludge deposits. Both detergents and dispersants are lona chain hydrocarbons with polar

ends in which detcrgents have a polar Metal ion, while dispersants (also known as ashless

dispersants) utilize oxygen and/or nitrogen for their polarity and do not contain Metal

ions. According to the hydrocarbon substrate, ashless dispersants are of four general

types: succinimides, succinate esters, Mannich types, and high molecular weight amines

(Rizvi, 1999).

Detergents can be classified as sulfonates, phenates, salicylates, and phosphates

(Colyer and Gergel, 1997). In addition to the detergency ability, detergents incorporated

with basic functional groups can provide some ability to neutralize &cidic constituents.

This ability is greatly enbanced by detergents overbased with alkaljne earth Metal

hydroxides or carbonates in the form of micelles (Charter, 1997; Anonymous 1991). In

terms ofclassification, overbased detergents have been casually defined by the amount of

base contained in the produet, often labeled by its total base number (TBN) or the

equivalent amount of potassium hydroxide containcd in the material (mg KOHlg of oil).

However, solely using TBN to define an overbased detergent is often misleading because

two detergents having the same TBN MaY differ in molecular weight, metal ratio, ete.,

and not necessarily have similar performance cbaracteristics. Tbcrefore, additional

parameters such as Metal ratio (the ratio ofmetal base to substrate), the amount ofneutral

detergent ('soap' content), the molecular weight of the substrate used, and the amount of

sulfur present (when sulfonatcs are undcr consideration) more specifically define a

detergenL Typical detergents, their basic struetun:s, and TBN range as wcll as sclected

specifications are summarized in Table 2.1 (Colyer and Gerge!, 1997).

In addition to being used in a range oflubricants inc1udina automatic transmission

tluids, hydraulic tluids, gear lubricants, and industrial ails, detergents/dispersants have
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Table 2.1 Basic structure and selected specifications oftypical detergents

Paramcter Sulfonates Phenates Salicylates

Basic structures qO o~ ~:1QJ R~O'ZR-S-o+M--COiT~S-R C"'"
~o O~ Il

0

TBN (mg KOH/g) 0-500 50-400 20-400

Metal ratio 1-30 0.8-10 1-10

Soap content (%) 10-45 30-50 10-45

Metal cation Ca, Mg, Na, Ba Ca, Ba, Mg Ca, Mg

Molecular weight

Sulfonic acid 375-700

Alkylphenol 160-600

Carboxylic acid 250-1000

Sulfur, % 0.5-4.0 0-4 -
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found extensive application in engine oils. Commercial detergents are generally available

diluted in minerai oil and are usecl in formulatiDg engiDe oils in amounts ranging ûom

0.5% up to 3001é, resulting in TBN values as bigh as 100 in marine diesel engine oüs

(Colyer and Gerge~ 1997). Dispersants are a vital component in gasoline engine ails and

are aIso used to advantage in diesel engine oils to suspend barmfuI 500t contaminants.

2.2.2.4 Viscosity Index (VI) Improvers

VI improvcrs are long c~ high molecular weight polymers that function by

increasing the relative viscosity of an oil, heing more effective at high temperatures than

al low temperatures. Principal VI improvers include Methacrylate polymers and

copolymers, acrylate polymers, olefin polymers and copolymers, and styrene butadiene

copolymers (Stambaugh, 1997; O'Brien, 1983; Wills, 1980). The degree of VI

improvement from these materials is a function of the molecular weight distribution of

the polymer (Wills, 1980).

2.2.2.5 Vegetable Oïl Derivatives

Vegetable ail derivatives have found increasing use as additives in modem

lubricants. Soaps of 12...hydroxystearic acid, derived from castor oil, have superb

thickening and lubricating properties. Sulpbated castor oil is uscd in a mineral...based

lubricant for presizing polyester fibres and thus minjmizjng abrasion. Ethoxylated castor

oil is a hydrophilic cmulsificr that bas bcen used in mctal-worlâng fluids (Crawford, et

al., 1997), while good oxidative stability and antiwear propertics of bigb oleic vegetable

oils have been reported (Asadauskas, et al., 1996). Althougb current use ofvegctable oil

derivatives as additives is relatively limited, genetic engineering, commercialization of

ncw varieties, new chemical modifications, and environmental and economic trends are

likely to incrcase the variety and supply ofvegctable oillubricants.

2.3 MARKET AND ENVIRONMENTAL IMPACf OF LUBRICANTS

Total world production ofcrude minerai ail amcunts 10 approximately 3 xlO' tons

annually. Ofthis amount, -1% is used as minerai Iubricant base Omets (van cler Waal and
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Kenbeek, 1993), resulting in the production of -40,000,000 tons of lubricant containing

more than 1,200,000 tons of additives being producecl annually (Herdan, 1997). The

lubricant market is led by engine oils (Figure 2.3), wbich in tum utilize more tban 50% of

the additives produced, followed by gear oils, industrial oUs, metalworking oils, and

others. Statistical data obtained from the European Oil Companies organizalion,

CONCAWE, (CONCAWE, 1985) indicates tbat of the total oflubricant sold in the EU,

-50% is consum~ 30% successfully disposed of via recycling or used as fuel (Table

2.2), 7% unaccounted for and -2% deh"berately dumped to the environment.

With increasing demand for environmental protection, new legislation is being

proposed and enforced to reduce environmental impact of used lubricants. Improved

engineering can minimize leaks and spills and thcre is an increasing reliance on

authorized waste disposaI specialists to eliminate dumping. Ultimately, however, the

problem is that minerai ails do not biodegrade readily (Betton, 1997) and the solution

rests in tinding new lubricant fonnulations that are more environmentally friendly or

measures that lead ta a reduction in ail consumption or disposaI. Natural fats and ails in

theory cao meet the nced for biodegradability, however total world production is only 8 x

107 tons, of which only 7% is prcscntly being used for oleochemistry. Even if al1 natural

rats and oils were available for lubricant use, ooly 1901'0 of the minerai oil market could be

displaced (van der Waal and Kenbeek, 1993). Renee, with few realistie alternatives

available, any means of reducing overall lubricant consumption, including improved

analytical methods which migbt allow more efficient use oflubricants, become importanL

Lubricant condition monitoring is not only a tool for determining lubricant quality

and serviceability, but also a meaus of ensuring maximum lubricant service life without

sacrificing performance. In MOst situations, lubrieating oil is periodicaUy replaccd with

new oil according to the manufacturer's recommendatioDS 50 as to sustain the reliability

of the equipment and components. lbese maintenance schedules are usually quite

conservative (Bijwe, et al, 2000) and replacing oil before the end of its usefùl üfe is
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(20.0%)

Figure 2.3 Lubricating ails' share of the market (Herdan. 1997).

Table 2.2 Totallubricant production in the EU

Tonnes per year (x 1~) 0!cJ

Total EU Lubricant Sales 4500 100

Consumed 2300 50-55

Recycled 700 15

Bumt as fuel 750 17

Unaccounted for 600 13

Poured down drain deüberately 100 2
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highly undesirable in terms of cost and waste disposai. As oil condition is a function of

operating and cnvironmental conditions as weU as maintenance practices, effective

condition monitoring techniques tend ta be a vital part ofobtaining accurate and real-time

infonnation about the oil. By employing an appropriate condition monitoring program

and establishing the most cost-effective oil change periodicity, drain intervals can be

extended, resulting in reduced lubricant consumption and disposai.

%.4 LUBRICANT CONDmON MONITORING

Lubricant condition monitoring methods have evolved within the petroleum

industry and its related tecbnical associations. The chemical complexity of fotmulated

lubricating oils containing additives requires that most of the parameters measured in

condition monitoring be bulk physical or chemical propenies indicative of the average

performance of ail the molecular types in the oil. The number and type of monitoring

analyses perfonned on an oil sample vary with the type ofoil and the type ofmachine the

oil is designed for (Lukas and Anderson, 1998). Some of the routine measurements used

for monitoring lubricant quality include: viscosity, total acid number (TAN), total base

number (TBN), and contaminants such as water content, fuel dilution, ethylene glycol,

and insolubles (Lukas and Anderson. 1998; Smolenski and Schwartz, 1994). The test

parameters revicwed herein are those used most frequently and documented as standard

procedures in lubricant condition monitoring.

2.4.1 Viscosity

Measuring viscosity is very usefW for characterizing a ncw lubricant as weil as

following its overall performance while in service. Viscosity is a fimction oftemperature,

decreasing with increasing temperature, however, viscosity al a specific temperature May

also change as a result of base oil degradation or due 10 CODtamination with other

materials such as coolant or fuel. Kinematic viscosity expressed in centistokes (cSt, or

l<rt mZ/s) is usually used ta indieate lubricant viscosity, which is determined by the time

required for a spccified volume of liquid to flow through a pre-calibrated capillary

viscometer at a constant temperature. Measurement of kinematic viscosity largely relies
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on viscometers suspended in precisely controUed temperature batbs al either 4()OC or

l000C, or both temperatures as defined in ASTM standard guidelines (D44S, 1990), while

high temperature, high shear viscosity is determined using ASTM 04683 and 04741

(1990).

As oil viscosity varies with temperature, the most frequently used method for

comparing viscosity variation with temperaturc is by calculation of the viscosity index

(VI) based on the measurement of kinematic viscosity at IWo temperatures (400C and

100°C) and subsequent comparison with an empirical reference scale as descn"bed in

ASTM D2270 (1990). The higher the VI, the less atTccted the viscosity of an ail is by

temperaturc. Semiautomatic and fully automatic viscometers that meet the ASTM 0445

standard are commercially available to speed up analyses (Lukas and Anderson, 1998)

and viscosity MaY also be measured on site using oscillating viscometers. The latter are

not as accurate as a capillary tube, but sufticiently accurate for condition monitoring with

an overall advantage of being of a rugged desi~ easy ta use and rapid (Lukas and

Anderson, 1998).

2.4.2 Total Acid Namber (TAN)

Total acid number (TAN) is a measure of al1 the acidic constituents present in an

oil, including weakly acidic components of the ftesh ail and 8Cids formcd during

combustion and oil oxidation (Smolenski and Schwartz, 1994). ASTM standard metbods

(0663,0664 and 0974, 1990) for the determination of the TAN of an oil are based on

the titration of acidic constituents in an oil with base to a fixed endpoint, the titer heing

exprcsscd in tcrms of acid number (mg KOHlg oil). Two versions of the ASTM metbods

are availablc differing in their approach to determining the cndpoint. In the case of used

oils that are opaque and tao dark to use a color indicator (ASTM 0974, 1990), the TAN

endpoint is measured potentiometrica1ly (ASTM 0664, 1990). TAN values of new oils

tends to he Jess than 1.0 (Lukas and Anderson 1998; Fuchs, 1991), wbile TAN of used

lubricants vary depending on operation conditions. with bigh TAN values being

indicative of oil oxidation. For Most lubrieating oils, TAN values will start al relatively
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low initial values and gradually increase tbroughout the service life of the oil. Although

TAN generally traeks the progress of oxidatioD, solely usina TAN values can he

mislcading under eenain circumstances. For example, it bas been noted that somc

beneticial additives contribute to TAN (Wurzbach, lm), thus lubricants containing such

additives may initially show a decrease in TAN during the carly stages of service duc to

depletion ofthe additive.

As TANis one ofthe most widely acccpted parameters in monitoring the physical

state of lubricating ail (RobertOD, 1989; Bowman and Staehowiak. 1996), a number of

oxygen-uptake tests, 5uch as the Turbine Oil Stabilïty Test (TOST) (ASTM D-943, 1990)

designed to measure the oxidative stability of an ail, employ TAN measurements. In

addition to various standardized commercial TAN titrators, electroehemical micro-sensor

based testers have been developed for in-situ monitoring of oil condition (Wang, et al.,

1994; Lee and Wang, 1994) and yield rcsults tbat corrclate well with chemical TAN

results.

%.4.3 Total B.e Namber (TBN)

As opposed to TAN, TBN measures the total alkaJjnity reserve remaining in a

lubricanL Such aJkaJjnity indicates the ability of a lubricant to neutralize corrosive acids

that are fonned during engine or machinery operation. As noted earlier, lubricant

alkalinity is often contributed by basic additives such as overbased detergents; tbus, TBN

is also a means ofmonitoring the rate ofbase consumption, which is related to the rate of

buildup of strong acids in the oiL Hy establishing a normal basic additive depletion rate,

TBN cao provide an indication as to whether the rate ofacid generation is consistent with

expectations. Sudden bigher rates of base COnsumptiOD MaY he indicative of abnonnal

machinery operation or contamination ofthe lubricanL

Like TAN analysis, ASTM TBN measurements (D 2896, 1990) are based on

acidlbase titration but use strong acid (HO or HClOJ as the titrant, the results also being

expressed in mg KOHlg_ lberefore TAN and TBN analyses cao usually he performed
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with the same equipment witbout much modification. Currendy, several manuCacturers

market titrators capable of performing automatic TAN and TBN titrations, with

autosamplers available, as some titrations require a fair amount oftime for the reaction to

equib"brate after inc:remental acid or base addition. Like most traditional wet chemical

methods, both TAN and TBN are lime consuming and require large amount of organic

solvents that are increasingly difticult to dispose of: Among various methods that attempt

to avoid titratio~ one is an indirect TBN measurement based on gas evolution ftom an

acidlbase reaction (Ricardo Consulting Engineers, 1984). Wohltjen, et al. (1994) made

use of a solid state microcbip pressure transducer to monitor COz pressure produced by

the reaction of the basic additive in the oil with a mildly acidic reagent. Such approaches

simplify TBN measuremen~are rcasonably accurate and reliable, but tend to be limited to

carbonate (CO}2
e

) containing oils. More recently, Kauffrnan (1989, 1998) developed a

rapid voltammetric technique for detennining the TBN of a wide variety of oils and

tluids. This technique requires less than 1 ml of oil, a small amount of acetone and

ethanol solution, and less than 2 minutes for analysis, and cm be performed in vials using

inexpensive, portable instruments. TAN and antioxidant levels can also he measured by

this technique as welle

2.4.4 Moistllre Coateat

Water is detrimental to the physical and chemical properties of a lubricant. Water

genera11y enten a lubricant through leaks ftom the cooling system, via condensation or as

a combustion byproduct. Water is only slightly soluble in minerai oil (50-80 ppm),

increasing 10 a few hundred ppm in formulated ails (Hergutb Laboratory Inc., 1995)

depending on the additives presenL Water is an undesirable contaminant because it

catalyzes oil oxidation and acid formation and reacts with or precipitates additives. If

water rcacts with fmous parts, rust and hydratcd iton oxide will fonn, creating solid

debris in the oil and pitting metal surfaces. However, in specifie instan~maintainin& or

controlling water content in ail <:an bc equa1ly important. For example, some hydraulic

tluids require hip levels of water in- order to provide acceptable pumping and fire

resistance plOperiÎe5, in contrast to transformer oill where moisture must he caretùlly
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restricted 10 trace levels 10 ensure insulation.

Testing moisturc in lubricants involves various physica1 and ehemieal methods

ranging ftom simple visual observation and the hot plate "crackle" test for qualitative

determinatio~ to sophistieated methods sueh as Karl Fischer volumetrie or coulometric

titrations (ASTM DI 744, 04928, 1990). The simplest meaus ofmoisture determination is

by distilling otT the water in a lubricant according to ASTM D95 (1990), however, it is

rime consuming and can only adequately measure concentrations above lOOOppm (Lukas

and Anderson, 1998). Karl Fischer (KF) based titratioDS (ASTM D1744, 1990) are able to

analyze mueb lower moi5ture contents (50-1000 ppm) and these methods are widely used

in weil equipped laboratories (Scholz, 1984). The Karl Fischer method is based on a

series of stoichiometric reactions involving moislure:

CH]OH + S02 + RN -. [RNH]SO]CH, [7]
H20 + 12 + (RNH]SO]CH] + 2RN1 -. [RNH]SO.CH] + 2[RNH]I [8]
1RN = base like pyridine, imidazole, etc.

Various automated titrators based on either volumetric or coulometric measurements are

commercially available, facilitating the routine determination of moisture in oils.

Volumetrie methods are based on detenniniDg water content by reacting the ail sample

volumetrically with KF reagent to an electrometrie end point. Coulometric methods

employ a potentiometrie end point, detenniniDg the complete reaction of water with KF

reagent (lz) electrolytieally generated (HydraDal Manual, 1992; Skoog, et al., 1988). The

principal advantages of couIomctrie titratioDS are lower detection limita « 1Oppm) and

the minimization of problems associated with preparation. standardization. and stomge of

standard solutions (Lukas and Anderso~ 1998).

According 10 the Iiterature, the determination of moi5ture in base ails without

additives is straightforward by KF methods (Hydranal Manual, 1992); however,

measuring moisture in lubricants containing additives using either volumetrie or

coulometric KF autotitralors cm he problematie. Table·2.3 presents KF results obtained
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Table 2.3 Karl Fischer moisture analytical results obtained for 42 identical oil samples
analyzed by six commerciallaboratories

SI 52 53 S4 S5 S6 57 Average

LabA Trace 0 0 0 0 0 0 0

LabB 397 203 321 195 106 77 71 196

LabC 1020 2190 1300 1990 250 280 153 1026

LabD 143 218 182 193 166 76 130 144

LabE 1100 2056 921 1525 142 135 44 70S

LabF 800 1200 1001 1300 600 600 400 843

Average 691 987 622 867 211 167 115 NA
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by General Motors for the moisture content for 42 identical oil samples sent to six

diffcrent commercial laboratories on seven separate occasions (Dong, et al., 2000). The

lack of any correspondencc between laboratories is indicative of the limitations of the KF

method as applicd to lubricant analysis. This tack of correspondence May he due to the

oxidation of reductive components in oil by iodine (Hydranal Man~ 1992) or the

presence of active carbonyl compounds, which cm interfere with KF measurement

because they continuously react with Methanol to form water, causing a vanishing end

point and erroneously high water contents (Ccdergren and Oradd, 1994). An optional

tubular drying oven used to drive the moi5tUre out of a lubricant directly ioto a KF

coulometric cell is recommendcd to avoid such additive or oxidative product

interferences; however, these systems bave not been proven to he rcliable. In summary,

KF determination of moi5tUre in lubricating oils, particu1arly motor ails. does not appear

to be practically rcliable (Hydranal Manual, 1992) especially when undcfined additives

are present, which is generally the case•

Aside from standard ASTM methods, there are fcw altcmate methods available

for the analysis of moisture in lubricants. Water bas strong characteristic absorptions in

the mid-inftared (mid-IR) and is easy to detect in additive ftee minerai oils at levels of

around 1000 ppm (Anonymous, 1995), a point al which water-related problems

commonly begin to occur. However, it is generally diflicult 10 quantify water by direct IR

measurement in formulated oils because its charactcristic absorption band, centered

around 3400 cm-l, is broad and overlaps with the absorptions of other OH-containing

constituents such as alcohols, hydroperoxides and glycols. As a complement to mid IR,

near inftared (NIR) spectroscopy coupled with sophistieated multivariate approaches bas

been used for moisture measurement in lubrieating oils with high additive contents

(Blanco, et al., 1998). New metbods based on liquid cbromatography (LC) and gas

chromatography (GC) have been developed for moisture determination in various sample

matrixes other tban lubrieating oils (Chen and Fritz, 1989, 1991; Zhou, et al., 1998);

however, their application to lubrieating oils bas DOt been assessed.
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2.4.5 Fuel DOudoD

Fuel dilution of lubricants is commonly 8SSOCiated with gasoline or diesel

contamination of the lubricant, both ofwhich consist ofa wide variety ofvolatile straight

chain and brancbed aliphatic compoUDds and aromatic compounds.. Fuel in a lubricant at

levels > 2% can significantly reduce its viscosity and lubricating efficiency. In additio~

high levels of fuel contamination can pose a tire hazard, of particular concem in the

sbipping industry and naval forces wbere sbipboard testing is desirable (Akocbi-Koblé,

1998). Traditional tests usually rely on the measurement of lubricant viscosity (ASTM

0445, 1990), determination of flashpoint (ASTM 092, 093, 1990), distillation (ASTM

D322, 1990), and/or gas chromatography (ASTM D3524, D3525, 1990). Measuring

viscosity and flashpoint can provide rapid detection of fuel dilution problems but the

reliability is questionable as non-fuel related factors May interfere. ASTM Ge methods

using direct injection of a mixture of the oil and intemal standards are widely accepted as

the most reliable approaches for determining fuel dilution. Although reasonably sensitive

(± 0.2-0.3% v/v), the Ge metbods are time consuming, prone to interferences &om non­

fuel, low boiling point components in base oils, and do not provide on-site information.

Using OC-mass spectrometry (MS) is more reliable and sensitive (Hiltz and Hagge~

1991), but requires even more sophisticated instrumentation and operator skiUs.. Infrared

spectroscopy bas becn evaluated for fuel dilution analysis and was shown to he effective

in terms of reliability, specd of analysis, and amenability to automation (Stuart, et al.,

1989; Akochi-Koblé, et al.., 1998). More recently, a solid state microsensor based

technique for the measurement of fuel dilution bas been descnbed (Jarvis, et al., 1994). In

general, due to the limitations of the anaIytical methods available for fuel dilution

analysis, a single test is usuaIly considered inadequate 10 make a reliable determination

(Anonymous, 1995).

2.4.6IDsolubles

Aside from metal1ic bard pamcles such as shop debris, sand and other wear

fragments, the tenn "oil insolubles" general1y applies to contaminants such as thermal­

oxidative polymerization produets, carbonaccous material (soot), micro-organisms,
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oiVadditive/water reaction products, and fiqments of elastomers (Herguth Laboratories,

1995). Since these contaminants form part of the sludge tbat accumulates over time and

May plug pipes, orifices and strain pumps, measurement of insolubles is important. In

combustion engines, abnormally high levels of insolubles MaY be due ta excessive ring

wear or high fuel-tcrair ratios or be indicative tbat the dispersant is no longer performing

its intended function (Smolenski and Schwartz, 1994). ASTM D893 (1990) provides a

standard method for the detennination of pentane and toluene insolubles in used

lubricating oils, the pentane insolubles heing indicative of total insoluble matter,

including combustion 5001, dust, and wear particles as well as oil and fuel oxidation

products; while the toluene insolubles are considered to represent the inorganic

components (Naiiar, 1987; Smolenski and Schwartz, 1994).

Membrane filtration and thermogravimetric analysis (TGA) are also used to

measure insolubles in used oils (Anonymous, 1995; Lukas and Anderson, 1998). The

filtration method requires predilution of the oil with pentane or heptane before filtration

and the insolubles are calculated from the weight change in the membrane after filtration

and drying. Membranes can he selected according to the pore size to limit the size of the

insolubles measured. However, the method is labor intensive and uses highly flammable

solvents. The TGA method, which can he automated, incrementally heats a pre-weighed

oil sample in a stream of nitrogen to 6S00C. Alter the sample weight bas stabilized, it is

recorded and subsequendy 1()oA. ofair into the stream ofnitrogen is introduced to oxidize

carbon and 5OOt. The air content is gradually increased to l000A. and when the sample

weigbt bas re-stabilized, the inorganic residual being determined. The primary advantage

of TGA is its ability to differentiate combustion formed carbonlsoot formed by

combustion from non-combustion insolubles in an used oil. Although usefill, this

technique is rarely employed in routine oil condition monitoring programs because it may

take as long as one hour to analyze a sample (Lukas and Anderson, 1998).

