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Abstract Hydroxy fatty acids, such as those derived from

castor and lesquerella seed oils, make ideal substrates for

the synthesis of bio-lubricants, cosmetics, coatings, plas-

tics, and lubricant additives. However, feedstocks of such

fatty acids suffer from major drawbacks, such as a lack of a

cropping system to produce those seeds or toxic by-prod-

ucts in generating the seed oil, all of which limit avail-

ability and thus add to costs. In this study, we explore

lubrication properties of microbially derived hydroxy fatty

acids and demonstrate that such microbial x - 1 hydroxy

fatty acids, and their derivatives, exhibit lubrication traits

(e.g., anti-friction and anti-wear properties) comparable to

those of seed-derived hydroxy fatty acids. These x - 1

hydroxy fatty acids can be recovered from sophorolipids

produced by the yeast Candida bombicola ATCC 22214, or

by bioengineering bacterial systems to produce them from

sugar (Garg et al. in Metab Eng 35:9–20, 2016). Opti-

mization of this latter system can pave the way for a less

costly and sustainable alternative to plant-derived bio-

lubricants.

Keywords Hydroxy branched fatty acids � Candida
bombicola � Bio-based lubricants � Sophorolipids

1 Introduction

As the performance capabilities of newly manufactured

machines, automobiles, and engines continue to improve,

suppliers of high-performance lubricants are being chal-

lenged to provide new and innovative molecular solutions

which improve lubricant function, decrease energy con-

sumption and increase mechanical efficiency. Often, pet-

roleum-based lubricants are insufficient to meet these

demands; their maximum performance capabilities have

plateaued after significant research and development

efforts [2]. In addition to this developmental challenge,

increasing awareness of changes in global climate, as wellRyan Sturms and Shivani Garg have contributed equally to this work.
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as efforts to reduce the dependence of USA on imported

crude oil, have placed an increasing focus on developing

bio-based, sustainable, next-generation lubricants [3].

Previous work investigating the tribological properties

of the hydroxy fatty acids, such as ricinoleic acid and

lesquerolic acid, has shown that these compounds demon-

strate favorable cold-temperature properties [4], oxidative

stability [5], anti-friction [6], and anti-wear [7] properties.

Significant safety and production concerns [8–11] limit the

widespread use of these hydroxy fatty acids in industrial

settings. Hydroxy fatty acids also occur naturally in gly-

colipids, namely sophorolipids [12, 13], that are synthe-

sized by fermentation of long-chain fatty acids and other

long-chain compounds by certain yeasts, such as Candida

bombicola [14], Torulopsis magnoliae [12] and Torulopsis

gropengiesseri [15]. Recently, synthesis of such hydroxy

branched fatty acids has been demonstrated in metaboli-

cally engineered E. coli hosts [1]. A potential high-yield-

ing, readily accessible, and safe biosynthesis pathway of

structurally distinct (x - 1) hydroxy branched-chain fatty

acid-containing lipids (x - 1 HBFAs), occurs in Candida

bombicola ATCC 22214, and offers novel chemistries and

routes to new lubricants. This organism produces large

quantities of x - 1 HBFA-containing sophorolipids,

which can occur in lactone and free acid forms (Fig. 1a, b,

respectively). Extremely high titers of these sophorolipids

(up to 120 g/L) with a 0.60 carbon source yield can be

obtained when this organism is grown in the presence of

glucose and a lipid feedstock [16].

Although sophorolipids have been widely studied for

their potential applications as surfactants, emulsifiers, and

therapeutic agents [17–20], accessing and chemically

derivatizing the x - 1 HBFAs for other uses, such as

lubricants, have not been investigated. Given these obser-

vations and the potential applications of both sophorolipids

and x - 1 HBFAs as bio-lubricants, this work seeks to

evaluate the anti-friction, anti-wear, and viscosity proper-

ties of these molecules.

2 Methods

2.1 Growth of Candida bombicola

The yeast strain, Candida bombicola ATCC 22214, was

cultured according to described methods [16]. The organ-

ism was grown overnight on YM media and stationary

phase cells were harvested, washed with 0.9% sodium

chloride, and used to inoculate production media. The

production media consisted of 100 g/L olive oil (Hy-Vee,

West Des Moines, IA), 100 g/L glucose (Fisher, Waltham,

MA), and 5 g/L yeast extract (BD Difco, Franklin Lakes,

NJ). These production cultures were grown in shake flasks

maintained in an incubator shaker (Thermo Scientific,

Waltham, MA) at 30 �C and 250 RPM for 7 days.

2.2 Isolation and Analysis of Sophorolipids

Sophorolipids were extracted from spent media in a man-

ner consistent with previous reports [16, 21], with the

following modifications: after 1 week of growth, cultures

were placed in an appropriately sized separatory funnel,

and the sophorolipid content was allowed to settle out of

suspension; the residual oil substrate, as well as the aque-

ous phases, were removed from the top of the separatory

funnel and extracted twice with two volumes n-hexane

followed by extraction twice with one volume ethyl acet-

ate. The sophorolipid fraction was dissolved in ethyl

acetate, combined with the ethyl acetate extraction of the

aqueous and residual oil phase, and dried with anhydrous

sodium sulfate. Ethyl acetate was removed by evaporation,

and the resulting sophorolipids were washed twice with n-

hexane to remove any residual oil feedstock. Production

and purity of sophorolipids were confirmed using thin layer

chromatography (TLC) analysis. The mobile phase con-

sisted of chloroform/methanol/water in a 65/35/5 ratio.