%.4.7 EtbyleDe Glycol

Of aU the contaminants tbat may he present in a lubrieation tluid, contamination
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of coolant tluids (usually cthylene glycol) represents the greatest hazard to the equipment

durability as is can cause rapid sludging and aging of oils (Smolenski and Schwartz,

1994). The presence of glycol can he detected by either colorimetric (ASTM 02982,

1990) or Ge determination using a tlame ionization detector (ASTM 04291, 1990). In

the tirst method, ethylene glycol is extracted ftom the oil sample with an acid solution

and oxidized to formaldehyde with periodic acid; the formaldehyde is subsequently

detected colorimetrically with decolorized fuchsin. The reaction of fuchsin is not specifie

ta the fonnaldehyde produced from ethylene glycol. Other 1,2-g1ycols, some ail additives

and oxidation products such as aldehydes can interfere with the test, leading to ralse

positives (ASTM D2982, 1990; Smolenski and Schwartz, 1994). The standard Ge

method is based on extraction ofethylene glycol with water and the analysis is perfonned

directly on the water extraets. More recently, a capillary OC metbod for indirect analysis

of ethylene glycol in diesel engine oils was developed based on derivatization of glycol

with a silylating reagent to produce a trimethylsilyl derivative prior to injection into the

non polar GC column (Hil~ et al., 1992). Newer combined capillary GCIMS systems

can accurately determine 10- 10,000 ppm ofethylene glycol.

2.4.8 Summary

A good lubricant condition monitoring program usually requires a full spectrum

of lubricant analyses, including measurements descn"bed above as weil as information

about wear metals. Thus, a general lubricant Iaboratory would need an AE speçtrometer,

viscometers, a FTIR. spectrometer, a particle counter, TAN, TBN, and KF titrators, and a

ferrograph to provide effective service. The first tbrec items would he considered the

minim~ the balance of the equipment required depending on the type of machines

being monitored and Ute types of oil being analyzed (Lukas and Anderson, 1998). As

indicated early on in this review, IR spectroscopy bas become increasingly important as

an analytical tool for lubricants because it is able to provide information about most

organics and moisture in oils via the fimctional group absorptions associated with those

constituents. Owing 10 its ability to deliver rapid, multifunctional qualitative, and

potentially, quantitative information, FTIR. spectroscopy is being used as a monitoring
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taol for the evaluation of additives, tluid breakdown produets and extemal contaminants

(Blanco, et al, 1998; Powell and Compton, 1993). Since the development ofFTIR based

methodology is the focus of this study, the foUowing sections will review the basic

principles of infrared spectroscopy, instrumentation, sample handling, and chemometrics

and the current state ofFTIR spectroscopy relevant to lubricant condition monitoring.

2.5 INFRARED SPEcrROSCOPY

1.5.1Iatrodactioa

Development of IR spectroscopy began in the early 19OO's, but, it was Dot until

the 1930's that prototype infrared instruments were built for industriallaboratories and

the theoretical study of spectral information gathered momentum. Commercial

instruments based on single-beam designs became available in 1944 and the first double­

beamed infrared spectrophotometer was introduced in 1947. By the 196O's, IR

spectroscopy had bccome the single MOst powerful aualytical tool for exploring the

molecular structure of organic materials (Griffiths and de Haseth, 1986). Infrared

spectroscopy bas evolved exlensively in the fonn of near-IR. and mid-IR., the latter being

the Cocus in tbis work. Until recendy, dispersive instruments using gratings and prisms

have been the no~ but, these instruments bave now been superseded by Fourier

transform infrared (FTIR) spectrometers that became available to researchers in the carly

1970s (Griffiths and de Hasetb, 1986).

FTIR specttoscopy utilizes the complete source spectrum modu1ated by an

interferometer rather than individual wavelengths generated by a gratina, and this brings

advantages of specd. improved reliability, low operating costs, and better performance

attributes, rnalring FTIR spectrometers a sipificant advance over dispersive type

instruments (van de Voort, 1994). In addition to instrumentation, sample bandling

techniques and accessories bave significant1y advanced over the past decades to

accommodate new- applications in a wiele varidy oC areas, including food analysis,

polymer and materials science,' kinetics, biolopcal and phannaceutica1 studies, gas

analysis, and electroehc:mical are&, to name but a few- (Puttig et al, 1994).
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2.5.2 a_ies orIR Spedrolcopy

Infrared radiation covers a part ofthe electromagnetic spectrum lying between the

visible and microwave regions having wavenumbers ranging!rom about 12800 to 10 CUl-I

or (0.78 to l000~). Of greatest practical use in the study ofmolecular structure is the

mid·infrared region extending from 4000 ta 400cm-1
• The near·1R region (12800-4000

cm"l) is also importan~ especially for quantitative analysi~ with the far-IR region (400­

200 cm-I) finding the fewest applications (Silverst~ et al.9 1991). Owing to its ability to

provide a wealth of information about the structure of a wide range of organic

compounds9 mid·infrared spectroscopy became a preeminent technique for the

identification and verification ofchemical constituents(M~ 1966).

When an organic Molecule absorbs mid-inftared radiatio~ the absorbed radiation

is converted into discrete forms of vibrational energy. The ftequency (or wavelength) or

band position of the absorption is dependent on the relative masses of the atolDS9 the force

constants of the bonds and the geometry of the atoms. Band intensities cm he expressed

either as transmittance (T) or absorbancc (A) and arc proportional to the concentration of

the molecule (Silverst~ et al., 1991). Bond stretehing and bending are two basic types

of molecular vibration and only those VlbratiOns resulting in a change in the dipole

moment of the Molecule are observed in the IR spectrum. The cbanging electric field

produced by the altemating charge distribution accompanying a Vlbration couples the

molecular Vlln'ation with the oscillating electric field of the electromagnetic radiation. In

addition to the basic vibrations noted abov~ other absorptions CID be observed resulting

from overtones and combinations of the fundamental ftequcncies, which in~ may

complicate band interpretation(Süv~ et al., 1991).

Identification of organic compounds by IR. ~pcdloscopy is based on characteristic

absorptions associated with fimetional groups in the Molecule. Although fimctional

groups or structural units have characteristic- vibraticms, the precise ftequcncy of
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functional group absorptions can he influenced by a variety of factors including coupling

with the vibrations, hydrogen bonding. electronic etTects, bond angles and field etTects

(Kemp, 1991).

%.5.3 IR IDstnulleDtatioD

There are two basic types of mid-IR spectrophotometers available, traditional

dispersive and newer interferometer based instruments, the latter requiring a Fourier

transform (FT) algorithm to convert an interferogram into a conventional

transmission/absorption spectrum (Kemp, 1991). A FTIR specttometer possesses all the

characterlstics of a conventional IR specttometer, but bas improved speed and sensitivity

and unparalleled wavelength precision and accuracy. These factors, as well as decreases

in capital and operating costs of these instruments, led 10 FTIR. instruments rapidly

displacing dispersive instruments in MOst laboratories (Barman, 1983).

The core of an FTIR spectrometer is the Michelson interfemmeter (Figure 2.4),

conceived and designed by Michelson in 1891 (Michelson, 1961). The device consists of

a moving mirror and a stationary mirror perpendicular to each other, with a beam splitter

positioned at 45° between them. The bcam splitter can divide a beam of source radiation

into two paths, one being transmitted to the stationary mirror and the other being reflected

to the moving mirror. When IWO paths ofthe bcam are retlected back 10 the beam splitter,

they recombine with a path difference known as the retardation (S) introduced by the

moving mirror, producing a constructive/destructive interfaence pattern as shown in

Figure 2.5. If the moving mirror travels al constant velocity, part of the recombined beam

that passes 10 the detcctor will he observcd ta vary sinusoidally for any one wavenumber.

Thus, the intensity (1) of the beam recorded at the detector is a function ofmardation, S,

which is proportional to time t because the moving mirror travels al constant velocity v.

When an infrarcd beam passes tbrough a sample placed between the beam splitter and the

detector (Figure 2.4), fluctuations in the intensity of the CDeraY sensed by the detector al
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• aIl wavelengths are digitized in real time, 1(8), to yield an interferogram (Figure 2.6).

The interferogram contains aIl the information related to the absorption of mid-IR

wavelengths by the sample but is difficult to interpret. It cm however be transformed

from the interferogram time domain to the frequency domain 50 as to produce a

conventional IR spectrum via a Fourier transform by using the following relationship:

I(cS} = 0.5 H(v) I(v)cos 21t vô [9]

•

where H(v) is a single wavenumber-dependent coefficien~ lev) is the intensity of the

source and v is the wavenumber of the radiation. The lev) represents a single-beam

interferogram which consists ofthe emittance profile of the IR source superimposed with

the absorption activities of the sample as weU as the background absorptions such as

absorptions of carbon dioxide and water vapor present in the optical path. In order to

-
obtain an absorption spectrum of the sample [A{v)], the single-beam spectrum of the

sample is digitally ratioed against a single-beam spectrum recorded with no sample

-
placed in the beam [!oey)] by taking the negative logarithm of the single-beam values:

A(v) = - log[I(v)lIo(v)] [10]

•

With the development of the Coolcy-Tukcy fast Fourier transform (FFT) algorithm in

1964 and widening availability of microcomputers and personal computers, rapid FTIR

scanning and computation became practical. Sïnce their introduction, FTIR spectrometers

have undergone significant improvement and today have almost completely replaced

traditional dispersive instruments (Sedman, 2000).

Owing to the unique design of the interferometer, FTIR instruments have three

major advantages over the traditional dispersive designs. The intcrferometer allows al1
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frequencics from the source to reach the detector simultaneously (FeUgctt advantage or

multiplcxing advantage), makiDg it possible to obtain an mtire spectrum witbin Is or less.

FI1R instruments have fewer optical elements and no stits to attenuate radiation, thus

they bave higher energy tbrougbput (the Jacquinot advantage) that leads to bctter signal­

to-noise ratios. Through the use ofan internai reference laser, wavelength position of the

interferometer is traeked with v~ bigh precision and wavelengtb drifts over time are

almost totally eliminated (the Connes advantage).

2.5.4 FI1R Sa.ple audUal

The variability in the nature of a sample's physicallchemical makeup makes

sample handling an important part of any FTIR analysis. The selection of appropriate

sample handling techniques is a critical issue 50 as ta obtain maximum convenience as

weU as quality results. The superior optical tbrougbput and signal-to-noise characteristics

of modem FTIR spcctromcters, together with the goad lincarity of the commonly

employed deuterated triglycine sulfate (DTGS) dctector brings increased versatility to

selecting sample handling acccssorics for these instruments. Two sample handIing

accessories commonly employed for various applications, including lubricant analysis

are: transmission cells and attenuated total reflectance (ATR) accessories (Coleman,

1993; Skoog and Lcary, 1992; Muller, et al., 1981). In relation to this work, where a

customized flow tbrough transmission ceU was developed and used, the merits of this

accessory are brietly discussed.

2.5.4.1 Transmission ceU

Transmission measurements cao be made by placing the sample between two

infrared transmitting windows separated al a fixed pathlength; the IR beam is passed

through the sample, the IR radiation transmitted is measured by the dctector. Figure 2.7

(Stuart, B., 1996) illustrates the basic components of a standard demountable FTIR

transmission ecU commonly used for ail analysis. This design providcs substantial

tlexibility in terms-of selection ofwindow materials and aIlows pathlenlth variability by
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Figure 2.7 A schematic example ofa transmission IR ceU.
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varying the thickness of the spacer. DependiDg on the sample ebaracteristics and/or

wavelength range to he covered, a varidy ofwindow materials are available. Table 2.4

summarizes 50me of the cbaracteristie propertics oC common inftared window materials

available.

Although standard IR ceUs are useful9 they are Dot Decessarily convement for

multi-sample analyses. Flow versions of standard ceUs are a1so available9 but these are

often sealed and invariant. To overcome these IimitatiODS9 the McGiU IR Group

developed a specialized IR traDSmission eeU accessory more suited to routine analysis of

fats and oils in an industrial setting (Sedman et al.9 1997), incorporating the ability to

control temperature which is especially beneficial for fats tbat are semi-solid al room

temperature. Figure 2.8 shows a schematic diagram of the traDSmission sample handling

accessory developed. The accessory bas sample intel and outlet lines, a eell black with

two heater cartridges and capable of accepting a removable eeU insert, all components

made of stainless steel. A eontroUer powers the heater cartridges and the thennocouple

regulates the temperature via a feedback loop in relation to the desired temperature set on

the controller, aUowing temperature regulation to within ±<).2°C. The eeU insert ean be

easily removed for coUecting an opcn-beam spectrum, and bas a spring-Ioaded faceplate

to allow the eeU to he dismantled 50 that the ceU windows cao he replaced whenever

necessary. A tbree-way valve on the intet line allows the oil flow tbrough either the eeU

or a bypass line, to the outlet line emptying into a waste coUecting vessel, which in tum is

connected to a vacuum line or pump. The purpose of the bypass line is to facilitate line

eleanout betwecn samples 10 he analyzed 50 that large volumes ofoften viscous liquid are

Dot all forced tbrougb the relatively narrow ecU and also 10 reduce window wear. This

accessory bas proven 10 he reliable and practical Cor the routine analysis ofedible fats and

oils (Sedman, et a1.9 1998; Ma, et al.9 1997; Dubois, et al.9 1996) and was considered

suitable for lubrieating oils as they bave similar physical ebaracteristics as their edible oil

counterparts.
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Table 2.4 Physical propaties ofselected inûared window materials

Window material Transmission Remarks
range (cm-')

Sodium Chloride (NaCI) 40,000-625 Hygroscopie, easy to polish

Potassium ChIoride (KCl) 40,000-500 Hygroscopie, ÏDcxpensive

Potassium Bramide (KBr) 40,()()().40() Hygroscopie, incxpensive

Calcium Fluoride (CaFJ 66,666-1,100 Water insoluble, do Dot use with

ammonium salts

Barium Fluoride(BaFJ 50,000-870 Sligbdy hygroscopie

Inftared quartz (SiOJ 50,()()().2,500 Water insoluble

Cesium Bromide (CsBr) 20,000-250 Hygroscopie, fogs easily, easily
deformed

Cesium Iodide (Csl) 10,000-200 Hygroscopie

ThalliumBromide-Iodide(DRS-S) 15,385-250 Water insoluble

Silver Chloride (AgCI) 2S,()()().435 Water insoluble, darkens with UV

Silver Bromide (AgBr) 20,000-285 Water insoluble, darkens with UV

Irtran-2 (ZnS) 10,000-715 W&ter insoluble, attacked by
oxidizing agent

Zinc Selenide (ZnSe) 10,000-555 Water insoluble

Germanium (Ge) 5,OOO-S50 Water Insoluble
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2.6 CBEMOMETRICS

Many instrumental methods, includiDg IR spectroscopy are secondary methods

that require calibration of the instrument against a primary metbod 10 establish a

relationsbip between the instrumental response and the concentration of the spccics of

înterest. The goal of IR quantitative analysis is ta develop a calibration equation or a

series of equations that can he applied to spcctra of UDknown samples to accurately

predict the concentration of the component(s) of interest. The central prcmise is tbat the

concentration is related to the spectral data acquired, the simplest univariate fonn being

Beers law, with more sopbisticated multivariate analysis such as classicalleast-squares

(CLS), inverse least-squares (ILS), principal component regression (PeR), and partial

least squares (PLS) also being employed. The major advantage ofmultivariate methods is

that they provide mathematical relations that can account for interactions, underlying

absorptions, overlapping bands and other facton which MaY affect the spectra as the

concentrations of all components change. In all these calibration approaches, the term

least squares regression represents a mathematical technique that calculates coefficients

for a calibration equation(s) such tbat the differences betwecn the known responses and

the predicted responses are minimjzed. Among various multivariate methods, PLS is the

most versatile and combines the advantages of CLS and ILS and also improves on PCR,

making it the most powerful statistical tool available for quantitative analysis (Haaland

and Thomas, 1988).

1.6.1 Beer'. Law

Beer's law, an abbreviatioD of the Bouper-Beer-Lambert law, serves as the

foundation of quantitative spectroscopy and states that the absorbance of a species is

proportional to its concentration:

[Il]

• Here, Â is the spectral absorbance al wavelength 1, & is the molar absorption coefficient

of the absorbing species al this wavelength, b is the pathlength tbrough the sample
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containing the specics, and c is the concentration of the absorbing species. To apply

Beer's law to determine the concentration of the spccics present in a sample, & sbould be

determined by measuring the absorbance of a set of calibration standards prepared with

known concentration of the compound in question. A calibration plot (or equation) is then

produced in which the relationship bctween absorbance and coneentration is established,

which is generally linear when interferences such as hydrogen bonding, dimerization, and

other intermolecular interactions are minimal.

Calibration based on Beer's law is straightforward and adequate in a simple,

single component system dissolved in a non-interacting solvent with negligible spectral

interferenees. However, such ideal situations are Dot generally the case in many sample

matrixes, particularly in lubricating oils, where various base oils and additive packages

May be present, interfering and interacting with eacb other. To account for such

complications, one bas to use more sophisticated multivariate calibration techniques.

%.6.2 Clusleal Leut Squares (CLS) -K Matrts

The CLS, also known as K matrix approach, is based on the expression ofBeer's

law but extended to matrix fonn to account for the spectral contributions ofail absorbing

species at a specifie wavelength. For example, the two component equations could he

Au = K..,u C. + ~'l.l ~ + ~I

Au = K..u C. + K.,.u~ + Eu

In matrix tenDS, these types ofequatioDS can he fonnulated as:

[12]

[13]

[14]

•
where m is the numbcr ofcalibration or training spectra, 11 is the number ofwavelengths

used; 1 is the number components, and E is the matrix of raidual erron~ being the

differences between the least squares fit line and the aetual absorbances. Using matrix
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algebra, a computer cao solve the equations and produce the K matrix of absorption

coefficients. The solution gives the best fit leut squares line(s) 10 the data and the

equations can then he used to predict the concentrations of unknown samples. CLS can

provide significant improvements in precision over methods restricted to a smalt nomber

of frequencies and allows simultaneous fitting of spectral baselines (Haa1and and

Easterling, 1980). A major disadvantage of tbis method is that an equation is required for

every component in the mixture and knowledge ofail components in a sample is essential

for accurate CLS quantitative spectral analysis (lsmail, et al., 1997).

2.6.3 Javene Leut Squares (ILS) - P Matrix

The ILS, a1so known as P matrix approac~ utilizes the invene of Beer's law and

assumes that concentration is a function of absorbance. Thus the matrix expression of the

inverse Beer's Iaw model for m calibration standards witb spectra of n digitized

absorbance values is given by:

[IS]

where A and C are absorbance and concentration, P is the n x 1matrix of the unknown

calibration coefficients relating the 1component concentrations to the spectral intensities,

and E is the error in the concentrations predicted by the lcast squares fit line. The inverse

representation of Beer's Iaw bas the significant advantage that even if the concentrations

of ail the other components in the mixture are not mown, the matrix of coefficients (P)

can still be correctly calculated. However, it also means tbat eacb component requires

measurements al different wavelengths and the selected wavelengths must he in a region

where the components" more or less contribute 10 the overall spectrum. ILS tends to he a

more practical alternative since information about component concentrations in a system

is often lacking. One major disadvantage of the ILS mcthod is the dimensionallimitation

of the matrix equations, restricting it 10 a small Dumber ofCrequencies sinee ifthe number

of ftequencies bccomes too large, co-Iinearity and over-fitting probtems may become

significant and the results cm aetuaIly become worse (Anonymous, 1998). Therefore, the
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full-spectrum advantages gained with the CLS approach are diminjsbed, and this can

hinder the application ofthe ILS mcthod.

2.6.4 Partial Leat Squares (PLS)

PLS is a spectral decomposition technique tbat does not attempt to establish direct

relationships between concentration and absorbance at specified wavelengths like CLS

and ILS. PLS compresses the raw spectral data obtained for the calibration standards

(training set) into a set of orthonormal basis vec1ors, known as the loading spectra.

loading veetors. principal components, or factors, which represent the changes in the

absorbances at ail the wavelengths in the spectra and are then used as the basis for

developing a cahbration model. To predict unknown samples, the loading spectra are

used to reconstruct the spectrum of the unknown. Each of the loading spectra is

multiplied by constants derived from regression of the loading vectors against the

concentration data for the calibration standards and adding the results together until the

new spectrum approximates that of the unknown sample. The constants are known as

scores that serve as a bridge between spectral absorbance and concentration. Since the

same loading spectra produced during cahbration development are always used to model

the unknowns, the differences between unknOWDS witb different component

concentrations are retlected ooly by ditrerences in the scores.

General steps for the dcvelopment of a PLS calibration involves: (i) compressing

the calibration spectra into a series of mathematical "spectra" (loading spectra), (ü)

decomposing the spectrum of each calibration standard in10 a weigbted sum of the

loading spectra, the spectra contaïning bigher component concentrations usually weighted

more than those of low concentrations; and (ili) regressing the weigbts (scores) against

the concentration data for the standards. The prediction step reconstruets the spectrum of

an unknown from the loading spectra and scores and uses the scores 10 prediCl the

concentration ofthe unknown. Selection of the appropriate number ofloading spectra (or

fac1on) is pivotai in producing a robust PLS model and models with too few fadOn

underfit, while those with 100 many factors overtit and model noise rather than
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concentration changes. The challenge is to determine the optimum number of loading

spectra and to do this validation of PLS calibration models is always necessary,

preferably USÏDg mown standards not included in the calibration set. An alternative

means of validation is ta carry out a "leave-one-out" cross-validation whereby the

calibration is devised n times with n-l standards in place, and the nth standard is

predicted as an unknown.

Repeating this process to obtain n predictions, the Predicted Residual Error Sum

ofSquares (PRESS) is then computed from the errors ofthese predictions and plotted as a

function of the number of factors included in the calibration madel (Figure 2.9) and the

appropriate nomber of factors selected based on the F-test (Haaland and Thomas, 1988).

The PRESS values of all smaller factors are compared 10 that of the minimum PRESS,

known as F-ratio, and the Dumber of factors where the F-ratio faUs below a predefined

signiticant level is used to determine the optimum number of factors to he included in the

PLS model.

PLS possesses Many of the full-spectrum advantages of the CLS method and, al

the same time, retains the ILS advanta&e of bcing able to perform the analysis for one

chemical component at a time while avoiding the ILS fi'equency selection problem. PLS

is considered a very powerful 1001 for the analysis of complex systems, where Many

potential sources of interference/interaction may be encountered. However, experience

with this technique is necessary to understand its bencfits and limitatioDS. The PLS

method bas been successtù1ly applied to quantitative analyses by a variety of techniques

including ultraviolet spectrophotometry (Otto and Wepcheider, 1985), near-infrarcd

spectroscopy (Neimanis, et al., 1999; Dong, et al., 1997), cbromatography (Montana et

al., 2000; DunD, et al., 1984), and electrochemistry (Donachie, et al., 1999; Otto and

Thomas, 1985). This approach bas proven to be higbly etTective and in fact necessary 10

extraet quantitative information fiom complex spectra such as thosc obtained fiom near­

infrarcd and UV measurements (Lindberg, et al., 1983). With the commercial availability
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Figure 2.9 Typical PRESS plot obtained from cross-validation of a PLS calibration.
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of PLS software for IR malysis hm several FTIR. instrument manufacturers and

software companics, PLS bas bccome easier ta implement and numerous successful

applications of this calibration approach have been reported for various mid-FTIR.

methods (Seciman, et al., 2000; Man and MirgbaDi, 2000; Ma, et al., 1998; van de Voort,

et al, 1994; 1995).

2.1 FI1R LUBRICANT CONDmON MONITORING

Although IR. spectroscopie methods for assessing lubricant performance have

been available for over 20 years (Anonymous, 1995), acceptance of these techniques as

standard methods for lubricant analysis bas bem ratber slow. This is largely due to inertia

related to familiarity with the traditional physical and wet chemical procedures as weil as

the unfamiliarity of FTIR spectroscopy. In the carly 1990'5, the Joint Oïl Analysis

Program (JOAP) of the U.S. Department of Defense undertook evaluation of FTIR

spectroscopy as a means of determining lubricant condition and contamination. This

program began to provide supporting evidence that FTIR. analysis bad the potential to

increase the amount and quality of information normally provided by traditional wet

chemica1 methods routinely practiced for various lubricants (Toms, 1994). As a result, the

U.S. Army bas adopted FTIR. spcctroscopy as a general tecbnology to meet advanced

lubricant test requirements and bas implementcd FTIR. condition monitoring systems al

12 Army laboratories worldwide (Toms, ct al., 1998).

FTIR. spcctroscopy bas been successfiilly applicd ta the pilerai analysis of

mineraI based (Garry, 1992; Powell and Compton, 1993) and synthetic based Iubricants

(Toms, 1994). It is able to provide information on the relative changes in levels of

contaminants sucb as watcr, fuel, and ethylene glycol and provide qualitative measures of

soot and nitrogen-, oxygcn- and sulfur-containing by-products. However, the capability to

obtain quantitative information by FTIR. spcctroscopy cau be quite limited, in particular

wben the base oil and additive package are not defiDed or refcrenced, as the spectral

contributions of UDknown or undefined additives CID be problematic in interPreting the

spectral data. This is tùrther complicated by the fila that most of the CODtaminants and
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degradation products tbat are important in condition monitoring develop slowly, in

relatively small quantities, and may spectroscopically interfere with eacb other.

There appear to be !wo schools of thought in relation to FI1R anaIysis of

lubricants, one suggesting that all analyses be carried out in relation to a satnple of the

unused oil and the other assuming that an unused reference oil will not nccessarily be

available. Having a refcrcnce oil available is clearly the bettcr option, as one would have

a means of dctermining changes by subtracting the spectrum of the used oil &om that of

the unused oil and in this circumstance, measurement ofboth qualitative and quantitative

changes are facilitated. In practice, however, given the many supplien, formulations and

fonnulation changes and substitutions, the availability of suitable rcference oil cannot be

guaranteed. In addition. supplicrs are requested to meet performance specifications rather

than formulation specifications; hence, ManY oils with varying formulations cm meet

specifications but May he quite different spectroscopically. ail formulations/additive

packages are often changed witbout notice, but the brand name stays the same. As a result

of these realiti~ both schools of thought have ment, the first in a situation where a few

defined oils are uscd consistently in ail equipment; the second in a general oil anaIysis

laboratory receiving many samples of unknown origin for which they May not bave a

reference oil. Without a rcference oil, condition monitoring requîtes tbat base parameters

of oil degradation he establisbed and tbat subsequent oils he compared 10 the general

trend 10 determine whether anything unusual is occurring. With a reference oil, FTIR

spcctroscopy could be semioaquantitative or quantitative and provide a clearcr pieturc of

changes in oil condition.

The JOAP protocol bas adopted the "no rcference oU" approach as standard

procedure, developing a data base of specbal changes over time in relation 10 specifie

constituents 10 determine significant condition changes. Current FTIR applications in the

JOAP protoeol for the condition monitoring of used lubricants address specifie lubricant

types, includina regular minerai based lubricants (typically engine oils), extleme pressure

(EP) tluids (typically minerai based gear or hydraulic Ouids) and synthetic polyol ester
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based lubricants (typical1y aero related pl turbines oils) (Anonymous 1999). Depending

on oil type and the constituents aDa1yzecl for, waming levels may vary. Renee to a large

degree the JOAP approach is empiricaJ. but it is still a major improvement over simple

scheduled oil changes and analysis by wet chemical methods. The subsequent section

facuses on the principles of analysis of basic constituents by FTIR. spectroscopy for

condition monitoring, emphasizing the JOAP protocol.

2.7.1 Water

Although water is a very swng infrared absorber, confident detection cao only be

made al levels above 0.1% (Anonymous, 1995). Water contamination is readily

monitored in mineraI based lubricants by measuring the 0-8 stretching absorption in the

3500-3100 cm·1 regioD, characterized by broad bands due to bydrogen-bonding (Figure

2.10). Because of band broadening, measurement is usually based on integrated area

relative to baseline set al the minima over the range of 4000 to 3680 cm·'. When 500t

levels in oils are greater than 3%, significant interference with water measurements May

occur.

In gear oils and hydraulic ftuids that contain EP additives, the infrared response

changes and the manner in wbich water is measurcd requires adjustment. Figure 2.11

illustrates the typical absorption of water in EP tluids, wbich is characterized by a

gen~ horizontal baselinc offset of the entire infrared spectrum. A non-baselinc

integrated area ûom 3400 to 3250 cm·' is used for water measurement; however, al very

high water levels (greater than 2%), a similar hydrogen-bonded OH stretch band as scen

in the minerai crankcase oils is observed (Figure 2.10). Soot, clin and high concentration

of infrared scattering particulates will cause a proponionate baseline offset, causing the

amount of water present to he overestimated. This measure is workablc because typical

gearboxes and hydrau1ic systems do Dot usually accumulate or contain sipificant levels

ofpaniculates 50 as to cause significant baselinc offsets and tilts.
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Figure 2.11 Water in mineral based EP fluids (Anonymous, 1999).
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Figure 2.12 shows water coDtamination in a synthetic polyol ester based oil,

illustrating two bands (3640 and 3550 cm-l) responding to incremental increases in water

content, however, only the 3700 to 3595 cm-l is uscd for water measurement, the other

being used for determination of base stock degradation (Toms and Powell, 1997).

Hydroxyl containing degradation products such as hydroperoxides and alcohols, which

also absorb in this region, further complieate the situatio~ while high soot levels (>10%

w/w solids) can cause baseline curvature, disrupting quantitation.

In addition to the interferences from soot, water measurement is generally

complicated by the presence of additives having polar character, thereby affecting

hydrogen bonding. This can result in dramatic changes in bath band shape and position as

a function of moisture concentration or the additive, making it nearly impossible to obtain

accurate quantitative analyses until the moisture content is fairly high in an oil of stable

composition.

2.7.2 Carboayl OxidatioD Product5

In minerai based oils such as engine crankcase oil as well as EP lubricants,

oxidation products have an absorption centered around 17S0-16oo cm-l due to C=O

stretching vibrations (Figure 2.13 and 2.14), the exact frequency and band shape

depending on the adjacent atoms and interacting constituents. Common components

found in used petroleum lubricants that absorb in this region include aldehydes, ketones,

carboxylic acids and salts formed by neutralization of the acids. Increased absorption in

this region is indicative of base ail oxidation, specifically the formation of carboxylic

acids that are traditionally determined by TAN analysis (Toms and Powell, 1997).

Various additives such as detergents, dispersants, and antioxidants may complicate

measurements in this region (Anonymous, 1999). Using the region of 1750-1600 cm-l for

direct measurement ofoxidation products can he problematic in polyol ester based oils or

ails containing esters. High levels of esters cause the absorptions of oxidation products

(such as carboxylic acids) 10 he swamped by the ester signal, maldng measurement
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difficult or even impossible. In such cases, dctcction of carboxylic acids can be made in

the region between 3595 and 3500 cm-1 (figure 2.15), whcre wealdy hydrogen·bonded ().

H containing species absorb, however, excessive watcr contamination can cause offsets

that lead to overestimation of the amount ofacid present.

2.7.3 Nitr.doD aad SuIf.doD ProcIucts

Buildup ofnitration and sulfation products MaY become signiticant in combustion

engine oils. Nitration is particularly signiticant in gasolinc engines with exhaust gas re­

circulation (EGR) and natura! gas engines because of the nature of the combustion

process (Anonymous, 1995). In diesel engines, sulfation products are produced as a result

of sulfur in the fuel, fonning sulfates upon combustion and causing the accumulation of

these products in the oil. Both nitration and sulfation of lubricants have a significant

impact on the oil service life. The products trom nitration can lead to the formation of

high molecular weight vamishes, sludges and acids, while sulfation products can produce

acidic precipitates that react with the base reserve additives in the ail. Standard methods

such as TAN, TBN, and viscosity in part measure nitration and sulfation contributions by

changes in levels of acid, the loss of base, and the formation of high molecular weight

compounds, respectively. IR spectroscopic tracking of nitration and sulfation uses

characteristic bands 3SSOCiated with these compounds as illustrated in Figures 2.13 and

2.14. The broad feature around 1630 cm-1 in Figure 2.13 is assigned to nitrate esters in the

oils. Sulfur oxidation products generate a braad absorption near 1150 cm-1 (Figure 2.14),

assigned to sulfate compounds as weil as overlapping absorption of oxidation products.

Although the IR bands for both nitration and sulfation products are relatively specifie,

quantitation by comparison to pure prepared standards tends to be difficult as there are a

large variety of nitration and sulfation compounds tbat cm he produced and gradually

build op in the oil. High moi5ture levels cao generatc erroneous positive values for

nitration, and very high (>5%) glycol contamination May interfere with sulfation

measurements. As in the case of carbonyl oxidation measurements, various additives cao

interfere with the detennination ofnitration and sulfation products•
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%.7.4 CaolaDt CODtIlmi••UoD

Coolant (ethylene glycol) contamination in engine crankcase ails is simple ta

measure by FTIR spcctroscopy as ethylene glycol absorbs strongly in the OH stretcbing

regioll, much like water. However, as glycol and water co-exist as a coolant mixture, it is

difficult to difTerentiate between the two by using the OH stretch measurement.

Altematively, glycol does bave some characteristic bands in the '1ingerprint" region and

can be detected usÎDg the distinctive absorbance pattern ofits C-o stretch doublet, located

in the region of 1080-1040 cm'· (Figure 2.16). Ta avoid spectral interferences associated

with other compounds, the ASTM quantitative inftared method (ASTM E168, 1992)

recommends the use of very narrow, specific baseline points on either side of the band,

allowing detection of glycol contamination above 0.1% (powell and Compton, 1993).

More sensitive measurements can he obtained by removal ofthe spectral contributions of

the base oil, additive packages, and other contaminants based on the exact knowledge of

the components present.

2.7.5 Fuel DOudoD

Fuel dilution of lubricants is important to monitor for, as any leakage of fuel inlo

the lubricant severely impacts on the lubrieation efficiency of the oil. Although bath

gasoline and diesel fuels both coDSÎSl of a wide variety of straight chain and brancbed

aliphatic compounds, aromatic compounds, and other substituted compounds, they can be

differentiated spectroscopically. In gasoline, onbo-substitutecl aromatic constituents that

absorb al 7S0 cm'· cm be detected, wbile para-substituted aromatics absorbinl at 810 cm-1

eharacterize diesel (Sadtler, 1993). By examining the spectrum ofa lubricant for cithet of

these specifie absorptions, fuel dilution in reguIar and jet engine oils can he estimated by

FTIR spectroscopy.

1.7.6 Soot

FTIR spectroscopy cm indirectly deteet paniculates present in a lubrican.t that

scatter IR radiation as a result of simiIar or greater size tban the wavelen&ths of the
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radiation. In used oil, such particulates are predomiDandy soot particles and other

insolubles. However there is no ability to difl'erentiate tbese or correlate IR. results with

other standard physical tests such as pentanelbenzene insolubles wbich are related to

partiele size distribution diffcrences (Gury, 1992). FTIR 500t aualysis is based on

baseline offset measurements produeed by Tyndal scattering (Compton, et al., 1987)

made al 2000 cm-l (Figure 2.17). Higb levels of water contamination (>5% w/w) wiU

interfere with the measurement of5OOt.

2.7.7 Sammary

Table 2.S provides a guide to wavenumber regioDS associated with components,

additives and contaminants commonly found in ncw and used lubricants. Through

research and the JOAP initiative, it is becoming clear that FTIR. spectroscopy can be a

powerfu1 tool for lubrieant condition monitoring. It cm provide a broad assessment of the

condition of a lubrieant in relation to the eonstituents listed in Table 2.S. This information

can be gathered in a rapid and cast effective manner on a single instrument with minimal

sample handling and preparation. On the other band, FTIR in its present fonn is still a

crude tool as it is not quantitative. As indicated earlier when discussing the JOAP

protocol, only trending is possible and even in tbat circumstance one bas to be aware of,

and consider potential interferences ftom additives and contaminants on the

measurements made.

If one accepts the argument that reference oil availability is a problem, then

quantitative analysis would appear to be out of reach. Ifreference oils are available, then

trending would be more accuratc and quantitative analysis could be possible. Even with

refercnce oil availability, interferences are still an issue; however, sophistieated

chemometric techniques such as PLS cau greatly assist an FTIR spectroscopist in

developing workable, robust calibratioDS. If one cm develop quantitative methods rather

than qualitative trending methods for key oil condition constituents, then the IR data

could be more readily correlated with mecbanical perfonnance, corrosion ete. and would
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Table 2.5 Band assignments used in FTIR. condition monitoring of lubricants

Compoaeat Reaioa (c.-I
) Assipmeatl

Additives:

Hindered phenol 3650 ()'H stretch

Amine antioxidant 3400; 1625 N-H stretch; N-H bcnding

ZDDPrrCp 990;650 P-Q-C stretch; P-S stretch (ZDDP ooly)

Bv=product:

Carbon oxidation products 1750-1600 Carbonyl esters, ketones, carboxylic acids

3595-3500 For polyol ester based lubricants

Nitration products 1630 Nitrate esters (Nitro Ox)

Sulfation products 1150 Sulfate compounds (SulCOx)

Contaminants:

Water 3500 - 3100 o-H stretch

Coolant (glycol) 1080, 1040 C-o stretch doublet

Diesel fuel 810 C-H beDding ofaromatic ring

Gasoline fuel 750 C-H bending ofaromatic ring

Soot 2000 Baseline offset
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become more interpretable. To date, generalized quantitative FI1R methods bave not

been established for any condition monitoring parameten. The rescarch results presented

in the foUowing cbapters address the analysis of lubricants fiom a fundamental

perspective 50 as to develop principles, practices and methods tbat work toward

developing FTIR spectroscopy as a quantitative methodology for condition monitoring.
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CHAPTER3

DETERMINAnON OF THE CARSOXYUC ACID CONTRIBUTION TO THE

TOTAL ACID NUMBER (TAN) OF LUBRICANTS BV FTlR SPECTROSCOPY

3.1 AB5TRAcr

A Fourier transform inftared (FTIR) spectroscopie metbod was developed to

rapidly and quantitatively determine the contribution ofcarboxylic acids to the Total Acid

Number (TAN) of lubricating oils. The method is based on measurement of the

carboxylic acids present as a result of oil oxidation and employs differential spectra in

order to eliminate interferences ftom other components present in the oil. The analytjcal

procedure consists of splitting the sample into two S-g ponions, adding 0.38 g of 10°1ct

(w/w) KOHlhexanol stock solution to one, in order to conven the carboxylic acids

present in the sample to carboxylate anions, and pure hexanol 10 the other, and then

recording the FTIR spectra ofooth samples in a 410-J,lIIl KCl Oow-through transmission

ccli. Differential spectra are obtained by subtraeting the oil/hexanol spectrum ftom the

oil/hexanollKOH spectrum. A partial-least-squares (PLS) cab"bration was derived from

the differential spectra obtained in tbis manner ftom oils spiked with oleic acid, wbich

served as a carboxyl group standard. The PLS calibration derived was found to be

accurate to within ±O.09S mg KOH/g over the analytical range ofup to 4 mg KOH/g. The

predictive capability of the calibration was assessed using standard addition of an

additive-ftee. oxidized base oil to a composite bus oil sample obtained ftom the Montreal

Transit Authority. The calibration performed wen, capable ofreproducibly following the

changes in the added TAN 10 within ±O.OS mg KOHlg. Bus oil samples taken over time

(-17,000 km) were moni1ored for TAN value as weU as antiwear and 500t levels by FTIR

spectroscopy. The changes in the TAN values, although relatively minor, could he

traeked and were found to he direcdy relatcd 10 the soot levels and inversely related 10 the

amount of ZDDP antiwear additive presenL It was found that the ASTM standard

chemical TAN reference metbods (titrimetric or potentiometric) were generally

problematic in terms of obtaining reliable results, especially when clark, sooly oils were

heing analyzed. The FTIR. method did not sutrer fiom this problem and was round 10 he
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simpler as weil as more reproducible in the analysis ofused oils. The FTIR method, whcn

programmed and automated using a continuous oil analysis and treatment (COAr->
system developed in previous wott, provides a simple and accurate means ofdetermining

carboxylic &Cid contributions to TAN values and CID he combined with other Fl1R

methods to provide a comprehensive means oCmonitoring oil quality.

3.1INTRODUcnON

Routine monitoring of lubricating oils during equipment operation can serve a

variety of functions, including: indicating a lubricant's condition for the scheduling of

periodic oil changes, providing an early waming oC critical contaminants and breakdown

products Corming due to improper operation or maintenance, and assisting an operator in

identifying component failures or adverse operating conditioDS. The most common

analyses canied out to assess lubricant condition include a large variety oCmeasurements,

including viscosity, total base number (TBN), and total &Cid number (TAN). TAN bas

been considered to be an important indicator of oil quality, spccifically in terms of

defining oxidative status (Anonymous, 1995; Hm, et al., 1983). In the presence of

oxygen, which is ubiquitous in MOst lubricating environmcnts, hydrocarbons making up

the base oil can react to fonn carbonyl-containing produets (primary oxidation products),

which subsequently undergo further oxidation ta produce carboxylic &Cids (secondary

oxidation products), resulting in increased TAN values (Zhitova and Polipanov, 1994). In

addition, with time and temperature, the oxidation products formed cm polymcrize,

leading to a marked increase in viscosity.lfnot controlled. these products cao eventually

precipitate out of the oil as vamishes and sludges. decreasing the efficïency of lubrieation

and causing excessive wear.

The Americao Society for Testing and Materials (ASTM) bas potentiometric­

based (ASTM 0664, 1991) and color...indieator-based (ASTM 0663; 0974, 1991)

methods Cor the detenninatioD orthe total &Cid number ofan oil. Tbese methods are based

on the titration ofdie &cidic constitueDts in an oil with base (potassium hydroxide, KOH)

to a fixed endpoint, the titer being expressed in terms of acid number (mg KOH/g oil).
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Although relatively simple to carry out, the ASTM procedures can be problematic, as

they arc timc-<ansuming and labor-intensive and consume substantial amounts of

environmentally unfriendly solvents and reagents wbich are becoming increasingly

diffieult to dispose of. In addition, the standard titrimetric method is based on a visual

endpoin~ which is diffieult to determine accurately when clark, sooty oils are bcing

analyzed. Theoretically, tbis CID he overcome by using a potentiometric electrode instead;

bowever, measuring pH or clectrode potential in a mixed solvent system tends to malee

tbis detennination somewhat erratie a1so. Hencc, the standard methods available tend to

he less than satisfactory and it would he useful to have a more rapid, accurate, and

reliable procedure for determining TAN.

It bas been recognized for some tinte that inftared (IR) spectroscopy is a powerful

analytical tool in the ediblc fats and oils industry (van de Voort, 1994). In our

laboratories, wc have focused on the development of npid, Fourier transform inftared

(FTIR) spectroscopie quality control methods that are environmentally friendly. These

metbods require little or no sample preparation and are capable of replacing the

traditional wet-ehemical-based standard procedures (Ma, et aI.9 1998; Dong, et al., 1997;

Dubois, et al, 1996; van de Voort et al., 1996; 1995; 1992; Ismail, et al., 1993). One FTIR

method developed which is somewhat similar to a TAN analysis is the quantitative

determination of frec fatty acids in edible oils (Ism~ et al., 1993). Although lubricating

oils and edible oils difrer marked1y (hydrocarbons vs. triglycerides), the detennination of

carboxylic ICids is a common anaIytical issue. In the case of ecbDlc oils, the presence of

carboxylic acids (Cree fany ICids) is an indicator of triglycerido lipolysis, while in

lubricating oils, it is an indicator of oxidation of the hydrocarbons. UsiDg this previously

developed methodology as a foundation, we present the development of a new approach

to the determination of TAN using FTIR spectroscopy and illustrate bow FTIR

spectl'OScopy cm ~ used to accurately measure the contributions of carboxylic acids to

TAN values in less tban five minutes per sample.
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3.3 MATERIALS AND METBODS

3.3.1 IDstrameatatioa ad Speetral Aeqaisitloa

FTIR spcctra werc recorded on a COA-r- system (Thermal-Lube, Pointe-Claire,

Quebéc) cquippcd with a eomer-cube interferometer and a tlow-tbrough heatcd

transmission eell (Figure 3.1), assembled witb KCl windows spaced 410 f.UD apart. The

instrument was controllcd by an IBM-compab"ble Pentium 1SO-MHz PC nmning under

Windows-based COA'" software. The flow-through eell as weil as the intet and outlet

lincs were maintained al 400C (±O.2°C) to facilitate sample tlow should the oil viscosity

be bigb. To mjnimjze watcr vapor and COz interferences, the system was continuously

purged with dry air supplied by a Balston dryer (Balston, Lexington, MA). AlI spectra

were collccted by co-adding 128 scans at a resolution of4 cm- l and a gain of 1.0 and were

ratioed against a 128-scan open-beam background spectrum.

3.3.2 Re_gents and OU Samples

For the FTIR analytical development wode, reagent-grade oleic acid, potassium

hydroxide, and hexyl aleohol (bexanol) were obtaincd ftom Aldrich Chemicals

(Milwaukee, WI). A stock solution (lOOIO w/w) of KOH was prepared in hexanol, this

alcohol being used as a convenient carrier for dispersing KOH in the lubricants to be

analyzcd. AIl the standard reagcnts required for the TAN cvaluation (base, indicator,

solvcnts) werc obtaincd from Fisher Scientific (Milwaukee, WI). Base oils and additive

packages werc providcd by Thermal-Lube. Inc. (Montréal, Quebec) and an SAE lSW40

scmi-syntbetic motor oil was subscquently formulated accordin& 10 the directions

provided by Thermal-Lube. An SAE SW30 synthetic motor oil, also supplied and

formulated by Thermal-Lube, was taken ftom a vchicle wbicb bad hem ND for 8,000 km.