Visualization was achieved by spraying the plate with a

40% sulfuric acid solution using an all-glass atomizer and

then heating the plate at 100 �C for 10 min [22].

2.3 Production and Characterization of x 2 1

HBFAMEs and their Polymers

x - 1 HBFAMEs were produced from isolated sophor-

olipids by reflux for 2 h at 85 �C in acidic methanol (2 M

HCl). Following acid reflux, the resulting fatty acid methyl

esters (FAMEs) were extracted using 1 volume of diethyl

ether [23]. Ether was removed from the sample by evap-

oration under nitrogen.

Analysis of the resulting x - 1 HBFAMEs was carried

out using gas chromatography-mass spectroscopy (GC–

MS). Prior to analysis, 200 lL aliquots of sample dissolved

in ethyl acetate were silylated by addition of 70 microliters

of N,O-bis (trimethylsilyl)trifluoroacetamide (BSFTA)

(Sigma-Aldrich, St. Louis, MO) followed by heating at

65 �C for 30 min. Reactions were cooled to room tem-

perature, evaporated under nitrogen, and re-dissolved in

200 microliters of chloroform prior to injection.

Samples were injected with an injection volume of 1 lL

into an Agilent Technologies (Agilent Technologies, Santa

Clara, CA) model 6890 gas chromatograph coupled to a

model 5973 mass-selective detector set to scan from m/z 40

to m/z 550 at a scan rate of 20 Hz. The column used was an

Agilent Technologies HP-5MS (30 m 9 0.25 mm). The

oven temperature was programmed with a variable ramp

rate of 25 �C/min from 120 to 213 �C, 6 �C/min from 213
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to 260 �C, and 20 �C/min from 260 to 325 �C. The tem-

perature of the injector port was 250 �C and the mass

specific detector (MSD) transfer line temperature was

280 �C. The carrier gas was helium at a flow rate of 1 mL/

min with a split ratio of 100:1.

Polyester linkages of the x - 1 HBFAMEs were

formed by addition of 5% (w/w) of Amberlyst-15 catalyst

(Sigma-Aldrich, St. Louis, MO) to a tube containing 300

milligrams of x - 1 HBFAME with no additional solvent.

The tube was then sealed with a Teflon cap, kept under

nitrogen atmosphere, and stirred at 90 �C for 24 h. After

the reaction was complete, the polymerized transesterifi-

cation product was extracted with ethyl acetate and trans-

ferred to a vial. The solvent was then removed under

reduced pressure and the sample placed under high vacuum

for 16 h. Polymers were analyzed using direct infusion to a

Bruker (Bruker, Billerica, MA) FT-ICR set in the positive

ion mode with a mass acquisition range of m/z 300 to m/z

2000.

2.4 Tribological Properties

Several lubricant additives were tested and compared:

Olive oil (O.O.), fatty acid methyl esters (FAMEs),

sophorolipids (SLs), x - 1 HBFAMEs, and the polymer-

ized x - 1 HBFAMEs. The FAMEs were derivatives of

the O.O, while the SLs and the x - 1 HBFAMEs were

products of the O.O. and yeast culture. Each was blended in

commercially available isoparaffinic API Group III base oil

(NEXBASE 3043) at concentrations of 1 and 5% by

weight. Technical data from the manufacturer for the base

oil has been provided in Table 1. In addition, neat base oil

was studied as a positive control, while the olive oil served

as a negative control. Olive oil was chosen because it was a

key component of the production media. Friction and wear

testing was conducted on these samples at room tempera-

ture using an in-house ball-on-flat microtribometer as seen

in Fig. 2. This apparatus consists of two linear stages

mounted perpendicular to one another which provide both

Fig. 1 Representative structures a Lactonized form of sophorolipid

produced from olive oil by C. bombicola. b Free acid form of

sophorolipid produced from olive oil by C. bombicola. c x - 1

HBFAME produced by acidic methanolysis of sophorolipid produced

from olive oil by C. bombicola
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lateral movement of the sample and vertical displacement

to induce the load. The friction and normal forces are

measured using a double cantilever system where each

beam is fitted with semiconductor strain gauges in a half-

bridge configuration. The cantilevers hold the probe which

is brought into contact with the substrate and lubricant of

interest. The resulting output is collected with an A/D

converter and LabView software.