The TAN values ofthcsc oils were determined in tripticate using ASTM 0974 (1991) and

were 1.73 and 2.01 mg KOHlg, rcspectively. Tbcse two oils, dift'cring in thcir molccuIar

weight and level of contamjnan~were mixcd in Vlrious ratios 10 mate a variable base

oil for developing a TAN calibration. Oil samples were also obtained ftom busses

operatcd by the Société de Transport de la Communauté Urbaine de Montréal

75



•

•

•

Figure 3.1 Sehematie diagram of the heated IR. flow ecU and the sample handling
aceessory used ta load the ail for spectral analysis.
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(STCUM) and used to make a composite sample Cor validation of the FI1R method by

standard addition. A Courth oil, a P-032 minerai base oil, was oxidized in our laboratory

by bubbling oxygen tbrougb it at elevated temperature 50 as to develop a bigb acid

number (4.2 mg KOHlg). This oxidized oil was used in the standard addition experiments

to validate the FI1R TAN method.

3.3.3 StudardslSpeetroscopy

Freshly prepared SAE lSW40 and used SAE SW30 motor oil were blended in

random proportions to produce a series oC lo-g samples which were gravimetrically

spiked with oleic acid, a commercially available Catty acid, to produce a series of

calibration standards containing known amounts oC acid. These calibration standards had

TAN values ranging ftom 1.8 to 4.7 mg KOHlg, with the COOH contribution to the TAN

value ranging ftom 0.8 to 4.0 mg KOH/g. Each standard was split into two 5-g samples,

placed into glass vials, and to one, 0.38 g oCbexanol was addcd, while to the other, 0.38 g

of 10% KOHlbexanol was added. The vials were capped and shaken Cor 30 seconds. The

sample containing the 1()oA. KOH/hexanol solution was aspirated into the flow-tbrougb IR

ceU (Figure 3.1), and its spectrum recorded, using the instrumental parameters described

above. Subsequently, the second oil sample, containing only hexanol, was aspirated into

the cell and its spectrum also recorded. The latter spectrum (oillhexanol) was subtraeted

from the first (oiIlKOHlhexanol) to produce a "differential spectrum" (van de Voort, et

al., 1994).

3.3.4 CaUbradoD

The differential spectra of al1 the standards were stored to disk for subsequent

spectral analysis and calibration development, carried out using the Nicolet TQAnalyst

Calibration and Prediction Software Package (Nicolet Instrument Co., Madison), which

includes a partial-least-squares (PLS) routine (Anonymous, 1993). Variance and

correlation spectra were cxamined 10 determine the spectral regions where absorbance

changes correlated most strongly with the changes in oleic acid concentration iJÏ the

cahbration set and to determine the optimal rcgioDS to use in developing a PLS
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calibration model. The calibration wu assessed by using the leave-one-out cross­

validation procedure, and the optimum number of spectral factors to he included in the

cah"bration model was selccted using the F-statistic obtained ftom the predieted residual

error sum of squares (PRESS) test. The calibration was considered to be optimal when

the cross-validation error wu minimizeci.

3.3.5 VaBd.doa

To test the efficacy orthe PLS calibration model, validation wu carried out on a

composite sample prepared ftom used engine oils obtained ftom the Montréal bus Oect.

The composite sample was first anaIyzed by the FTIR. method and its TAN value

determined. The bus oil was subsequently spiked with oxidized P-032 base oil to

determine whether the FTIR. response was proportional to the amount added. This

standard addition technique was used due to difficulties in obtainiDg reproducible results

with the reference ASTM methods. Ali analyses used the standard protocol developed,

Le., splitting the sample, adding 10% KOHJhexanol to one half and only hexanol to the

other half, and predicting the TAN value ftom the differential spectrum obtained.

3.3.6 Moaitorlal Trial

The FTIR. TAN anaIysis was also used to rollow the oxidative changes taking

place in the oils obtained ftom a bus which was monitored periodically over 17,000 km.

Aside from the TAN value, the level of the antiwear agent zinc dialkyl ditbiophosphate

(ZDDP) and the soot content werc also quantitated by FTIR. spectroscopy to determine

whether there was any correlation between tbcse measures and the TAN value. ZDDP

was monitored by following the changes in its absorption maximum al 980 cm·', which is

assigned to the stretcbing of the P-O-C bond. Soot, on the othet band, was measured by

determining the dift'erence in the baseline values al 2200 cm-' and 1817 cm-', this baseline

shift correlating with the relative changes in soot content (Anonymous, 1995).
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3.4RESULTS

3.4.1 ADalydeai CODeept

Infrared spectroscopy is a means by which one cao identify and quantitate

individual functional groups due 10 their absorption al specific wavelengtbs in the

infrared portion of the spectrum. In terms of tracking oil degradation, the main

components of intere5t are carboxylic acids, formed as a result of oxidation proccsscs,

and these are readily observed and measured by FTIR spectroscopy, as the carboxylic

acid functional group (COOH) bas a strang absorption maximum al -1710 cm- l
. In the

standard wet chemical TAN determination, ail the ICidic components present in the oil

that are capable of reacting with the base used as the titrant are measured; these may

include organic and inorganic acids, esters, phenolic compounds, lactones, resins, saIts of

heavy metals, antioxidants. and/or detergents (ASTM 0974, 1991). New, refined base

oils are mixtures of hydrocarbons wbich contain no appreciable levels of acidity.

However, depending on the application an oil is destined for, a wide range of additives

can be incorporated at relatively low levels and. hence, depending on which additives are

present. a ftesh oil May have a substantive TAN value wbich is umelated to any

degradation of the oil. This complicatcs the use of the TAN value as an indicator of oil

condition. For this reason, as weU as to simplify the development of an inftared

spectroscopic method of analysis, only the contributions of COOH groups to TAN are

considered in the present work.

Figure 3.2a illustrates the FTIR spectra ofa series ofSAE 1SW40 samples spiked

with incrcasing levels of oleic acid (C1,HuCOOH), the absorption band al -1710 cm- l

incrcasing in height and area with concentration. If excess KOH is added to tbesc same

oils using hexanol as a carrier capable of solubilizing KOR as well as dispcrsing in the

oil, the carboxylic acid groups of the oleic acid are converted to their respective salts

(COO-Nal, which bave an absorption maximum al -1565 cm-1 (Fipre 3.2b). It is

important to note tbat there is still an appreciable absorption in the 1710-curt region after

base aaditioll, which is not due ta residual CooH groups, but mi&bt he a contribution of

one of the additives incorporated into the oil As noted earlier, a wiele variety ofadditive
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Figure 3.2 Overlaid FI1R spcctra of lSW40 motor oil spiked witb various levels ofoleic
acid (a), the corresponding spectra recorded after addition of KOH/hexanol (b), and the
differential spectra obtained by subtracting the spectra in (a) Dom those in (h).
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packages may he incorporated into lubricmts, and the presence of the additives is

obviously problematic if their absorption bands sbould overlap with the bands of

analytical interest (COOH or Cao-Na), as they cm confound quantification of the

COOH-containing Molecules. Based on our experience, it is imptaetical to develop

individual calibrations to account for a11 potential additive or additive breakdown product

interferences.

This dilemma can, however, be overcome tbrough the technique of ditTerentiai

spectroscopy. In this technique, one spectroscopically measures the sample twice, once as

is and once after the addition of base, subtraeting one spectrum tfom the other to isolate

both the COOH and Cao-Na· absorptions. To minimize volumetrie displacement etTects

due to the dilution of the sample witb KOHlhexanol, the sample is spüt and equivalent

weights ofhexanol and hexanoVKOH are added to each portion, respectively. This leaves

only an insignificant displacement effect due to the small amount of KOH present. The

two portions of the sample are then scanned back-to-back and the spectra obtained

subtracted from each other to obtain the differential spectrum. Figure 3.2c illustrates the

differential spectra produced when the same series of samples shown in Figures 3.2a and

b are treated in tbis manner.

In the ditTerential spectra obtained, the COOH band is inverted because the

spectrum of the KOH-containing sample is devoid of COOH contributions, while the

COQ-Na· band stays positive. The benefit of working with the ditTerential spectrum is

that the spectral features observed reflect only the spectral changes introduced by the

addition of KOH, which in this case are the loss of COOH groups and the formation of

COO-Na· groups; the l'OH itself does not absorb in the region of interest.. AIl other

spectral features are cancelcd out, as thcy arc common 10 the two samples, and hencc the

differcntial spectrum isolates the changes in the component of interest, in tbis case olclc

acid. This approach bas the henefit of eliminating any concem as 10 wbat additives or

breakdown produets may he present, as such common featules are ail eliminated in the

differential spectrum, exccpt ifthe additivelproduet bas a carboxyl poup.
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Raving dcviscd a means of isolating the COOHlCOO~a+contributions in the

spectrum of an oil, calibration development wode wu initially carried out using fteshly

Cormulated SAE 15W40 motar ail spiked with various amounts ofoleic acid_ Both peak­

height and PLS techniques were investigated as cab1Jration approachcs, the peak-height

approach being used as an exploratory procedure. Figure 3.3a presents a calibration plot

of absorbance values determined @ 1565 cm-· vs. the "actual TAN" calculated ftom the

amount of oleic acid added and the TAN value orthe ail basestock (1.73, as determined

by the ASTM titrimetric method). The corresponding best fit linear regression equation

obtained over a TAN range of -1.7-6.0 mg KOH/g was:

TAN =Total Acid Number
A =Absorbance @ 1565 cm-·
R =Correlation coefficient
SO =Standard deviation• Where:

TAN = 1.32 + 5.024 R=0.999 SD=0.068 [1]

•

The calibration is linear but bas a positive intercept. representing the non-COOH

contribution to the TAN value of the oil basestock. This simple peak-height calibration

illustrates tbat FTIR tracks the changes in COOK quite readily and accurately (SO = ±

0.07).

In this simple model, we do not have the complications of variations in the

additive mixture, new products being Cormed or cbanging in concentration, soot. changes

in viscosity, etc., as would he the case in a used ail taken ûom the crankcase ofan engine.

A myriad of undefined changes can take place undc:r these conditions, and one of the

issues ofconcem here is the polarity of the ail, which affects the hydrogen bonding of the

carboxyl groups. Alipbatic carboxylic acids naturally hydrogen bond, and the absorption

82



•
5

~ 4

r 3-Z
~ 2

1
ü<,

~2 ~. ~S ~a

Absorbance 01565 crn-'

•

•

Figure 3.3a Plot of TAN determined using the ASTM 0974 vs. absorbance @1565 cm- l

for nine 15W40 calibration standards spiked with known amounts ofoleic acid.
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Figure 3.3b. Plot ofPLS--predicted TAN vs. the TAN calculated from the amount ofoleic
acid spileed mto the 26 randomized mixtures of fieshly fonnulated lSW40 oil and used
SW30 crankcase oil.
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Table 3.1 PLS calibration of mattix formulation showing proportions of used and fresh
oil blend~ the amount of oleic acid added and the final calculated TAN value based on
the carboxylic acid contributions

Standard ISW40 (g) 5W30(g) Oleic Acid (g) Carboxyl TAN
1 0.23243 9.8692 0.00237 1.60473
2 9.25493 0.8048 0.00327 0.78856
3 8.47358 1.5578 0.00422 0.87736
4 8.97987 1.0364 0.00603 0.86497
5 8.26660 1.7081 0.00700 0.94757
6 2.71972 7.3849 0.00828 1.49066
7 9.40820 0.6696 0.00910 0.88973
8 8.95474 1.1744 0.01216 0.99438
9 2.20062 7.8285 0.01488 1.66721
10 3.31385 6.7217 0.01825 1.63004
Il 8.80353 1.2873 0.02127 1.18354
12 3.77610 6.2197 0.02420 1.70384
13 5.47883 4.6559 0.03007 1.6597
14 2.3273 7.7831 0.03510 2.04618
15 8.44376 1.5896 0.04014 1.58313
16 5.29759 5.1523 0.04811 2.01075
17 8.96248 1.0470 0.05652 1.85489
18 1.98549 7.9841 0.06341 2.6374
19 6.20110 3.6440 0.07160 2.41658
20 8.93959 1.0092 0.08241 2.3649
21 7.27558 2.6386 0.09192 2.7082
22 5.52264 4.3749 0.10466 3.12186
23 3.37698 6.7832 0.11882 3.54495
24 7.86788 2.1361 0.13252 3.42614
25 4.25128 5.6112 0.14352 4.00226
26 9.02951 1.0962 0.15539 3.73184
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obscrved al -1710 cm-· is actually the absotption of the dimer. As oxidation takes place

and the oil becomes more oxygenated, the system becomes more polar and the carboxyl

groups cm engage in other forms of hydrogen bonding, causing band shifts as weU as

changes in intensity (lsmail, et al., 1993). Given that the polarity as weU as the mixture of

compounds present in uscd ails is likely to be variable, a simple peak-height calibration is

very limiting. For this type of situation, PLS is a more powerful chemometric technique

(Dubois, 1996; van de Voort. et al., 1995) allowing one to correlate spectral changes to

changes in the concentration of the component of interest, while simultaneously

accounting for spectral variability due to interfering components as weil as any spectral

perturbations such as hydrogen bonding.

To develop more realistic standards with the type of variability likely to be

encountered in reaI samples, a used SW30 oil from the crankcase of a vehicle run for

8,000 km was mixed with fresh 15W40 oil in randomized proportions to produce a series

of 26 oils varying in their chemical composition. These blcnds were designed to simulate

the effccts of variations in the amounts of oil oxidative products, changes in additive

composition and breakdown produets, as weU as variations in the average chain length of

the ail. Various amounts of oleic acid were addcd to the 26 usedlftesh oil blends to

produce a set of calibration standards with oleic acid concentrations ranging from -0 to

2%. The TAN values of the used and the ftesh base oil were detcrmined by the ASTM

titrimetric method 10 he 2.01 and 1.73 mg KOH/g, respectively. The carboxylic acid

contributions to these TAN values were thm estimated by developing a peak-beight

calibration equation for each ofthese oils by foUoWÎD& the procedure used to obtain Eq.

[1] and subtracting the intercept ftom the cbemical TAN value; the values obtained were

0.65 mg KOHlg for the ftesh oil and 1.58 mg KOHlg for the used OÜ. The TAN values

for the calibration standards were then calculated from their oleic acid concentrations and

the carboxylic acid contributions detcrmined for the two base oils; these TAN values (due

10 COOH only) values spanned the range of 0-4 mg KOH/g. Table 3.1 shows the

randomizcd design of the calibration standard matrix; in order 10 develop a robust and

fimctional PLS calibration Madel for the prediction of TAN tiom used oils, such
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randomization is an esseDtial element to avoid building in any correlations betwcen oil

characteristics and the TAN value.

The ditTerential spectra of these calibration standards were obtained as descnDed

above and input into the Nicolet TQAnalyst· package along with their corresponding

calculated TAN values. After extensive optimization, guided by the PRESS test

(Anonymous, 1993) and minimizing the cross-validation error, a PLS calibration model

for the prediction of TAN was obtained using the 1603-1560 cm-a spectral region,

referenced ta a single-point baseline at 1603 cm-a. A plot of the predictions obtained for

the calibration standards using the two-factor PLS calibration dcveloped is presented in

Figure 3.3b. Linear regression of these data produced a correlation coefficient of 0.997

and an SD of ± 0.072 mg KOHlg; the leave-one-out cross-validation SO, which is

indicative of the expected operational accuracy of the calibration, was -±O.09S mg

KOH/g. Although this calibration bas approximately double the 5D of the simple peak...

height calibration obtained for a single oil spiked with oleic acid (Eq. 1), it is able ta

account for a wide variety of factors wbich would otherwise confound the predictions_ Ta

underline this point, a peak-height calibration developed using the ail blends was

evidently wane, the correlation coefficient and sn obtained heing 0.987 and 0.1S3 mg

KOHlg, respectively.

3.4.3 VaUd.doD

Validation of the FTIR TAN mcthod was first attempted by tbermally stressing

and bubbling air tbrough freshly prepared 1SW40 oil; however, after 500 hours of

thermal stress, no measurable oxidation bad occurred because of the efliciency of the

antioxidants present. Alternatively, il was decided 10 measure the TAN values ofbus oil

samples from the Montreal Transit Authority. However, these samples were also

problematic as they were exceedingly dark, and reHable TAN values could not he

obtained using the standard ASTM method because the endpoint was indetermiDate.

Attempts to use the potentiometric approach also gave very erratic results, inadequate to
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Table 3.2 FTIR predictions for the TAN contributions arising fiom the addition of
oxidized P-032 base oil having a defined TAN value to varying and known amounts of
used bus oil·

Sample 1 2 3 4
TAN Addedb 0.43 0.85 1.32 1.71
FTIR 1 0.45 0.86 1.33· 1.65
FTIR2 0.49 0.85 1.35 1.66
FTIR3 0.49 0.82 1.33 1.71
FTIR4 0.49 0.90 1.30 1.62
FTIR5 0.41 0.87 1.16 1.61
FTIR6 0.48 0.86 1.29 1.71
MeanFTIR 0.47 0.86 1.30 1.66
sn 0.034 0.027 0.069 0.044

'FTIR-predieted value of added TAN IS deœrmined by:
[FTIR.-predieted TAN ofsample] - [FTIR.-predie:ted TAN ofbus oil]-(wt. ofbus oil/total wt of sample).

IP'fAN added is detennined by: [(wt.(g) ofoxidized P-032 added)-(4.2 mg K.OWg)]ltotal wt of sample (g)
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Figure 3.4 A plot of FTIR-predieted TAN contributed by oxidized P-032 oil added
gravimetrically to a composite bus oil sample vs. aetual TAN added.
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provide good refcrence values by wbich the performance of the FTIR method could be

assessed. Beeause of these limitations, we resorted to standard addition, using an

antioxidant-ttee P-032 base oil which bad been aerated and thermally stressed, by which

it dcveloped a bigh TAN value (4.2 mg KOH/g, as determined by the ASTM titrimetric

method). The objective here was to determine whether the FTIll TAN method would

respond quantitatively to the standardized addition ofknown amounts of the oxidized oil.

The acid-containing P-032 base oil was serially spiked into a composite bus oil sample at

four concentrations, and the FTIR TAN analysis was repeated six times al each

concentration as well as on the unspiked bus oil. For each analysis, the sample was split.

the two portions were treated with KOH/hexanol and hexanol, rcspectivelyt and scanned,

and the resulting differential spectrum was quantitated using the PLS calibration

developed. The contribution of the P-032 to the FTIR-predicted TAN for each sample

was obtained by subtracting the contribution of the bus oil, determined using the Mean

PLS-predicted TAN value for six replieat~ of the unspiked bus oil and the weight

fraction of the bus oil in the sample. The results obtained are presented in Table 3.2 and

are plotted in Figure 3.4. Linear regression of the FTIR predictions for the six replicates

ofeach sample against the spiked TAN values yielded the following equation:

y = 0.071 + 0.93X sn = 0.044 R = 0.996

Wbere: Y = FTIR-predicted spiked TAN value
X = Aetual spiked TAN value

0=24 [2]

•

From these data it cm he concluded that the FTIR TAN predictions are highly

reproducible and that the FTIR method responds proportionately to the changes in TAN

introduced by standard addition, having an overall standard deviation of ±O.044 TAN

unîts. The FTIR.-predieted TAN values for these samples cannot be compared with the

true chemical TAN values as the latter could Dot be obtained by either the titrimetric or

the potentiometric ASTM method due to the indetenninate nature of the endpoint when

analyzing these samples. This is even the case under re1atively ideal circumstanœs, when

oils are 10w in soot and transparenL To bctter illustrate this, a slightly darkened SAE
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1SW40 oil was serially spiked with oleie acid and its TAN determined by the FTIR and

ASTM titrimetric methods. It was found tbat, over the same TAN range as in Eq. [1], the

reproducibility of the FTIR method was ±Q.047 mg KOH/g, wbich matches that in the

equation, whereas that ofthe ASTM method was significantly poorer (±O.23 mg KOHlg).

When clcar oils were anaIyzed, however, the reproducibility of the ASTM method

(:tO.OSO mg KOHlg) was comparable to tbat ofthe FTIR method.

In general, we can conclude that the FTIR method is more reproducible than the

ASTM method and responds linearly to TAN changes. Thus, a1though the overall

accuracy of the FTIR method is indeterminate as the primary reference metbod is 1ess

reproducible in its own right than the secondary mcthod heing developed, we can infer

that the FTIR method is also more accurate than the ASTM method in measuring TAN,

with the stipulation that the FTIR method only mcasures the contributions of carboxylic

acid constituents to TAN.

3.4.4 OU MODitOriDl

Having established that the FTIR. method traeks changes in TAN in a linear

manner, the calibration was traDsferred to a COAye system wbich had been designed and

used for on-lille or at-lille monitoring of oil quality and additive levels (Dong, et al.,

1997a). Oil samples were periodically coUected ftom the crankcase of a city bus over a

three-month period. spanning -17,000 km. TAN levels, as weU as soot content and the

levels of one antiwcar additive (ZDDP), were moDÎtored by FTIR spectroscopy as a

function of the odometer reading (time). Table 3.3 presents the data obtained for TAN,

5001, and the antiwear additive (ZDDP). The amoUDts of ZDDP and the soot content are

expressed in terms ofpercentage remainina relative to new oil (100010) and the ab50rbance

value obtained by subtracting the ab50rbance al 1817 cm-1 from tbat al 2200 cm-l
•

Figure 3.S plots the data tabu1ated in Table 3.3, but nonnalizot to range from 010

1 for each variable 50 as to allow a comparison of the tbree parameters measured on a
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• Table 3.3 FTIR TAN values, antiwear levels, and 500t content of oil samples collected
from the crankcase ofa Montréal city bus monitored over 17,000 km

Km FI1RTAN ZDDP Soot CODRat (Abs.)
(% ReJUlaiDa)

oa 2.227 74.68 0.074
2,459 2.281 59.36 0.143
3,074 2.385 49.S7 0.172
5,021 2.349 50.64 0.196

9,428b 2.431 54.47 0.130
10,657 2.450 53.62 0.158
12A51b 2.342 72.98 0.070
13,783 2.372 72.S5 0.088
15,730 2.439 59.79 0.125
17,882 2.427 47.66 0.180

llfresh oil was not added al the bcgummg of the momtonng penod (dcslgnated as 0 km).
bOil was topped off in the intcrval betwccn collection of this sample and the previous sample.
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Figure 3.5 A normalized plot of the relative changes occurring in TAN, the level of
antiwear additive, and 500t content in bus crankcase oil as a fimction of kilometers
(time).
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common scale. ID terms of the TAN changes, the significaœe of the clifTerence between

some of the measured changes is questionable, as the total change in TAN is only O.28mg

KOHlg ftom one exbeme to the other, while the teproducibility of the analysis is on the

order of ±O.045 mg KOHlg. Substantive changes in TAN would not he expected unless

the antioxidant in the ail wcre exhausted. On the other band, the TAN changes and trends

do malee sense relative ta what one would expect ta happen as a function of time

(oxidation) and ail addition (dilution). The TAN value rises with time until the ail is

topped up, drops, and then rises again until S Utm of ail were added, upon whicb the

same cycle begins ta repeat itself: These results lend credence to the overall impression

that the FTIR TAN analysis is quite sensitive and is able to distinguish relatively small

changes, on the orderofO.OS TAN mg KOHlg.

In tenus of the antiwear additive, its trend tends to he opposite ta the TAN trend,

the levels dropping fairly rapidly, then staying relatively constant UDtil the S..liter ail

addition, ailer whicb the same pattern begins to repeat itself: Soot, on the other band,

tends ta foUow the TAN trend, rising with time and dropping wben the crankcase ail is

diluted with new ail. These data indicate tbat in tbis case ZDDP and 500t levels are

complementary and probably more sensitive indicators of ail deterioratioD, correlating

inversely and directly, respectively, with the trends observed in TAN value. A plot of the

normalized ZDDP values against (l..nonnaJjzcd 500t content) values (Figure 3.6)

illustrates tbat these parameters are strongly related to each other (R =0.957); however,

similar relationships cannat he derived relative to TAN, as its values are discontinuous.

3.5 DISCUSSION

The FTIR analytical approach provides a versatile means of analyzing lubricating

ails, the objcctive in tbis work heing ta develop a metbod for the determination of TAN.

The FTIR TAN method devc:loped is designed to complement the Continuous 0i1

Analysis and Treatment (COA-r-) system developedjoindy by the McGilllR Group and

Thermal-Lube IDe. for on-fine or at..line monitorinl of oil quality and additive
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Figure 3.6 A plot of nonnalized values of the change in the level of antiwear additive vs.
values of(1 - normalized 500t content), illustrating their inverse relationship.
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performance (Dong, et al., 1997a). The system bu proven to he effective in performing

real-time monitoring of lubricating oils and cm plOvide early waming ofoil degradation

or the oeed for additive replenishment. The FTIR TAN PLS calibration is a very general

one, eovering a wide range of TAN values (0-4 mg KOHlg); fiL'1hermore, because it is

based on differential spectra obtained by measuring the sample twice, once with hexanol

added (00 KOH) and once with KOH/hexanol added, it bas the important benefit ofbeing

directly applicable to any oit The method is both sensitive and reproducible (±O.044 mg

KOHlg) and could be made evcn more sensitive by expanding the pathlength orthe ecU.

The method developed ean be readily automated by programming the FTIR

spectrometer to perfonn the spectral data collection, spectral subtraction, and quantitation

by applying the PLS calibration, the TAN values heing output to the screen and/or a

spreadsheet file. This type of automation is standard for most of the methods we have

developed (Ma, et al., 1998; Dong, et al., 1997; Dubois, et al, 1996; van de Voort et al.,

1996; 1995; 1992; Ismail, et al., 1993), and with the FTIR spectrometer programmed, the

operator need not have any training to carry out the analysis other than to fol1ow the

menu-driven prompts provided by the computer whicb drives the spectrometer. Sample

preparation is straightforward, eoDSÎsting only of splitting the sample into two S-g

portions and delivering -0.38 g of KOH/hexanol stock solution by repipette into one

sample and -0.38 g of hexanol into the other. The two samples are mixed for 30 seconds

on a vortex mixer, aspirated into the IR ceU, and scanned for one minute. When the two

scans are eompleted, spectral data is automatically processed to present the final TAN

value, the total analysis lime being -S minlsample.

In the analysis ofoils containing non-COOH acidic componcnts (e.g., nitrogen- or

sulfur-based additives), the FTIR values obtained will not matcb the TAN values

provided by the standard ASTM metbod, as the FfIR. metbod devised only measures

COOH groups. As suc~ it MaY be necessary in the fUture to qualify the aualysis by using

a term such as Carboxyl Value (CV) ratber tban TAN. On the otber band, in the case of

monitoring the relative changes iD, TAN with lime in usecl oils, the FTIR. results should
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largely parallel the chemical TAN results. It is the changes in TAN, rather tban the

absolute values, which are important in oü monitoring as the initial TAN values difrer

widely in fonnulated oils. On this basis, we conclude tbat we are in efreet measuring

TAN and tbat FTIR spectroscopy provides an excellent alternative to the standard

methods.

3.6 CONCLUSION

This wode bas demonstrated tbat FTIR spectroscopy can be used for the

determination of TAN values in minerai oils. The analytical principle is similar to tbat of

the standard ASTM methods; however, acid detection is more selcctive and the

measurement more reproducible. In particular, the reproduetbility ofthe FTIR. approach is

not atTected by the color of the oil, making it applicable to severely darkened oils that are

problematic in the ASTM titrimetric method. The FTIR method also has the benefit of

minimizing solventlreagent use and disposai. In its automated fonn. this new method

could significantly reduce analytjcal rime and labor requirements, making it suitable for

routine quality control and monitoring applications in the lubricant sector.
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BRIDGE

ln Chapter 3 the ASTM TAN reagent system wu modified and utiJjzed 50 that the

TAN measurement could he effectively performed on FTIR spectroscopy. To be

quantitatively successfill, the stoicbiometric reaction was combined with differential

spectroscopy to minimize spectral effccts of fonnulation variability between oils that

would affect quantitation. Such ability to eUminate spectral matrix variability is crucial to

generalizing the method as weil as allowing the component specific reaction to be

accentuated. Chapter 4 extends tbis concept to a relatcd measure, total base number

(TBN). In contrast to TAN, wbich measures acidic constituent, the ASTM TBN method

measures the reserve of basic constituents in oils usually formulated for engines,

particularly diesel engines running fuels with bigher level of sulphur. High sulphur

containing fuels contribute acidic products ftom fuel combustio~ and the basic

constituents neutralize the 8Cids formed over tinte. TBN analyses arc used to traek the

remaining base in the oil, being indicative ofthe rate ofoil acidification.

97



•

•

•

CHAPTER4

DETERMINATION OF TOTAL BASE NUMBER (TBN) IN LUBRICATING OILS

BV MID-FTIR SPECTROSCOPY

4.1 ABSTRACT

A Fourier transform inftared (FTIR) spectroscopie method was dcveloped to

rapidly and quantitatively determine the Total Base Number (TBN) of hydrocarbon

lubricating oils by spectroscopically mcasuring the COO· functional group of the salt

produced when trlfluoroacetic acid (TFA) reacts with basic constituents present in an ail.

FTIR quantification was based on a ditTcrential spectrum derived ftom two ail spectra

collected separately, one recorded prior to and the othcr after the addition of a TFA

reactant solution, the first spectrum heing subtraeted ftom the second. The analytical

protocol consisted of splitting the sample, scaMing the spectrum of one portion, and

adding 0.500 g of the second portion to s.oo ml of TFA reactant solution and then

recording its spectrum. A peak height calibration was dcveloped from the differential

spectra obtained by the standard addition of barium dinonylnaphthalene sulfonate

(BaONS) concentrate to additive-Cree polyalpbaolefin (PAO) base oil. The calibration

devised covered a TBN range of 0-20 mg KOHlg and was found to be applicable to a

wide range of additive-formulated minerai oils. The FTIR method tracked ASTM

potentiometric analyses quite weil. Validation with various new and used ails indicated

that the IR calibration performed weil in tenus of reproducibility (±O.17 mg KOHlg) and

had an accuracy of-±O.20 mg KOHIg based on standard addition. The FTIR method was

used to track the TBN of bus oil samples taken over time, the TBN treDdÎDg weil with

maintenance log data. Since the TFAlbase re&etion is rapid, complete and stoicbiometric,

the FTIR metbod was found to be very robust and capable of reliably monitoring

relatively small changes in TBN. The metbod is simple to accute and avoids the

environmentally unftiendly solvents associated with the ASTM wet chemical methods.

Implemented with appropriate software, the determination ofTBN by FTIR spectroscopy

would he a simple and convenient procedure, usefill for routine condition monitoring an'!

a significant improveMent over the metbods presendy available.
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4.1INTRODUcnON

Documented evidence bas shown that condition monitoring of performance­

enhancing additives in lubricating oils is an imponant activity for predictive maintenance

and that equipment liCe is prolonged when optimum levels of additives are maintained

(Robertson, 1984). Among the routine tests carried out to monitor the condition of

lubricants is the measurement of total base number (TBN), which rcpresents the overal1

a1kalinity contributed to an oil by the additive package. TBN bas been widely recognized

by both oil formulators and engine manufacturers as a key determinant of oil quality,

particularly for diesel engine oils (Hergu~ 1992). Bccause diesel fuel tends to contain

relatively high levels of sulfides, internal combustion of the fuel rcsults in the production

of a variety of sulfur derivatives, including su1tùric acid. In addition, nitrogen- and

nitrogen/oxygen-containing acids accumulate in the oil ftom blow-by (O'Brien, 1984),

and these acidic products result in Metal corrosion if not controllcd. In order to proteet

engines ftom the deleterious etTects ofthese acidic components, diesel engine oil must be

provided witb an adequate level of acid-neutralizing basic materials which can buffer a

substantial amount ofacid buildup.

Depending on the quality of the fuel, formulated TBN values ofnew diesel engine

oils can reach up to 80 mg KOH/g if high-sulfur fuels are being used (Wills, 1980).

Modem diesel engine lubricants derive most of their alkaliDity ûom overbased detergents

such as sulfonateslphenateslsalicylates of calcium, magnesium, sodium or barium.

Dispersants are also a common secondary source of basic compounds (Sharma and

Cbawla, 1988), usually nitrogenous constituents contained in polyisobutylene

succinimides (PIBS) which cm also contribute some alblinity. In addition 10 detergents

and dispersants, someantiwear additives aIso contribute basic properties and play a raie

in acid neutralization (Kauffinan, 1998). In marine diesel applications, overbased calcium

carbonate detergent additives, with base numbcrs ranging from 250-400. predominate

(Carter, 1997).

TBN Analysis
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Since the TBN value of an oil will gradually drop over time as an engine is

operated, routine and on-site testing for TBN cm provide usefùl information about

serviceability of the oil and an carly waming ofdeveloping corrosion problems. Existing

methods for TBN detennination cao bc classified into two major categories: (a) the

American Society for Tcsting and Materials (ASTM) approved standard primary

chcmical methods (ASTM D2896; 0974, 1995) and (b) secondary TBN

instruments/meters based on simple. rapid voltammetric measurements or pressure

sensing technologies (Kauffinan. 1998; Wobltjcn, et al., 1994). The ASTM standard

methods are based on the titration of all the basic constituents in an oil with standardized

8Cid (HCI or HCI04) to a fixed endpoint, the titer, bowever, heing expressed in terms of

base oumber (mg KOH/g oil). As is often the case with solvent-based titrimetric methods,

such methods are fine in theory, but problcmatic in practice. Aside from the lime...

consuming and labor...intensive nature oC the analysis itself: a major drawback is the oeed

for substantial volumes oC organic solvents and corrosive reagents that are bazardous and

difficult to dispose of. Beyond these issues are other disadvantages such as poor

sensitivity at low TBNs and difficulty in determining visual endpoints in sooty oils. Even

with automated potentiometric titration versions oC the ASTM mcthods, the analysis is

still time...consuming and cumbersome.

Secondary methods have bcen developed to circumvcnt these problems and

simplify TBN measuremenL One approach is a dcvice developed by Wohltjen et al.

(1994) which measures the pressure gencrated by COl released when oils containing

overbased CaCO] detergents are acidified. This aualytical approach is largely restricted to

marine engine oils, commonly Connulatcd with CaCO], but will not respond to other basic

constituents. A more promising approach is the voltammetric method descnbed by

Kauffinan (1998), which appears to bc suitable Cor the analysis of bath TBN and TAN.

With this meth~ voltammetric plots of oils clissolvcd in selected solvents are obtained

beCore and after acid or base addition, the voltammogram peak height ditTerential

correlating with the ASTM TAN and TBN measurements, respectively. One drawback is

that the method appears 10 he atrected by a number oCvariables and, as sucb, one needs to
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be familiar with the formulation of the oils being analyzed, especially the antioxidants

and thm types, as these intluence the results substantially. TBN is obviously an

important oil condition parameter to monitor, but an unambiguous, rapi~ practical and

reliable means ofmeasuring this parameter is stilliacking.

Infrared Spectroscopy

Infrared spectroscopy bas always had a place in lubricant analysis to cbaracterize

various constituents qualitatively. With the advent of Fourier traDsform infrared (FTIR)

spectroscopy, the possibility of developing quantitative methods of lubricant analysis bas

been facilitated (Anonymous, 1995; Powell and Compton, 1993). This is because of the

inherent computing power ofFrIR instruments, advances in sample handling techniques,

and the availability of new cbemometric metbods to facilitate quantitative analysis. A

tentative, but important step fONard bas bcen the establishment of standard practices for

condition monitoring of lubricants by FTIR spectroscopy by the Joint Oil Analysis

Program of the U.S. Department of Defense. In 1997, Thermal-Lube Inc., a Canadian

lubricant fonnulator, approacbed the McGill IR. Group to consider adapting FTIR

analysis techniques originally developed for the edible oil sector (van de Voort, 1994) to

lubricants and assist in the development of an FTIR-based Continuous Oil Analysis and

Treatment (COAr-) system designed to monitor antioxidant and additive levels in oils

(Dong, et al., 1997). In subsequent work, an FI1R method (or the detennination of total

acid number (TAN) in mineral-based lubricants (Dona, et al., 2000) was developed. This

method is bascd on the use of ditTerential FTIR spectroscopy to measure carboxylate

anion formation (COO·) upon addition of KOR 10 oils in wbich carboxylic acids are

present as a result of oxidation. In effect, the FI1R TAN method mimics the acidlbase

ASTM TAN procedure but is much more rapid and accurate. Reagent-based FTIR.

analyses of this type bave great promise as a meaus of developing a variety of new

methods for anaIyzing important lubricant parameters. In tbis paper we build on our

developing knowledge of lubricant chemistry and further exploit the spectroscopic

aspects of acidlbase rcactions to develop a gelleral FI1R-based TBN method suitable for

minerallubricants.
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4.3 MATERIALS AND METBODS

4.3.1 lastramealattoa

The instrument used in this study wu a COA-r- (Thermal-Lube, Pointe-elaire,

Quebec) system consisting of an FTIR spectrometer equipped with an au10mated sample

handling accessory (Figure 4.1). A Balston dryer (Ba1ston, Lexington, MA) was used to

continually purge the optieal compartment of the spectrometer in order 10 minimize water

vapor and COl interferences. The sample bandling accessory consists of a micro-pump

and a demountable 410-f.UD Caf1 transmission flow eell equipped with a bypass; the unit

is mounted on a slide rail in the optical compartment so as to allow an open-beam

background spectrum to be acquired without disruptiDg the purzing of the optical

compartment. The spectrometer was controUed by an IBM-compab"ble Pentium 1So-MHz

PC running under proprietary Windows-based UMPIRE- (Universal Method Platfonn for

InfraRed Evaluation, Thermal-Lube, Pointe-Claire, Quebec) software. AlI spectra were

collected by co-adding 16 scans al a resolution of 4 cm-l and a gain of 1.0 and were

subsequently ratioed against a" 16-scan open-beam background spectnnn to produce

absorbance spectra.

4.3.1 Re_geats ad Oils

Ali reagents used for methodology development were obtained from Aldrich

Chemicals (Milwaukee, W1). These ineluded reagent-pade trifluoroacetic acid (TF~

99+%), potassium tritluoroacetate (KTF~ 98%), and hexyl alcohol (98%). Additive-ftee

polyalphaolefin (PAO) base oil and barium dinonylDaphthalene sulfonate (BaONS)

conccntratc and its overbased form [BaDNS-xBa(O~ King Industries, CT] were

supplied by Thermal Lube IDe. (pointe-Claire, PQ). Various oils, including new and used

diesel cngine oils, were obtained &om Naval Engineering Test Establishment (NETE,

LaSalle, PQ) and Engine System Development Center Inc. (ESDC, Lachine, PQ). A 1.9%

(v/v) TFA reactant solution was prepared by mixing 28 ml orTFAlhexanol stock solution
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Figure 4.1 Scbematic diagram illustrating the key components of the IR oil analysis
accessory designed by Dwight Analytical (Toronto, ON).
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(140/0, v/v) with 172 ml of additive-fiee PAO base oil This solution, which is stable for

extcndcd periods oftime al room temperature, must be prepared al least 12 h prior to use

to allow TFA dimers to dissociate.

4.3.3 CaUbratioD 1AIIa1ytieal Protoeol

Calibration standards with TBN values of 0-20 mg KOHlg were prepared by

gravimetrically adding BaDNS concentrate (TBN =47.78) to additive-Cree PAO base ail.

Each standard was thoroughly mixcd on a vortex mixer and then sonieated (2-3 h) ta

ensure uniform dispersion of the base. For FTIR analysis, -10 ml of oil is required and a

standardized analytical protocol, outlined below, was developed and followed for both

calibration standards and samples 10 he anaIyzed.

(a) DMg -S ml of oi1. rinse and load the flow cell (Figure 4.1), scan the spectrum of
the oil. and store the absorbance spectrum (AS,).

(h) Dsing two gravimetrically pre-calibrated volumetric re-pipcttes, accurately
dispense, into a 2o-ml vial, 5.00 g of the TFA/hexanoi reactant solution and 0.500
g orthe oil sample. Cap the vial, sbake the mixture for -20 sec and allow to stand
for -2 min to allow any gas released to disperse.

(c) Rinse and load the flow ceU with the reacted sample prepared in step (b) and
record i15 absorbance spectrum (ASJ.

(d) Subtraet spectrum AS1 ftom spectrum AS2 with a scaling factor of 0.111.
corresponding to the factor by which the oil sample was diluted in step (b), to
produce a uditTerential spectrum" AS,.

(e) If a calibration is being dcveloped, the AS3 peak height values measured at 1672
cm-', referenced 10 2110 cm-', for each of the calibration standards are regressed
against their known TBN values to produce a calibration equation.

(f) AS3 is used for sample quantitation if the system is already caJibrated The peak
height measured at 1672 cm-l, referenced to 2110 cm-l, is processed through the
linear regrcssion calibration derived in step (e).

4.3.4 VaUdadoa of die FTIR TBN Calibndoa

Severa! approaches WCR used to validate the FTIR method. To evaluate

reproducibility, tbrec engine oils were sclected and aualyzed in duplieate on three
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different days. Selected diesel cngine oils made available by ESDC were analyzed by the

ASTM potcntiometric method as well as by the FTIR. method to obtain a relative measurc

of accuracy. Accuracy was also evaluated by standard addition, where various levels of

another basic detergent, overbased BaDNS, were added to new engine oils. In addition to

the tests descnbed above, FTIR. TBN analyses were also canied out on oils periodically

taken from the crankcase ofa city bus over 17,000 km ofservice.

4.4 RESULTS

4.4.1 Spectroscopy orTFAIb.e radioD' iD PAO base 00

In the calibration of an FTIR. method for TAN detennination, wc modeled

carboxylic acid oxidation end products accumulating in an oil by addition ofoleic acid to

ftesh base oil (Dong, et aL, 2000). FTIR. analysis of used oils consistcd of recording the

spectra of an oil sample before and after the addition ofKOa the KOH transforming all

the organic acids present in the oil into their carboxylate anion forme Spectral subtraetion

was used to elirninate the spectral features of the oil and magnify the spectral changes

associated with formation of the carboxylate anion, its absorbance heing used to quantify

the acidic constituents. Similar concepts wcre used in developing the FTIR TBN method.

Owing to the electron-withdrawing inductive effect of the fluorine atoms on the carbon

adjacent to the carboxyl group, tritluoroacetic acid is a very stroDg organic acid that

dissociatcs completely in aqueous media (Roberts and Caserio, 1965). As a consequence,

TFA is able to react completely with most basic constitueDts normally present in oils,

including sulfonates, phenates, and salicylates as well as thcir overbased fonDS, to

produce their respective TFA salts:

o
If

F C-C-OH
3

o
1/ _ +

F C-C-O M
3

+

•
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Figure 4.2 Differentiai spectra of TFA and KTFA in PAO. (a) TFAlhexanol solution
added to PAO with the spectral contributions of PAO and bexanol subtractcd out; (b)
KTFAlhexanol solution added to PAO with the spectral contributions of PAO and
bexanol subtraeted out; and (c) TFA/bexanol solution added to PAO containing BaDNS
with the spectral contributions ofPAO and hexanol subtraetcd ouL
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RlM represents neutral sulfonates, phenates, and salicylates, whereas RzM-<M2CO]).

represents overbased carbonate detergents. Because the end product in ail cases is a TFA

salt, FTIR. measurement of the TFA anion should provide a means ofmeasuring TBN.

Figure 4.2a and b present the differential spectra ofTFAlbexanol in PAO base ail

and KTFAlhexana1 in PAO, respectively, after the PAO and hexanol contributions have

been subtraeted out. Hexanol, which is used as a carrier to assist in dispersing TFA and

its potassium salt in the base oil, does not absorb in the region of înterest. In Figure 4.2a

the sharp band al 1790 cm-· is due ta the C=O stretehing vibration of the -COOH

functional group of TFA. shifted to somewhat higher tiequencies than the normal range

of 1730-1680 cm-· associated with long-chain carboxylic acids (van de Voort, et al.,

1994), oWÎDg to the inductive etTect of the Ouorine atoms. The spectrum ofthe potassium

salt ofTFA dissolved in PAO (Figure 4.2b) exhibits a strong band al 1672 cm-· due to the

carboxylate anion (COO-), again shifted ta a bigher tiequency than that (1656 cm<l)

normally associated with long-cbain carboxylic acid salts (Dong, et al., 2000). The

intensities of the 1790 and 1672 cm-t bands are proponional to the concentrations of their

respective TFA forms. Figure 4.2c illustrates the differential spectrum obtained when the

specttum of PAO oil containing BaDNS is subtracted ftom the spectrum of the same oil

to which a small amount ofTFAlhexanol bas been added. Some of the TFA is converted

to a salt [(F3CCOO·)~a2+]by the TFAlBaDNS reaction, producing a band al 1673 cm-I

corresponding ta that illustrated in Figure 4.2b for FlCCOO-K+. Based on the

stoichiometry of the acidlbase reactiOD, the amount ofTFA salt formed should he directly

proportional to the concentration of BaDNS in the oil. As sucb, the method effectively

mimics the acidlbase reaction on which the ASTM TBN method is based but uses the

strong infrared band produced by formation of the TFA salt 10 measure the basic

constituents present in the oil.
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Figure 4.3 Calibration plot of actual TBN added to PAO vs. the peak heigbt of the TFA
salt measured at 1672 cm-l relative to a single-point baseline al 2110 cm-l.
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4.4.2 CaUbndoD

In principle, a calibration could be devised simply by adding known amounts of

KTFA to additive-Cree PAO base oil and using the cbaracteristic band ofthe TFA anion at

1672 cm- I as a means of quantitating TBN based on the TFAlbase reaction stoichiometry.

In practice, this approach is impractical because even when hexanol is used as a carrier,

the solubility of KTFA is too low to span a workable concentration range. This solubility

limitation cao be overcome by preparing PAO standards containing BaDNS and adding a

constant excess ofTFAlhexanol to produce the TFA salt in situ. Bach calibration standard

was processed according to the "analyticallcalibration protocol" descnDed above and the

differential spectra thus obtained were used for calibration developmenL Figure 4.3

presents a calibration plot orthe absorbance values measured al 1672 cm-I referenced to a

single baseline point at 2110 cm-I vs. the actual TBN value calculaled from the amount of

BaDNS concentrate added to the base oil. The resulting best-fit lincar rcgression equation

obtained over a TBN range of0-20 mg KOHlg was:

•

• TBN =-4.35 + 21.44A SO =0.160 R = 0_9998 [1]

•

Where: TBN =Total Base Number
A = (Absorbance al 1672 cm-I) - (Absorbance al 2110 cm-I)
R =Correlation coefficient
SO = Standard deviation

The highly linear response of absorbance al 1672 cm-l to changes in TBN is indicative

that the acidlbase rcactiOD proceeds to completioD with the expeeted stoichiometry over

the TBN range spanned by the calibration standards (0-20 mg KOHlg). The regression

SO of 0.16 mg KOHlg represents a coefficient of variation (CV) of <2% over the

analytical range.

4.4.3 VaUdatioa

A new automotive engine oil, a~ diesel bus engine oiL and a used diesel

locomotive enginc oil, each DDdefined in terms ofadditives, were analyzed 6 times, twice
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Table 4.1 FTIR TBN predictions obtained for three engine oils ftom duplicate analyses
on three days

FTIR Replieate TBNOUA1 TBNOUB1
TBNOil~

la 9.59 7.27 5.28

lb 9.67 7.14 5.13

2a 9.80 7.27 5.32

2b 9.71 7.40 5.36

3a 9.90 7.33 5.19

3b 9.65 7.14 5.26

Mean 9.73 7.25 5.27

1
5D :t0.1O ~.12 :tO.l0

1

CV 1.03% 1.66% 1.90%

1. A = Used locomotive diesel engme oil proVlded by ESDC
2. B =New automotive engiDe oil
3. C =Used bus diesel engine oil provide by the Société de Transport de la Communauté Urbaine de

Montréal
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Figure 4.4 A plot of the FTIR-determined TBN values for various oils vs. ASTM
autotitration potentiometric results.
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• per day over three days, by the FTIR TBN method. Table 4.1 summarizes the results

obtained for the replieates and their eorresponding statisties. The data indieates that the

method provides consistent results over tilDe, with an overall SO ofthe order of<0.20 mg

KOU/g. The 50 could be reduced somewhat «0.10 mg KOH/g) ifall sample and reagent

manipulations were carried out gravimetrically rather than volumetrieally; however, the

benefit of this reduction in the SO was considered insignifieant relative to the additional

manipulations introduced by weighing.

Various new and used oils, including additive-free zero-TBN base oil, diesel

engine break-in oil, and a number of locomotive diesel engine oils varying in viscosity

and additive package composition, were analyzed for TBN by the ASTM 0-2896

potentiometric titrimetric method (ASTM 02896, 1995) using Hel as the titrant, as weil

as by the FTIR TBN method. Figure 4.4 illustrates the relationship between the TBN

values obtained by the two methods, the linear regression equation obtained being:

• FTIR TBN = 3.57 + 0.7374 ASTM TBN R=0.97 SO =0.77 [2]

Clearly, the two methods track eacb other; however, the proportionality constant

obtained (0.74) is substantially less than the ideal value of 1.0 and the SO relative to the

ASTM reference method is -±O.80 mg KOH/g. This comparison indicates that bath

methods measure the basic components in the ail, but that their responses differ to sorne

degree. On the other band, standard addition ofBa(OHh overbased BaDNS to SAE W50

diesel engine oil produced a linear 1:1 relationsbip, as indicated by the following

regression equation:

•

LWI1R TBN = -0.2 +O.97(âTBN) R= 0.998 SO=0.20 [3]
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Figure 4.5 A plot of the relative changes occuning in TBN values of a bus crankcase oïl
as a function ofbus mileage and service.
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On the basis of standard addition, the regressïon SD indieates that the accuracy of the

FTIR metbod is 3lOund ±O20 mg KOHlg.

4.4.4 TBN CODcUtloa Moaitoriag

The FTIR TBN metbod was standardized and the analytical protocol implemented

on a COAor- FTIR system using a newly developcd software package [Universal Method

Platform for InftaRed Evaluation (UMPIRE~), wbich guides the operator through the

analytical protocol, automatically performs all the required spectral manipulations and

calculations, and outputs the analytical results, in this case, TBN values. Oïl samples

collected from the crankcase of a city bus serviced periodically over a tbree-month

(-17,000 km) period were analyzed for TBN. Figure 4.5 illustrates the results obtained as

a function of mîleage relative to the service record. The bighlighted areas indicate two

points where signifieant changes in TBN occur, the TBN value dropping off with tinte

while the bus was in operation and then increasing wben 5 liters of ftesh oil were added.

The overall change in TBN spans -0.9 mg KOHlg, well in exeess of the sensitivity of the

FTIR Methode Similar trends were alsa observed in the relative 500t levels of the oil as

measured by the standard IR protocol (SAE 841373).

4.5 DISCUSSION

The ASTM standard chemical titrimetric or potentiometrie methods malee use of

strong inorganic acids (HCl or HCIOJ ta react completely with the basic constituents in

an oil (ASTM D2896; 0974, 1995). The FTIR. TBN mcthod effectively does the same

thing using a strong organic acid, TFA, which provides an intiared signal that is readily

measured. The FTIR TFAlbase reaction clearly is stoichiometric and very reproducible.

The power of the method lies in the use of differential spectroscopy, which allows the

potential spectral interferences associated with undefined additive packages or oil

breakdown products ta be eliminated. This benefit is obtained at the expense ofhaving to

colleet two spectra rather than one; however, the drawback ofbaving ta perform this extra

step is outweïghed by being able to use a single calibration for a wicle range ofoils, rather

tban having to develop ail-specifie calibrations.
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It is clear that the FTIR. method tracks the results obtained by the ASTM

potentiometric method, but the results from the two methods are not cxacdy the same. In

the ASTM procedure, sma11 additions of &Cid are required, each having ta come to

equibbrium (stabilize) before the titration can continue. Even with an autotitrator, a

continuum of titer values arc required to determine the endpoint· by extrapolation. In

contrast, the FTIR. procedure uses excess TFA and the reaction is rapidly driven to

completion. This ditTerence between the ASTM and IR approaches May account for some

of the differences in the results obtained. The FTIR. TBN method is very reproducible,

even using our simplified protocol (no weighing), and is also quite accurate as determined

by standard addition. The method is capable ofanalyzing a relatively broad range ofTBN

values (0·2Omg KOHlg) and is applicable to mineral·based oils. For higher TBN oils, the

sample cao he diluted with a zero-TBN base oil prior to spectral analysis, and thus the

upper limit of the analytical range open·ended. Our experience indicates that the

analytical performance of the FTIR metbod is not advcrsely afTected by dark or sooty

oils, which are definitely problematic with indicator·based methods. Because the amount

of reagent (TFAlhexanol) used for each FTIR. analysis is minimal, the FTIR. method

reduces the volume ofwaste disposai.

4.6 CONCLUSION

Compared to the ASTM standard methods, the FTIR. method for the

determination of TBN is simple, versatile, and eminendy suited to condition monitoring.

Sample preparation is simple and straightforward, consistinS only of dclivering 0.50 g of

sample by re..pipette into s.oo ml of TFAlbexanol reagen~ loading the infrared ccli, and

scannins the spectrum; the total analysis time is -3-5 min per samplc. Automation of the

analysis is facilitatcd by implementing the analytical protocol via the UMPIRE software,

which automatical1y performs the required spectral lDIIIipulatiODS and quantitation by

applying the appropriatc calibration, with the analytical results output ta the computer

monitor or printer in a spreadshcet or control cbart. The TBN method developed in this

study is complementary 10 the FTIR. TAN method developed cartier, and two methods
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can be implemented with a common instrumental/ceU configuration. To date, these two

new FTIR methods are aU limited to conventional hydrocarbon-based lubricating oils;

bowever, it is likely that their application cm be broadened to other oil classes (i.e.,

synthetic esters, polyglycols, silicones, etc.) with appropriate fùrther investigation.
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BRIDGE

In Chaptcr 4, a FTIR. TBN method wu developed for the measurement oC base

reserve in oils. In this case, the ASTM reagents Hel and HeIO.. could not he employed as

they lack IR. suitable absorptions and trifluoroacetic acid (TFA) wu employed as a

replacement. TFA was shown to be an adequately strong orpnic &eid to react with the

basic constituents normally used to Connulate diesel oils and upon reaction to Conn IR

active TFA salts that could he quantified. The approach to the analysis is somewhat

different from the TAN method in that the rcagent is the dominant constituent rather than

the oil and that spectral ratioing was canied out in a differcnt fashion. The development

oC the TBN method indicates that the concepts and principles initially formulated for the

TAN method bave a fair degree oC tlexibility and POtentially provide a generalized means

ofquantification oCother constituents ifappropriate rcagents cm be found.

Besides TAN and TBN, moisture is a key condition monitoring variable in

lubricating oils as it is a catalyst for corrosio~ promotes additive deterioration and

negatively affects overall lubricant functionality. It is also one oC the most problematic

analyses, largely due to matrix effects and additive interferences which affect the ASTM

Karl Fischer methods that have been routinely practiscd. Chaptcr S investigates the FI1R

reagent/differential spectroscopy concept in relation to the quantitative determination of

moi5ture in lubricants.
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CHAPTER5

A NEW APPROACH TO THE DETERMINATION Of MOISTURE IN

HYDROCARBON LUBRICATING OILS BY MID-FTIR SPECTROSCOPY

5.1 ABSTRAcr

The moi5ture content of hydrocarbon based lubrieating oils was determined by

FTIR spectroscopy by measuring hydrated acetone gem-diol produced when 2,2­

dimethoxypropane (DMP) rcacts with water present in the oil under neutral or basic

conditions. The gem-diol was quantified from a differential spectrum derived from two

oil spectra collected separatelyt one taken prior to the addition of DMP and the other 30

min after DMP addition. Peak height calibrations were developed by standard addition of

water commercial hydrocarbon based lubricating oils wbich were also POOled for

calibration development by partial lcast squares (PLS) regression. The peak height

calibrations performed weU (± 22 ppm), but were oil fonnulation dependent, while the

calibration allowed all the oil formulations ta be analyzed for using a single calibration

with little 1055 in predictive accuracy (± 32 ppm) over a range of 0-1200 ppm. Attempts

to compare the FfIR results ta Karl Fischer (KF) methods were problematic with

additive-containing ails and highlighted the superior quantification capabilities of the

FTIR DMP method. For multiple analyses, with the FTIR programmed and automat~

the analytical time is reduced and should provide convenient and reUable means of

detennining moi5ture in hydrocarbon based oils.

5.2 INTRODUcnON

The McGill IR Group bas spccialized in the development of rapid quantitative

quality control mcth~ for the analysis of edible fats and oils, lubricants and food

proclucts by Fourier transfonn infrared (FTIR.) spectroscopy. The methods developed

feature minimal sample preparation and are designed to repIKe eDviromnentally

unftiendly wet-ehemical mcthods. One of the Most elusive metbods bas been a

generalized FI1R method for the analysis of moisture. Altboup moisture analysis by

both mid· (Anonymous, 1992; PoweR and Compton, 1993) and neal'- (Blanco, et al.,

119



•

•

•

1998) infrared (IR) spectroscopy bas been weU documented as a simple, sensitive and

accurate means of determining moisture, this is only the case in some rather specifie and

relatively idcal eircumstanees. Water absorbs strongly in the IR. portion of the spectrum

due to its o-H strctching and bendiDg vibrations, however, its quantitation is frequently

complicated by spectral interferences from other OH containing constituents such as

alcohols, phenols and hydroperoxides and confounded further by hydrogen bonding

effects. In new and used oils, Many additives, breakdown products and contaminants

containing OH groups are commonly present, making quantitation of moisturc difficul~

especially al lower (<0.1%) moisture levels (Anonymous, 1995).

Alternative approaches to the direct IR. determination of moisture in oils are the

extraction of the moisture into a suitable dry solvent (van de Voort, et al., 1994) or

reaction of the water with an appropriate reagent followed by IR. quantitation of the

reaction product(s). Attempts to use absolute Methanol to extraet water from minerai oils

proved unworkable. Monitoring the products of stoichiometric reactions is an alternative

technique which has been successfully applied to the detennination of carboxylic acids

and total base number (TBN) (Dong, et al.,2000a; b) in minerai oils. This approach was

originally used to determine moi5ture in solvents (Critchfield and Bishop, 1961), by

reacting 2,2-dimethoxypropane (DMP) with water under acidic conditions 10 produee

acetone, thereafter measured by IR spectroscopy at 5.87 J.UIl (1703 cm-I). The limit of

detection of this method was -0.05% (500ppm). The limit ofdetection was subsequently

improved (-15 ppm) through the use of capiUary gas cbromatography (Dix, et al., 1989)

and in combination with an alternative reagent, triethyl onboformate (Chen and Fritz,

1991). 80th of these OC methods are considered broadly applicable to the analysis of

traces ofmoi5ture in a wide range ofsolvent systems.

This paper examines the DMP/water reaction as the basis for quantitation of

moi5ture in lubricants by FTIR spectroscopy. The feasibility of tbis approach to the

-detennination of moisture was investÎptecl sequentially in carbon tetraebloride (CCIJ,

poly-a-olefins (PAO) five commercial hydrocarbon lubricants and usecl oils, the
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analytical protoeols and calibration development process detailed to illustrate the general

concepts ofthe metbod.

5.3 MATERIALS AND METHOOS

5.3.1IDstrumeDtadoD

A Continuous Oïl Analysis and Treatment (COA-re, Thermal-Lube, Pointe-elaire,

Quebec) system, consisting of an FTIR. spectrometer equippcd with an oil sample

bandling accessory manufactured by Dwight Analytical (Mississauga, 001.) was

employed in this work (Figure 5.1). Using vacu\Dlly the S20JlD1 CaF:z transmission tlow

cell was easily loaded and emptied with oil via a two-way valve. The instrument was

controlled by an IBM-compatible Pentium ISo-MHz PC running under Windows-based

COAr- software. A Balston dryer (BalstOIl, Lexington, MA) was used to purge the

optical compartment of the COAT system to minimize water vapor and CO2

interferences. Ali spectra were coUected by co-adding 16 scans at a resolution of 4 cm-1

and a gain of 1.0 and were subsequently ratioed against a 16-scan open-beam background

spectrum to produce absorbance spectra.

Two commercial Karl Fischer (KF) titrators were cmployed to carry out the

ASTM primary rcference method (01744, 1991) for moi5ture determination of oil

samples and standards. One instrument was a Mettler Toledo· DL36 coulometric

autotitrator, equipped with a double-pin platinum electrode (Mettler Toledo,

Switzerland), cbarged with AquaSœ- Coulomat AK & CK (Crescent Chemical Co., NY)

reagent solutions containing ,hloroform and imidazole, respectively, suitable for the

coulometric determination of water in the presence of ketones and aldehydes. The other

instrument was a Mettler Toledo· DLt8 volumetrie autotitrator, equipped with dual

platinum pin electrode for voltammetric measurement. This system was charged with

Hydranal- Composite-S reactant (Riedel-de Haen Chemicals, Germany). AlI samples

were analyzed by direct injection without prior treatment.
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Figure 5.1 Schematic diagram of the flow transmission cclI assembly inserted into the
spectrometer sample compartmcnL Oil is aspirated into the cclI via the spigot by vacuum9

controlled by the valve on the arm.
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5.3.2 Realeata ad ons
Molecular sicves (4A, lI8-inch beads) and reagent-grade 2,2-dimethoxypropane

(DMP, 98%) were obtained from Aldrich Chemicals (Milwaukee, WI). These were dried

for at least 12h at 12<rC prior to use and the DMP solution was always stored ovcr the

activated sieves for at least 72h prior to use. The oils used in tbis study includcd poly-a­

olefin (PAO) base oil, tive branded commerciallubricants (Oils A-E) and a blended used

oil. The oils used to malee the used oil blcnd wcrc obtaincd from the crankcases of

vehicles operated for at least 6,000 km. AlI the oils used as standards wcre kept over

molecular sieves for a minimum of72h to remove as much moistulc as possible.

5.3.3 CaUbratioD StudardslAllalytical Protoeol

Calibration standards (up to 1200 ppm) were preparcd gravimetrically by adding

distilled water to the oils. For PAO, hexylamine (0.06% w/w) was used as a dispersing

agent to assist in the distribution of added moisture in the oil. The oils containing

additives (A-E) and the used oil blend had sufficient polarity to incorporate water without

requiring a dispersant. Prior to FTIR or KF analysis, aIl samples and standards were

sonicated to ensure uniform. dispersion ofthe moi5ture added.

The foUowing analytical protocol wu dcveloped 10 facilitate FTIR spectroscopy,

analysis and quantitation ofmoisture:

(a) A portion of the oil ta be analyzcd is uscd to rinse and load the tlow-through
transmission ceU (figure S.l) and its absorbance spcctrum (AS) is recordcd.

(b) From the balance of the oil sample, pipette Sg of oil mto a 20-ml plastic vial
and add 1g of the DMP using two gravimetrically precalibnted re-pipettes. Cap
the vial, shakc for 30 seconds and react for 30 min.

(c) Rinse and 10ad the transmission ecU with the reacted sample and record its
absorbance spcctrum (ASJ and multiply the resulting spcctrum by a correction
factor of0.833.
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(d) Spectrum ASt is subtraeted from ~ to produce a "differential spectrum"~

AS], wbich represeDts only DMP and its reaction products, the spectral
contributions ofthe base ail baving been subtraded out.

(e) AS] is used ta predict the moisture content of the sample or standard by eithcr
peak height or partialleast squares (PLS) calibrations.

5.3.4 Spectroscopy ad CalibratioD

The DMPIH:zO reaction was first investigated in CCI. to study the dynamics ofthe

reactio~ followed by studies in PAO and then in lubricating oils. Peak beight and PLS

regression approaches were investigated as procedures Cor measuring the moisture content

in individual and combincd oil matrices, respectively. For PLS calibration developmen~

correlation and variance spectra were examincd ta detennine the regions wbere spectral

changes correlated MOst strongly with the changes in moisture content. The PLS

calibration was optimized using the leave-one-out cross.validation procedure and the

appropriate number of spectral factors selected using the F-statistic Crom the predicted

residual error sum of squares (PRESS) test. The calibration was considered to be optimal

when the cross-validation errer was minimized.

5.3.5 ValidatfoD

To test the efticacy oC the calibratio~ validation was carried out on selected

engine oils ta wbich varying amounts of water had been added. These samples were

analyzed by the standard FI1R analytical protocol descnDed above in steps (aHe), as

weil as by KF titration. KF titratiODS were carried out usina bath volumetrie and

coulometric methods using reagents, equipment and procedures recommendcd for the

analysis ofwater in lubricating oils (Anonymous, 1992).

5.4 RESULTS

5.4.1 Spectroscopy ofDMPIR10 iD CC14

The overall reaction under investigation (Figure 5.2) involves one mole oC 2,2­

dimethoxypropane (DMP) reacting with water in the presence of acid, the DMP heing
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Figure 5.2 Overall reaction of DMP with water under acidic conditions, producing one
mole ofacetone and two moles ofmethanol.
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Figure 5.3 Differentiai spectra of DMP and its reaction products. (a) dry DMP added to
dry CCI. with the specttal contributions of Co. subtraeted out; (b) dry DMP added to

moÎst CCl. with the spectral contributions of Ca. subtraeted out; (c) same as (b), but
with both the CCI. and DMP specttal contributions subtracted out.
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convened into one mole oC acetone and IWo moles of Methanol The DMPIH%O reaction

was initiaUy studied in CCt. without acid present and monitoring the spectral changes

occurring as a function oC time. Figure 53a-c shows tbree differential spectra illustrating

the changes taking place in the hydroxyl region of the mid-IR portion of the spectrum

when DMP is added to dry or moist CCI•. Figure 53a is the spectrum ofdry DMP added

to dry CCI. with the spectral contribution of CCI. subtraeted out. Figure 5.3b is the

spectrum of dry DMP added to moist CCI., again with the CCI. spectral contribution

subtraeted ou~ while Figure 5.3c represents the same conditions as Figure S.3b, but with

both the CCI. and DMP spectral contributions ratioed out. Figure 5.3c shows two strang

bands. one al 3690 cm-I and the other al 3500 cm-l, with a diffuse, broad shoulder in

between.

These spectral changes are typical of the DMPIH:zO reaction without acid present

the 3500 cm-I band confirmed to he due 10 methanol. The 3690 cm-a band was postulated

to be a hemi-acetal and/or the hydrated acetone gem-diol produced by the reaction. Under

non-acidic conditions, no carbonyl band indicative of acetone formation (1700-1760

cm-I) was observed. However, when methylsulfonic acid was added, an intense carbonyl

band appeared al 1720 cm-l, indicative of acetone formation and the band al 3690 cm-l

disappeared. In subsequent experimentation, when excess aeetone was added to moist

CCI. in the presence of acid, without DMP presen~ the 3690 cm-I band appeared,

indicative of the gem-diol sinec Methanol would not be produced under these conditions_

Subsequent addition ofmethanol to this mixture resulted in the appearance ofa ne'N band

al 3640 cm-l, tentatively attributed to the formation of the hemi-acetal, but could not he

confirmed as this frequency also coincides with the absorption of non-hydtogcn bonded

methanol. The 3640 cm-a absorption is Dot present in DMP treated samples, 50 it would

appear tbat neither non-hydrogen bonded methanol DOf hemi-aceta1 is not present al

significant levels. Based on extensive spectral investigation of the reactions and a review
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Figure 5.4 Summary of DMP reactions with water in CCI4• DMP = [1], hemi·acetal =
[2],Gem-diol =[3] and acetone = (4].
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of the commonly postulated mecbanisms Cor aceta1lwater reactiODS (Fessenden &.

Fcssenden, 1986), the DMPIH10 reactiODS are summarizcd in Figure 5.4.

The reaction cm proceed by two distinct pathways depending on wbether 8Cid is

present or not for catalysis. Without acid, DMP [1] initially reacts with water to fonn a

hemi-acetal intermediate [2] plus one Molecule of Methanol, the bemi-acetal in tum

reacting with a second molecule ofwater to produce the acetone hydrate or gem-diol [3]

plus a second molecule of Methanol. The re&etion caunot procecd furtbcr without acid

and the system comes to equilibrium in terms oCparticipating species (H::O, DMP, gem­

diol, hemi...acetal and Methanol). If a relatively suong acid is added, the reaction is

catalyzed by Ir to continue on to produce acetone and water from the gem-diol. Here the

equilibrium strongly favors acetone, consuming water, DMP, the hemi-acetal and the

gem-diol until water is exhausted. The water molecule released a10ng with acetone re­

reacts with DMP (assuming DMP is in excess) and is ultimately consumed, resulting in

the net production of only acetone and methanol as end products of the acid-catalyzed

reaction.

This preliminary spectroscopie study oC the DMPIH::O reaction, onder acidic and

non-acidic conditions in CCI.., indieated that the amounts of both acetone and the gem­

diol/Methanol intermediatcs produced were proportional to added moisture. If these

reactions were to procced in a similar manner in hydrocarbon oils, then either version of

the DMP reaction eould POtentially serve as a means oC determining moi5ture in

lubricating oils. From a practica1 standpoint, however, the acid"'Catalyzed DMP rcaction

would he limited to ails dcvoid of basic constituents in their additive package, whieh is

not generally the situation. In this case sucb constituents, when acidified, couId produce

water, which would conCound quantitation. The DMP reaction without acid does not

suifer ftom tbis problem, however, it results in a complex cquihDrium of molecular

species rathcr than heing driven to produce a single measurable componcnL lng~

reactiODS al equib"brium MaY he used Cor quantitation ifthe K.. is mown, whieh is not the
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OCH) OH

2~0 ~C+CH3 ~C+~ + 2CH)OH
+ -

OC~ OH

1 3
Excess

Figure S.S Overall reaction of water with excess DMP [1] with no acid present. The
dominant equilibrium products are the gem-diol [3] and Methanol.
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case in this situation. However, if the equih"brium is shifted to one side by an excess of

one component, such as DMP, then one bas in effect a largely unidirectional reaction as

per Figure 5.5, that could he used for quantitation. Subsequent experimentation focuscd

on the further investigation of the DMPIH%O reaction under non-acidic conditions in a

model hydrocarbon oil to determine whether quantitative analysis was possible by adding

excess DMP.

5.4.2 Spectroseopy of DMPIH10 iD PAO

Lubricating oils come in Many forms, not only in terms of the base oil, but also

from the standpoint of the additive packages incorporated to provide specific

functionalities. To simplify the study of moi5ture analysis with DMP under non-acidic

conditions, dry, additive...free, PAO base oil was examined as the analytical test matr'ÏX.

Dispersing water directly in PAO is very difficult, if not impossible, givcn its extreme

hydrophobicity. To assist in dispersing moi5ture in PAO, a small amount of hexylamine

was added to the bulk oil 50 that up to 1000 ppm water could he uniformly dispersed in

solution, facilitated by 5Onication.

It was found that the reactioDS and equih"brium hebavior observed in CCI. also

occurred in PAO. The peak beights of the gcm-diol and Methanol bands produced when a

fixed amount of excess DMP was added to water spiked PAO samples wcrc found to be

directly proponional to moi5ture added. Howcver, the proponionality constant varied

with the total amount of DMP added, even at lcvels weU in excess of the maximum

moisture content on a molar basis. After an extensive investigation of DMPIPAO ratios

(1: 10 10 1:1) for a fixed series of moisture Icvels in the PAO, it was found that the

optimal spectral response al 3690 cm-a and 3500 cm·· was obtained when a 1:5 (w/w)

DMPIPAO ratio was used. This optimal DMPIPAO ratio drives the reaction as far as

possible toward the formation of the gem-diollmetbanol products wbile minjmjzing the

concurrent dilution etTects of adding more DMP. Even thougb the reaction cames to a

complex cquibDrium involving four species, ultimately conceiltratioDS of the gcm-diol
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Figure 5.6 Differential spectra of a series of PAO oil samples spiked with increasing
amounts ofwater to wbich DMP bas been addc:d in a 1:5 ratio.
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and Methanol are proportional to the moiStule content under standardized conditions (i.e.,

a fixed DMPIPAO ratio), attesting ta the validity ofthe overall reaction (Figure 5.5).

Based on this information, a standardized sample preparation protocol and

scanning routine was developed to facilitate calibration development and sample analysis

(Materials and Metbods, steps a-el. The spectral multiplication factor of 0.833 used in

step (c) is designed to correct for the density and dilution effccts on the oil by DMP

addition, 50 that the spectral contnbutions of the oil are accurately subtracted out and do

not appear in the resulting ditTerential spectrum. Figure 5.6 illustrates a series of overlaid

differential spectra obtained using the standardizcd analytical protocol, covering the

3800-3300 cm-l region for PAO samples spiked with increasing amounts of distilled

water. These spectra illustrate tbat both the gem-diol (3690 cmo

') and methanol (3S00

cm-I) peak heights increase as a function of water content. Both the gem-diol and

Methanol responses were tinear and Figure 5.7 illustrates a representative absorbance plot

for the gem-diol measured relative to a single point baseline at 3709 cm'· as a function of

added water, the best fit tinear regression equation heing:

[HzO] =-118.6 + 44884A R=0.998 SD=9.88 [1]

•

Where:

[8%0] = ppm water added 10 PAO
A =Abs @ 3691 cm·1Jbaseseline @J70S cm·l

R =Correlation coefficient
sn =Standard deviation

The plot is lînear, having a regression SD of <10 ppm, while the negative intercept of

-118 ppm implies that there is residual moisture in the oil or tbat moi5ture was carried in

with the hexylamine dispersant added. The inverse of the slope indieates that one would

need to he able to measure spectral ditferences of - 0.02 mAbs units to detect a 1 ppm

difference in water content. Under optimal purge conditions, the SIN for the instrument
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Figure S.7 Plot ofppm water added to PAO vs. the peak heigbt of the gem-diol measured
at 3691 cm-· measured relative to a single point baseline at 3709 cm-'_
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was determined to be -o.25mAbs, peak-to-~representing -10 ppm H20, in line with

the regression SD obtained for the PAO calibration. Good water vapor purging is

essential for quantitative work over the 38QO.3300 cm-· regïon, as superimposition of

water vapor variability on the sample spectral signature causes significant fluctuations in

the calculated results.

5.4.3 DMPIB10 iD LubrlcatiDg Oils

Based on the results obtained with PAO, a series of commercial hydrocarbon

lubricating oils (A-E) were evaluated in a sunilar maDDer after first drying them over

molecular sieves. These oils all contained additive packages ofvarious types to which up

to 1600 ppm of water could be added without visual evidence of physical separation.

Gravimetrie standard addition was again used to produce a series ofstandards which were

treated using 1:5 DMP/oil and the Methanol and gem-diol peak heights measured in the

differential FTIR spectra of each oil series. For these oils, the spectral linearity of the

3500 cm·· Methanol band relative to the amount ofwater added was lost. but that of the

3691 cm- I diol band was retained. The loss of the linearity at 3500 cm-I was attributed to

hydrogen bonding interactions of Methanol with the polar moieties of the additives in

these oils, shifting the peak maximum and affecting the overall band shape and width. In

contrast, the gem-diol band was unaffected in terms of band position or shape, although

its response (slope) varied somewhat with each oil. Table 5.1 summarizes the linear

regression equations, moisture ranges investigated as weD as rearession statistics obtained

for the gemoadiol band for each oil type. Every oil bas a somewhat düTerent slope and a1I

exhibited negative intercepts, implying that they contained residual water even after being

stored over molecular sieves prior to water addition. The regressiODS are ail highly linear

(r>O.997) and a11 have SD's of<30 ppm, averaging ± 22 ppm overall. This data indicates

that for any particular oil type, largely defined by its viscosity and the manufacturer's

additive package, one CID develop a satisfactory peak height calibration based solely on

measuring the gem-diol fonned, even in used oils. The equations also indieate that the

gem-diol peak height calibration is oil specifie and that individualized calibrations would
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Table 5.1 Linear regression equations, correlation coefficients and standard deviations
obtained for a variety of hydrocarbon oils by plotting the ppm water added to the oil
against the peak height of the gem-diol fonned in the differential spectrum collected

Oil TypelMix l HIO Regression Equation R SO

(ppm) (ppm)

Poly-a-olefm (Synthetic) 0-400 (H20]= -118 + 44884A 0.998 10

Oil A (Semi-synthetic) 0-850 (H20]= -369 + 57071A 0.998 20

Oil B (Conventional) 0-1200 (H20]= -370 + 60891A 0.998 28

Oil C (Conventional) 0-1200 (H20]= -409 + 50587A 0.999 20

Oil 0 (Conventional) 0-1200 [HIO]= -525 + 48329A 0.998 27

Oil E (Conventional) 0-1200 (H20]= -359 + 36564A 0.999 22

Used Oil 0-1200 [H20]= -64 + 62698A 0.998 26
(ConventionaUSynthetic)
1 AIl o11s are hydrocarbon based. convenbonal oils are mmeral oils, while COmpoSItes are blends of
synthetic and conventional oils.
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he required for each oil type to he malyzed. This slope sensitivity is likely related to

polarity differences in the oils, which in tum tend to he detennined by the composition of

the additive package.

5.4.4 PLS .ad LabrteatiDl Oils

Although moisture analysis of lubricating oils appears possible using oil specifie

calibrations, the necessity of baving to develop a multitude of distinct calibrations is not

very convenient, nar practical. Multivariate chemometric approaches to calibration are a

means by which more generalized calibrations MaY he devised even when substantial

variability exists in the sample matrix to be analyzed (Adams, 1995). Among the oil

samples being considered, the main sources of variability other tban the component of

interest (water), are additive package composition, the grade ofthe base oil (conventional,

semi-synthetic or synthetic hydrocarbon) and the inter-component interactions (i.e.,

hydrogen bonding). PLS regrcssion is a sophistieated chemometric tool that bas been

successfully applied to develop robust calibrations for complex interacting systems

(Haaland and Thomas, 1988). Given enough information, PLS can distinguish and

mathematieally reduce systematic and random spectral contributions not directIy

associated with the spectral information correlating with the component of interest. The

application ofPLS was studied by pooling al1 ofthe spectra and relating cacb spectrum to

its respective ppm of added water ta which was added the intercept value (ppm) obtained

by linear regrcssÎon for the oil set (Table 5.1). Figure S.8 illustrates the plot orthe optimal

PLS calibration devised ailer extensive study and optimi7Jltion of regiODS that correlated

with the moi5ture contenL The regrcssÎon equation for the validation plot was:

r=O.997 sn =34.1 ppm [2]

•
These results indicate that the optimjzed PLS calibration is capable of predicting the

moi5ture content of any of the seven oils Iisted in Table S.l to within ± 34 ppm, only

slightly bigher tban the average 50 of-22 ppm obtained usina the individual peak height
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Figure 5.8 Cross validation plot of the ppm water predicted by FTIR spectroscopy using
the composite oil PLS calibration vs. the total moisture present in the samples.
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calibrations. The PLS calibration, encompassing 3945-3156 cm-I and refereneed to a

single point baseline al 3764 cm-l, includes the spectral contributions of the geDl-diol,

hemi-acetal and methanol absorptions. Restricting PLS ta only the gem-diol spectral

region did not work weil as PLS requires information about all tbree component spectral

contributions to he able to elimjnate the confoundïng eff'ects of the additives and

component interactions. Attempts to drop the intercept contributions &om the added

water values also caused the PLS calibration to deteriorate markedly, providing indirect

praof that the intercept values were not artifacts, but represented actual amounts ofwater

already present in the oils.

In theory, PLS should also he able to calibrate on the unsubtraeted spectra, rather

than the differential spectra, stripping out the spectral contributions of the base oil and its

respective additive packages without significant deterioration in quantitation. In practice,

however, this was not round ta work, apparently because our data set was too small to

model the calibration adequately, most of the factors heing used by PLS to strip out

spectral variability of the oils and additive packages, leaving little information on whicb

to model water. Hence it would appear that spectral subtraetion is requircd, in effect to

pre-process the data 50 that PLS is presented with more relevant spectral information to

work with.

5.4.5 Karl Fischer (KF) ComparisoD

It was our intent to validate the FTIR calibrations and predictions for the ail

samples against KF titration rcsults. KF titl'atiODS werc carried out on a1l the samples and

standards, however, it became clear tbat the detemlination of moisture in commercial

hydrocarbon lubrieating ails by KF was not a trivial aualytical exercise. Other than for

PAO, neither the volumetrie or potentiometric versions of the KF methocl nor the use of

specially formulated reagents (AnonymoUS, 1992), resulted in meaningful data being

obtained for watcr spiked, branded oils containing additives. Only the PAO samples using

hexylamine as a moisture carrier provided some semb1aDce of traeking water spiked ail,
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Figure 5.9 Plot of ppm watcr added to PAO vs. the ppm water determined by the
volumetrie ( • ) and coulometrie ( • ) Karl Fischer metbods.
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• the volumetrie and potentiometrie KF method results beinl compared in Fipre 5.9. Both

methods do traek added moisture, however, their relative responses are quite different

ftom each other as indieated by their respective regression equations:

KFv [H20] = 130 + 0.46 H20

KFp [H20] = 7 + o.so H20

Where:
KFv =Volumetrie KF
KFp =Coulometrie KF
8 20 = ppm water

r=O.99

r=0.97

SD=22ppm

SD=5Sppm

[3]

[4]

•

•

Both slopes are signifieantly less than 1.0, partieularly in the case of the volumetric

meth~ with the regression SD for the two methods avcraging out to -40 ppm. The poor

KF PAO results and the inability to obtain sensible moi5ture data for the branded

lubricants illustrate the problematie nature of the KF titration as applied to lubricants.

Hence, rather than serving as a means of validating the FTIR method as originally

intended, the KF analyses serve more to highlight the ability of FTIR. to analyze samples

which could not be analyzed by K.F. These problems, as weil as other limitations specific

to the KF analysis of moisture in oils, have been summarized elsewhere (Anonymous,

1992).

5.5 DISCUSSION

This study bas illustrated that DMP rcadily reacts with water, to produce tbree

reaction products in equihbrium, a gem-diol, hemi-aceta1 and methanol under

standardized reaction conditions (no acid, 1:5 DMP/oil ratio and 30 min reaction lime).

Via ditTerential spectroscopy oil specifie cahbratioDS cau he devised based on the linear

tegression of the gem-diol peak height vs. added water, the intereept providing an

extrapolated value for any residual watet in the base ail A more generalized PLS

calibration MaY he devised by pooling the düferential water-spiked spectra of each oil

type and relating it to the total water content (ppm added +ppm inten:ept)•
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At tbis point in time, only calibrations for minerai oils, synthetic hydrocarbon and

their mixtures bave been investipted. The feasibility of using the DMP approach for

determining moilture in syntbetic esters or other base où classes (i.e., polyalkylene

glycols, polybutenes and silicones) needs tùrther investigation. Used hydrocarbon oil

blends were also examined and successfully analyzed, however, the total acid number

(TAN) ofthese oils was not known. The analysis ofused oils could he problematic as the

accumulated acidic compounds could serve to catalyze the reaction to produce acetone

rather than coming to the desired multicomponent equib"brium. If accumulated acids are

shown to be problematic, quantitation based on acetone will need to he examined.

Assuming the generalized PLS calibration developed is representative of the type

ofresults obtainable for hydrocarbon oils, one CID basicaUy detcnnine moistule contents

in such oils to within ± 3S ppm. Increasing the path length ta 1~ reducing the

resolution to 16 cm-l and/or increasing the scans are means by which one could

potentially reduce the variability of the analysis down to 10-1S ppm. The main drawback

of the FTIR method is the need to scan the sample twice and the rcaction time of 30

minutes after DMP bas been added. The tinte drawback bccomes minimal wben multiple

sample analyses are canied out. Typically it takes -lb to prepare IS samples and scan

them twice with the 30 minute interval includcd, efTectively requiring -4 min pel sample.

This type of tbrougbput cao readily he attained on the COAye (Dong, et al., 1997)

analytical platfonn with the mcthod programmed 50 tbat ail the spectral manipulations

and data processing arc automated and the moisture content is output directly in ppm

HIO.

5.6 CONCLUSION

In summary, tbis work bas demonstrated tbat FTIR spectroscopy in conjunction

witb DMP reagent cm he used for the accurate determination ofmoisture in hydrocarbon

lubrieating oils containing additives. The method is clcarly superior in tbis regard ta the

conventional KF -direct titrimetric method for oils containïng additives. The main

advantages include reduced operating costs, the elimination of the hazards associated
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with KF reagents as well as minimizing solventlreagent use and disposai. In its automated

fo~ the FTIR. DMP method could significandy rcduce analytical tilDe and labor

requirements as weU as providing reliable moisture content data, making it suitable for

routine quality control and monitoring appüeations in the lubricant industry.
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BRIDGE

Cbapters 3-S dcscribe in detail the concepts and methodology used to develop

three new FTIR based metbods for the analysis oC TAN, TBN and H20, respectively. As

sucb. they are ratber specific and academic in their oudook and do not take ïnto

consideration the perspective of their implementation. As tbis research program

progressed, the methods developed were being implemented as analytical packages to

facilitate their use in an industrial seUing. Il was also necessary to provide an overview of

these methods from a more practical context so that analysts in the field of tribology

could grasp the general benefits, limitations and features of the methods developed.

Cbapter 6 presents an overview oC the methods developed ftom such perspective, this

paper having been presented at the annual Joint Oil Analysis Program (JOAP) conference

held in Alabama in June 2000 and published in the conference proc:eedings. The purpose

of this Chapter is to summarize the basic concepts, explain the potential benefits and

bring into perspective the benefits of hardware and software integration 50 as to facilitate

automation of the metbods.
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CHAPTERI

DETERMINAnON OF TAN, TBN AND MOISTURE IN LUBRICATING OllS BY

A CONnNUOUS Oll ANALYSIS AND TREATMENT (COA-re) SYSTEM

6.1 ABSTRAcr

Recently, three new Continuous Oil Analysis and Treatment (COA-r-) analytical

Methodologies, total acid number (TAN), total base number (TBN) and moi5tUre (H:t0),

have been developed and implementcd. These methods, employing a common sample

handlinglcell configuration, are based on the addition of reagcnts designed to react

stoichiometrically with target species in oil, which are then quantitated by FTIR

spectroscopy. The overal1 performance oC these innovative FTIR methods bas been

demonstrated to be superior to the standard ASTM metbods and their integration into

Tbennal-Lube's proprietary UMPnœe software standardizcs the procedures, making

them rapid, simple, and routine to carry out. The methods require minimal amounts of

sample and reagent and are substantiaUy more environmentally friendly tban methods

currently in use. The COA'" System implemented with these methods should be of

particular interesl to commercial and industrial QC laboratories routinely analyzing for

TAN, TBN and H:t0 in volume.

6.2 INTRODUcnON

Routine monitoring of lubricant status plays an important role in the predictive

maintenance of equipment (Robertson, 1984). Altbough commercial analyzers are

available for some key analyses, the ability to analyze for total acid number (TAN), total

base number (TBN) and moi5ture (H20) using a single instrument is not available.

Fourier transfonn inftared (FTIR) lt-pectroscopy bas the potential to deüver

multifimctional quantitative analytica1 capabilities, and the protoeol developed by the

Joint Oil Analysis Program (JOAP) of the u.s. Department ofDefense 10 track a variety

of changes in lubricant status over lime bas been an important step forward in FTIR

analysis of lubricants. However, the JOAP protoeol does Dot ~vide absolute

quantitation of individual constituen~ which bas 50 far eluded implementatioD even
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though the chemometric tools required have been available Cor some lime. One of the

main impediments 10 absolute quantitation is the variability in oil formulations, making it

necessary in most cases to have available or identify an appropriate reference ail.

Although higbly accurate quantitation cm he achieved when a reference oil is available,

the reality is that often tbis requirement is impractical to meet. The metbods descnbed in

this paper do not suifer ftom this limitation because they etTectively employ the sample to

be analyzed as its own reference. Based on tbis novel concept. tbrec ncw analytical

methods bave been developed and implemented on a Continuous Oil Analysis and

Treatment (COAr-) System. In this work wc bave specifically addressed the

determination of TAN, TBN and 8 10, in recognition oC the critical nature of these

analyses in oil condition monitoring. This paper provides an overview of the analytical

concept as weU as the performance eharacteristies of these new metbods.

6.3 INSTRUMENTATION/SOFI'WARE

The COA-r- System (Dong, et al., 1997; Akocbi-Koblé, et al., 1998) eonsists of a

mggedized FTIR spectrometer, an associated PC loaded with proprictary Windows wre­
based Universal Method Platform for Infra-Red Evaluation (UMPnœ-) software to drive

the system as well as an automated sample handling accessory (Figure 6.1). The

aceessory eonsists of a micro-pump and a demountable transmission Oow ecU equipped

with a by-pass, mounted on a slide rail within the optical companment so as to aUow an

open-beam background spectrum to he acquired without removing the ceU. The eeU insert

itselC is simple to remove and exehange with othet inserts, allowing one to switch

pathlengths or window materials. The whole accessory can he heated and maintained al a

specified temperature, an important consideration wben workinS with viscous oils or

greases.

Although the hardware clements are important, it is the software which is the key

to the analytical tlexibility oC the COA-re System. The UMPnœe software written using

Microsoft- Visual BasicTW bas been developed ta Caeilitate implementation oCoil analysis

methods, whether based on new or weU-establishecl concepts. This software platform
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Figure 6.1 Schematic diagram illustrating the key components of the COA~ System
sampling accessory.

Figure 6.2 Method selection menu and output screen for various analyses iDcluding TAN.
TBN. and moisture as implemented by UMPnœ-.
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allows one to define all the operating conditions, spectral collection settings, data

processing, and output required for a partieular metbod, in efrect converting a general­

purpose FTIR. spectrometer iuto a dedicated aDalyzer. As sucb, UMPnœe automates all

aspects of an analysis and bas been used ta implement the established JOAP protocol9 as

weU as the new TAN, TBN and 8 20 metbods. One cm toggle between metbods, in effect

dedicaring the system to a particular analysis (Figure 6.2).

6.4 METBODOLOGY AND ANALYI1CAL CONCEPTS

Although the COA'r System is pre-programmecl and capable of determining

TAN, TBN or 8%0 in lubricants, each analysis is a distinct procedure, using different

reagents and protocols. As sueh, when multiple samples are to he naD. the most practical

approach is to analyze ail the samples for one of these components hefore moving onto

the next type of analysis. Approximately 30 ml of ail is required for cach analysis. The

three FTIR. methods that have becn developcd ail bave acommo~ generalized procedural

basis:

<a> Select the analytical method ftom the method screen;

(b) Rinse and load the cell with the ail ta be analyzed and coUeet its spcctrum;

(c) Gravimctrically dispense the oil into a vial and add a reagent;

(d) Cap, shake and allow to react;

(e) Rinse and load the ceU with the reacted sample and coUeet the spcctrum;

(0 UMPIRE· calculates the anaIytical result;

(g) RePeat step (b-f).

These manipulations are minjmal and straightforward. and the UMPnœe software

provides menu-driven prompts to guide the operator tbrough the specifie protoeol

associated with each method. In tenDS of calibration of them~ it is important to

recognize that gencralized calibrations are provided for eac:h method; the UMPnœe

software aIso provides the capability for refinement or development of new calibrations.

In terms of analytical methodololY, there are some UDifyiDg principles tbat are common
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to the tbree new methods developed, and these cm be exemplified by examining the

approach used in the detennination of TAN. The titrimetric (ASTM 0-974) and

potentiometric (ASTM 0-664) TAN methods provide an estimate of the total acid­

contributing constituents present in an oil, primarily carboxylic acids, wbich are formed

as lubricants oxidize. The carboxyl fimctional group (COOH) of these ICids absorbs

strongly in the inftared spectrum and cm he quantitated fairly readily. However, there are

often otber carbonyl-containing additives in an oil formulation, which cm spectrally

interfere with the quantitative measurement ofCOOH contenL Generatly, considering the

undetined additive packages used in oils and the variety ofbreakdown products that can

fonn over lime, lubricants are relatively complex and largely undefined chemical

systems. It is this lack of chemical detinition that is the cause ofMany analytical woes in

the lubricant field. It is also one of the key problems facing quantitative FTIR. analysis of

lubricants, but fortunately there are ways of compensating for tbis problem, one of them

being the application of differential spectroscopy in conjunction witb the use of reagents

that react stoichiometrically with the constituent of interest. This solution to the problem

is illustrated in Figure 6.3 in relation to the determination ofTAN and explained below to

illustrate the basic concepts used in the new COAye methodology.

Figure 6.3a presents a series of FTIR. spectra of an oil to which various amounts

ofa carboxylic acid have been added, but could just as weil represent the spectra ofan oil

undergoing oxidation. The main band is the absorption of the COCH fimctional group,

and the intensity of this band could he used to estimate the TAN value, once an

appropriate calibration equation bas been derived. When a reagent is added 10 tbese oils

(Figure 6.3b), the COOH functional group is converted ta a salt (COO·Xl, and a new

band appears al lower frequency. The loss of the ori&iDal COOH band reveals a

previously unseen underlyjng absorption band, wbich is probably due ta an additive

present in the oil. This band is constant in tbis sample oil formulation, but this would not

be the case in the real-world aualytical situation. As a consequence, absolute quantitation

based on direct COOK absorption band measurements in oils having variable
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Figure 6.3 FTIR spectra of carboxylic acid and its salt. (a) Overlaid FTIR spcctra of a
motor oil spiked with various levels of a carboxylic 1Cid, (b) the corresponding spectra
recorded after addition of TAN reagent, and (c) the clitTerential spectra obtained by
subtracting the spectra in (a) ftom those in (h)•
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formulations is compromised. This problem is DOt necesslrily solved by measuring the

COO-Je absorption band produced by addition of the reagent, as there may be underlying

interfering absorptions due to additives or decomposition products in tbat portion of the

spectrum also.

The solution to these complications is to caUcct the spectrum of the sample twice,

once before reagent addition and once after reagent addition, and then subtract one

spectrum from the other to obtain a differential spectrum. Figure 6.3c illustrates the

differential spectra obtained by subtracting eacb of the spectra in Figure 6.3a from the

corresponding spectrum in Figure 6.3b. The difTerential spectral series iUustrates the loss

of the COOH group as negative absorbance valleys and the formation of the COO-}c

groups as absorbance peaks. Note tbat the overall baseline is level and tbat the absorption

observed in Figure 6.3b al the same position as the COOH absorption and attributed to an

additive in the oil is not present in the differential spectra. This is because the spectral

features of this undefined constituent, as well as all spectral features of the oil that are

unaffected by the addition ofthe reagent, are canceUed out when the difTerential spectrum

is generated. The ooly spectral features left after reagent addition and spectral subtraction

are spectral changes related specifically to TAN. Renee, in general tenus, the process of

addition of a re8gent tbat rcacts stoichiometrically with a particular constituent of the ail

and spectral subtraction to generate a difTerential spectrum that retlects ooly the spectral

changes resulting from tbis reaction provides an unambiguous means of quantitating the

constituent in question. Use of tbis protocol circumvents the problem of undefined

chemical variability affccting quantitation. As such, the necessity for a reference oil is

eliminated because the sample prior to reagent addition effectively serves as a reference.

Althougb the specifies (reagent and protocol) ditTer for eacli of the TAN, TBN and 8 20

methods, thesc three methods aU employ similar principles.

6.5 METBOOOLOGY EVALUATION

IDitially, it was our intent 10 analyze represcntative oil samples using the

appropriate ASTM methocl and compare the COAye results to the values obtained. To
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gain experience with the ASTM TAN, TBN and H10 methods and a sense of their

relative analytical performance characteristics, wc used standard addition of acid, base

and water to a varicty of oils. This approach was, however, found to he problematic, as

even such model oU samples were difficult to anaIyze accurately by the ASTM methods.

80th the titrimetric TAN (ASTM D..974) and potentiometric TAN (ASTM 0-664) and

TBN (ASTM D·2896) metbods were troublesome and, depending on the oil formulation,

proved to he fairly inaccurate, especially when darIt or used oils were analyzed, since

visual endpoints were largely indeterminate and potentiometric measurements tended to

be erratic in these cases. Samples were aIso sent out to a Iaboratory specializing in

lubricant analyses, and the TAN and TBN results obtained did not match or even traek

our gravimetric standard·addition values. Attempts to measure added moi5ture by the

Karl Fischer (KF) method (ASTM 0-1744) using volumetric or coulometric autotitrators

were not confidence-inspiring either, both techniques being partially successful for only

one of severa! oil matrices evaluated. Our K.F problems were minor compared to the data

presented in Table 6.1, sbowing the KF results obtained by General Motors for the

moisture content for 42 identical oil samples sent to six different commercial laboratories

on seven separate occasions. Our overall conclusion &om working with the ASTM TAN,

TBN and KF methods was that they were much too unreliable to serve as a basis for

evaluating thc analytical performance of thc FI1R methods being evaluatcd. As such, we

were largely forced to rely on gravimetric standard addition techniques to provide

reference values and base the assessment of thc COA'r method on its ability ta traek

controUed changes in thc constituent of interest.

6.5.1 COAt4 System Methods 1-TAN

As used oils with defined, but variable TAN values are not readily available, the

traeking accuracy of the COA~-FTIR.TAN method wu assessed by simplc gravimetric

addition of a tbcrmally oxidized base oil, high in TAN, ta a composite used bus oil

samplc. The TAN of the clcar, oxidized base oil was determiDed by the ASTM D-974

method. Because the ASTM methocl did not yield teproducible values for the used bus

oil, its TAN was determined by FTIR. spec:troscopy. The FTIR. TAN values obtained from
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Table 6.1 Karl Fischer moisture anaIyticai results obtained for 42 idcntical oil samples
analyzed by six commcrciallaboratorics

SI 52 53 54 55 56 51 Avenle

LabA Trace 0 0 0 0 0 0 0

LabB 397 203 321 195 106 77 71 196

LabC 1020 2190 1300 1990 250 280 153 1026

LabO 143 218 182 193 166 76 130 144

LabE 1100 2056 921 1525 142 135 44 70S

LabF 800 1200 1001 1300 600 600 400 843

Averace 692 987 622 867 211 161 115 NA

Table 6.2 Replicate TAN predictions obtained by the COA-r'...FTIR. method for a
composite bus oil spiked with different amounts of oxidized P-032 base oil having an
ASTM TAN value of4.7 mg KOH/g

ASTM TAN Added 0.00 0.12 0.53 0.91 1.27

(mg KOH/g)

FTIR. TAN 1.90 2.01 2.40 2.79 3.10

FTIR. TAN 1.90 2.01 2.48 2.84 3.18

FTIR. TAN 1.97 2.10 2.50 2.78 3.10

FTIR TAN 1.95 2.01 2.41 2.90 3.25

FTIR. TAN 1.88 2..02 2.45 2..80 3.22

FTIR. TAN 1.90 2.06 2.42 2.85 3..24

Mean 1.91 2..04 2..44 2..83 3.18

sn 0..039 0.038 0.039 0.046 0.067
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• six replieate analyses of the oxidized base oil and of the bus oil samples to which the

bigh-TAN oil was added are presented in Table 6.2. Linear regression ofFTIR TAN vs.

ASTM TAN (added) yielded the following equation:

FTIR TAN = 1.89 +0.96 ASTMTAN R=0.997 sn = 0.045 [1]

•

•

This data indicates that there is a linear relationship betwecn TAN added and the COAr-­

FTIR response, the FTIR mcthod having an overall accuracy and reproducibility on the

order of±O.OS mg KOH/g.

6.5.2 COA-r System Medlods 0 - TBN

The assessment of the COAr--FTIR TBN method involved analyzing a fresh

automotive engine oil, a used diesel bus engine oil. and a used diesel locomotive engine

oil, each undefined in terms ofadditive composition. Each of these samples was analyzed

6 rimes, twice per day over tbree days. Table 6.3 summarizes the results obtained for

these replieates and their corresponding statistics. Tbese results provide an indication of

the reproducibility of the TBN ana1ysis in varying oil systems, the 5D being slightly

higher than obtained for the TAN method (- 0.11 vs. 0.05 mg KOHlg). This slight

increase in variability is likely due 10 the additional variables ofvarying oil fonnulations

as weU as repeating the analysis on different days.

Subsequently, various new and used oils, including an additive-ftee zero-TBN

base ail and a number of diesel locomotive engine oils varying in viscosity and additive

package composition, were analyzed for TBN by the ASTM D-2896 potentiomettic

method and the results compared 10 those ofthe FTIR TBN metbod (Figure 6.4).

It is clear from Figure 4 that the two TBN methods traek each other and both

measure basic components in the oil, but that their relative responses düfer as illustrated

by the regression equation derived for the data shown in the plot:
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Table 6.3 FTIR TBN predictions obtaincd for tbree engine oils ftom duplieate analyses
on threc days

FTIR TBN Locomotive TBN Automotive TBN Used Bus Diesel

Replicate Oïl (mg KOH/g) Oïl (mg KOH/g) Oïl (mg KOH/g)

la 9.59 7.27 5.28

lb 9.67 7.14 5.13

2a 9.80 7.27 5.32

2b 9.71 7.40 5.36

3a 9.90 7.33 5.19

3b 9.65 7.14 5.26

Mean 9.73 7.25 5.27

SD :tG.IO :tC).12 ±O.10

11

l'
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j
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Figure 6.4 A plot ofthe FTIll TBN results vs.. the ASTM TBN data for a variety ofoils.
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• FTIR TBN =3.57 + 0.73 ASTM TBN R=0.97 SD =0.77 [2]

•

Subsequent experimentation, which involved the gravimetric addition of a Ba(OHh

overbased detergent to SAS WSO diesel engine oil, produced al:1 liDear relationship

between TBN added and FTIR response, with a regression SD of±O.20 mg KOH/g.

6.5.3 COAye System Metllods m - BIO

The COA-r-·FfIR 820 method was evaluated using a series of commercial

hydrocarbon lubricating oils first dried over molecular sieves and then spiked with lcnown

and increasing amounts of distilled water. In the metbodology development process, it

was noted tbat the FTIR analytical response wu somewhat oil formulation dependent.

This dependence was m;nimized tbrougb the development of a broadly based partial­

least-squares (PLS) calibration, which increased the general applicability of the metbod,

with the sacrifice of some accuracy. The overall predictive capability of the FTIR 8 10

method for seven oil formulations, including an addivie-ftee polyalphaolefin (PAO),

gravimetrically spiked with water, is presented in Eq. 3.

FTIR [820] = 3.93 + 0.994 • Added [820] R =0.997 SO =34.1 ppm [3]

These resu1ts indicate that the COAr- metbod is capable of predicting the

moisture content of minerai oils to - ±34 ppm. For comparison, Figure 6.S presents the

results of two of the more successM ASTM Karl Fischer aualyses (the PAO) of a series

of samples prepared by standard addition. The linear regression equations for thcse

volumetric (v) and coulometric (c) KF analyses, respectively, were:

•
KFv =130 + 0.46 H20

KFc = 7 + 0.80 8 20

R=O.99

R=0.97

SD=22ppm

SD=SOppm

[4]

[S]
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Figure 6.S A plot of the volumetrie and potentiometrie KF results obtained for a set of
oils vs. ppm water spileed into the ails.
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These relatively good results, which were not the noun. illustrate a substantially different

response for the two KF meth~ neither bavinl a slope very close to the cxpected value

of 1.0. The FTIR method docs not sufTer Dom tbese problems, and its reproducibility is in

line witb that obtained using the K.F metbod, altbough even better results CID he obtained

if the system is calibrated for a specific oil type rather tban using the generalized

calibration.

6.6 DISCUSSION/CONCLUSION

The development of FTIR methods for the detcnninarioD of TAN, TBN and 8 20

and their implementation on the COA-r- System reprcsents the tirst real quantitative

analytical tbrust in the lubricant sector 10 facilitate multiple analyses on a single

instrument. The accuracy and reproducibility of these new mctbods have been shown to

be excellent through standard addition techniques. Auempting to work with the standard

ASTM methods on the assumption tbat the data obtained from thesc methods could

readily be used as reference values for evaluation of the FTIR methods under

development was found to be a generally ûustrating exercise. Il bas become clear from

our experience tbat these methods lcave a lot to he dcsired in tcrms of sensitivity and

reproducibility and arc largely ill suited to the accurate analysis of such compla and

variable matrices as lubricants can he. It is not tbat the principles of the ASTM methods

are Qot sound, but rather that the reliability of these metbods is limited by the wide

variability encountered in commercial lubricants in terms of the constituents presen~

resulting in a multitude of interferences ofa chemical. optical or potentiometric nature.

The new COA-r- analyses tbat have been developed overcome one of the main

stumbling blocks to quantitative FIlR analysis of lubricants - the need 10 bave on band

a reference oil whose composition is a close match to tbat of the sample. Implementation

of these new methods is facilitated by theUMP~ software, wbich maltes it possible

for the operator ta simply follow the menu-driven instructions. add reagents and record

the results. Bach analysis requires only small amounts of reagent, -reduciDg operating

costs and minimizing disposai issues associated with the ASTM methods. When large
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sample volumes or tbrougbput are a consideration, the COA~ System would

significantly reduce analytical time and tabor requirements, makju& it suitable for both

routine quality control and monitorin& applications in the lubricant industry as weU as a

useful unit for commercial analytical1aboratories.
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CHAPTER7

GENERAL CONCLUSION

The research descnDed in this thesis was undertaken with the intent to develop

quantitative FTIR methods tbat would address key analyses associated with lubricant

condition monitoring. Prior to undertaking this research, the McGill IR Group had

focused on the development of quantitative FI1R. analytical methods for the analyses of

edible oils. Thennal-Lube, a Montréallubricant formulation company, inquired whether

the analytical concepts and methodologies that had been developed for edible oil analysis

could be transferable and applicable to lubricant analysis and formulation control.

Subsequently, a formai University/lndustry research collaboration was entered into, and

the research reported in this thesis was undertaken in the hmework of that collaboration.

Although FI1R. spectroscopy bas become an important qualitative analytical tool

for lubricant monitoring over the past decade, its quantitative use bas been severely

restricted, largely due to the complex and variable composition of the additive packages

added to base oils. In edible oils, matrix variability is relatively limited because the

product analyzed is predominantly composed oC triglycerides with few additives present,

usually antioxidants at low levels. This is not the case Cor lubricants, and it became clear

carly in this wode that Cormulation variability wu the major impediment to obtaining

quantitative data using conventional analytical approaches. This problem was ovcrcome

through the use of specific reagents that react stoichiometricaUy with the constituents of

intercsl to fonn products that have distinct and quantifiable III bands, in conjunetion with

the use of differential spectroscopy to isolate these bands by eliminating the spectral

contributions oC the constituents of the oil.. Although the use oC a reference oil is an

alternative appmach to overcoming compositional variability, in practicc, a suitable

reference oil ofknown or consistent formulation is often not available. The application of

the reagentldifferential spectroseopy approach to quantification was initially developed

for TAN analysis and wu cxtended with modifications to TBN and moisture analyses,

demonstrating the general appücability ofthis approach.
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FTIR M«Ie_

TAN analysis wu selccted as the initial FTIR method to he developed (Cbapter

3), as TAN is one of the key condition monitoring parameten associated with a wide

range of lubricants. Many of the basic principles of the reagentldifTerentiai spectroscopy

approach were worked out with the TAN methods such as how best to deüver the reagent

and monitor and quantify bands related to the constituent of interest. The FTIR TAN

method was developed a10ng the lines of the ASTM procedure, using KOH to convert

&Cids to their salts. In simple systems such as PAO spiked with a fatty aciel, the spectral

changes observed upon reaction with KOH were relatively straigbtforwards and

quantitation could be 8Chieved by simple peak heigbt measurement. A1though more

complex spectral behavior was observed for commercial oils with additive packages,

largely because of the effects of hydrogen bonding on the absorption bands of the acids

and their salts, accurate quantitation could be 8Chieved by using PLS regression.

Calibrations covering a TAN range of 0-4 mg KOH/g were developed by spiking oleic

&Cid into randomly mixed low ester commercial oils and were able to predict the TAN

values of validation samples to within ±Q.I mg KOHlg. Analysis of used oils indicated

that the FTIR method responded ta the addition of acid and was able to track TAN in

used motor ails. Because this method measures only carboxyüc acid accumulation as

opposed to total acidity, the TAN value obtained is not identical to that measured by the

ASTM titrimetric method.

Whereas TAN analysis is appüed to various lubricants, including used gasoline

engine oils, in which increases in TAN are largely indicative tbat the oil bas undergone

oxidation, TBN is more commonly used for assessing diesel engine lubricants, in which

3Cids are predominandy fonnec! as fuel combustion by-procluets. Hence, diesel oils are

fonnulated with substantial reservoin ofbasic additives to neutralize the acids produced

by combustion. A si8llÜicant reduction in TBN is indicative of the accumulation ofacids,

regardless oftheir source. Cbapter 4 considered the development ofa TBN method, using

concepts and principles established in the development ofthe TAN metbod. For the FTIR

TBN method, tritluoroacetic acid (TFA) was used as a reagent to react with basic
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constituents in the oil to fonn IR...absorbing TFA salta, wbich were theu quantified.

Compared ta the TAN method, the TBN method is less affected by the sample matrix

because it uses a larger proportion of reagent solution (5.0 ml/0.5 g of sample). This

allowed a relatively simple calibration ta he developed with an additive--free PAO base oil

using a simple peak-height approach. A calibration model covering a TBN range of 0-20

mg KOHlg was developed and was shown to he applicable to a wide range of minerai

oils, based on the excellent reproducibility (:tO.17 mg KOHlg) and accuracy <±O.20 mg

KOHlg) obtained employing standard addition. Although not part ofthe results presented,

subsequent analysis of blind diesel engine oil samples provided by Caterpillar IDe.

indicated that the FTIR TBN method tracked the ASTM TBN results very well.

The third and last method investigated was the quantitative analysis ofmoisture in

lubricating oils (Cbapter S). As in the other methods, a stoichiometrie reaction was

required which would produce IR. quantifiable bands. After extensive investigation and

testing of reagents and solvent systems, 2,2.mmethoxypropane (DMP) was determined to

he a PQtentially suitable reagenL DMP was shown to react with water to fonn a gem-diol

that exhibits a distinctive absorption band around 3700 cm·a
t a region where few minerai

oil constituents absorb. The calibrations developed were shown to he oil dependent, but

for a particular oil system/formulation, a simple peak heipt calibration was able to

measure moi5tUre 10 witbin ±22 ppm. For the more general case, a PLS calibration is

required and a good calibration was obtained by pooling oils, yielding a predictive

aceuracy of - :±:32 ppm over an analytical range of 0-1200 ppm moisture. Compared 10

the standard Karl Fischer method, FTIR. moisture analysis was demonstrated ta be

superiOf.in terms ofrepeatability and accuracy as weU as more practical and reliable.

l_pls8_tIItûIR 0/,," M«ItHb

Although industry continues to rely largely on the traditioDa1 ASTM metbods fOf

routine analysis of lubricantst there detinitely is a growing interest in the use of

instrumental methods.- This ref1ects a desire ta replace cumbersome wet chemical

methods and the growing environmenta1 concems associatcd with the disposai oforganic
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50lvents and reagents associated with their use. Chapters 3-5 descnbed tbree new FTIR

methods that measure key parameters as50Ciated witb lubricant condition monitoring.

However, unless tbis methodology is packaged 50 that it becomes relatively

straightforward to implemcnl, it is unlikely to be accepted by potential users in industry

in the near future. The industry is weil aware of qualitative FTIR spectroscopy and its

benefits but bas been slow to adopt il, and quantitative FTIR methods introduce Many

additional complexities and unfamiliar clements. Chapter 6 attempts to summarize much

of the work canied out in Chapters 3-5 from a perspective tbat addresses the rcquirements

oflubricant technologists and engineers. More importantly, it presents the Continuous Oil

Analysis and Treatment (COA-r-) system on which these methods have been

implemented. Powered by the proprietary UMPnœ- software and equipped with a flow

cell ac:cessory, the COA"r system cao run the three quantitative methods described in

this thesis as weil as standardized JOAP qualitative FTIR methods. The operating

software provides appropriate instructions and prompts for the method cbosen and a1so

a1lows the input of supplemental information sucb as sample ID/description and operator

name. Calibration update routines bave also been developed tbat compensate for cell

pathlength changes, maintain calibration stability, and allow calibrations to be transferred

betweeD instruments. Another important issue addressed in Chapter 6, but also relevant to

Chapters 3-5, is the reliability of the ASTM standard methods. The ASTM methods are

largely UDworkable in many situations, especially in the ~ysisofused, formulated oils.

Sïnce FTIR. spectroscopy is a secondary method, it is usuaIly calibrated apinst a wen­

established and reproducible primary reference method. We bave leamed that the ASTM

methods do not qualify as primary methods per se and wanted to malte tbat clear to user5,

should they attempt to make comparisons between ASTM and FTIR results.

LûIIitlltiDlIS

Chapter 6 indieates that quantitative FTIR analysis methodology cao he packaged,

standardized, and automated; however, much depends on the development of suitable

calibrations. The ideal, ofco~ is to·bave calibrations and methods that will bandle all

oils, under all ciJcumstances. Based on our experience, tbat is DOt likely, as lubricants
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comprisc a wide variety of base stocks, ranging 1iom minerai oils to a varidy of

synthetics. The metbods developed in this study are prescndy only applicable to minerai

based oils. For cxample, in the case of the TAN metbod, the analysis of a minerai

oiVester blend would be problematic because bath the stroDg ester absorption band in

close proximity to the earboxylic acid absorption band and attaek of the ester by the KOH

reagent employed in this method could compromise quantification. Hence, some type of

categorization of oils based on the type of fonnulation would be belpful to allow

methodology development to proceed in an organized fashioD. On this basis, il May be

possible to develop generalized methods for oil catcgory types, where one would bave

one TAN method (calibration) for a turbine oil and another for a hydraulic oil. Clearly,

this level of sophistication is still far of( but, in principle, such oil-specifie

methodologies could be developed.

COllel"si.II

The TAN, TBN and H20 methods descn"bed in this thesis represent the tirst truly

quantitative FTIR metbods developed for lubricant analysis. By comparison with existing

qualitative FTIR methods, the implementation of sucb quantitative methods would

provide a better data base from which to devclop cause and ctTect relationships between

lubricant condition and equipment or component failure. Through the use of a reagent­

basedldifferential spectroscopy approach, these new methods effcctively overcome MOst

interferences associated with an undefined sample mab'ÏX. They also require minimal

amounts of solvents and reagentl, resulting in dramatic reductions in chemical wastc by

comparison with the standard ASTM methods. Implemented on the COAr- system, these

methods also provide a significant reduction in analytical time and labor and are suitable

for routine quality control and monitoring applications in the lubricant industry as wcU as

commercial laboratories. The methods that bave been developed are presently limited to

minerai based lubricants, but it is the author's bellef tbat the door is DOW open to further

devclopments in the field of quantitative FTIR spectroscopy in the lubricant sector and

that others will further develop this new field ofendeavor.
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