Friction testing was performed at additive concentra-

tions of 1 and 5% by weight using a ramped load test from

10 to 70 mN at a sliding speed of 10 mm/s over a stroke

length of 35 mm on two interfaces: one a 5 mm diameter

440c stainless steel probe on AISI 8620 steel and the other

a 4 mm diameter SiC probe on 6061 aluminum. Four

replicates were performed for each lubricant. A steel–steel

interface was chosen because it is ubiquitous in machinery,

while the SiC–Al interface was chosen because the two

constituent materials have a relatively large difference in

hardness and therefore would potentially accelerate wear

testing. For each interface, the estimated maximum Hert-

zian contact pressure was approximately 0.4 GPa and

expected to be within the elastic regime for the bulk

materials. The substrate surface roughness was character-

ized using a Zygo optical profilometer over a scan area of

1.41 mm 9 1.88 mm. The steel and aluminum substrates

exhibited an average roughness (Ra) of 116 ± 20 and

251 ± 14 nm, respectively. Six measurements on each

sample were made.

Anti-wear properties were measured using a cyclic wear

test conducted on the SiC–Al interface at additive con-

centrations of 5% by weight. The test was limited to 50

cycles over a stroke length of 8 mm at a load of 0.61 N

with an estimated maximum Hertzian contact pressure of

0.5 GPa and constant sliding speed of 10 mm/s. The sur-

face along the wear scar (four scan areas) was then mea-

sured with the optical profilometer, and the average depth

was calculated in MATLAB. Prior to all testing and surface

analysis, the substrates were cleaned in an ultrasonic bath

of acetone for 10 min. This test was replicated one other

time. After completion of the testing, SEM and EDS

analysis was performed.

The kinematic viscosity of these lubricants was char-

acterized at 5% by weight at ambient temperature using a

microVISC viscometer (RheoSense, San Ramon, CA) at

shear rates of 50, 100, and 500 1/s. Due to limited sample

volumes of the additives, this device was chosen because it

required small sample sizes (less than a mL). However, it

lacked a temperature controller and thus, during the course

of the measurements, the internal temperature of the test

chamber fluctuated with the environment by approximately

4 �C. Accordingly, the average temperature per sample is

reported.

3 Results

3.1 Isolation and Characterization of x 2 1 HBFA-

Containing Lipids

Prior optimization studies [16, 21] have shown that

sophorolipids can be obtained in high titer from Candida

bombicola ATCC 22214 through manipulations of media

composition and growth conditions. Here, we use those

optimized conditions to obtain sophorolipids in sufficient

quantity to analyze the tribological properties of sophor-

olipids, as well as their methyl-ester and polyester

derivatives. Figure 3a demonstrates the production and

partial purification of sophorolipids derived from a culture

provided with an olive oil feedstock. TLC analysis of the

extracted products shows the near-complete conversion of

the olive oil triacylglycerol (TAG) (lane 1) to a mixture of

sophorolipid products (lane 2). The sophorolipid identifi-

cation was based on the observation of a dark purple color

of the spots in lane 2 upon staining and heating the TLC

plate with 40% sulfuric acid, which is indicative of the

presence of glycolipids [22]. Furthermore, the occurrence

of multiple purple TLC spots in lane 2, with a range of Rf

values indicates a mixture of sophorolipid molecules. This

chemical diversity is consistent with reports of mixed

lactone and acid structures [24, 25], as well as with a

variety of acyl chain lengths with different degrees of

unsaturation in the sophorolipid, determined by the pres-

ence of such different acyl chains in the olive oil feedstock

[26].

Direct demonstration of the acyl chain diversity was

demonstrated by the GC–MS analysis of x - 1 HBFAMEs

produced by acidic methanolysis of the isolated sophor-

olipids (Fig. 3b). This experiment identifies a mixture of

x - 1 HBFAMEs and non-hydroxylated FAMES consist-

ing of 16:0, 16:1, 18:0 and 18:1 acyl chains, with the

hydroxylated forms accounting for *30%. The relative

Table 1 Manufacturer reported physical properties for the base oil

[33]

Property Value Test method

Kinematic viscosity (mm2/s) ASTM D-445

40 �C 20

100 �C 4.3

Viscosity index 122 ASTM D-2270

Pour point -18 �C ASTM D-97

Flash point 228 �C ASTM D-92

Density, at 15 �C (kg/m3) 837 ASTM D-4052
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abundance of these acyl chains is similar to that found in

the olive oil feedstock used in culturing C. bombicola [26].

3.1.1 Chemical Synthesis of x - 1 HBFA-Containing

Lipids

Acid catalysis using the Amberlyst 15 catalyst was used to

trans-esterify the isolated x - 1 HBFAMEs and non-hy-

droxylated FAME mixture to produce polyester polymers.

Figure 4 shows the characterization of the products of this

reaction using direct infusion Fourier transform–ion

cyclotron–resonance mass spectrometry (FT-ICR-MS).

The results of this characterization demonstrate that the

major product of this reaction is a dimer, with minor

amounts of trimers and tetramers. These oligomers are a

mixture of non-hydroxylated-FAs and x - 1 HBFAs

monomers.

3.1.2 Testing Tribological Properties of x - 1 HBFA-

Containing Lipids

The tribological properties of a variety of x - 1 HBFA-

containing lipids were determined and compared with neat

base oil, olive oil and the FAMEs derived from olive oil.

These properties were evaluated by measuring the friction

coefficient (Fig. 5), wear depth (Figs. 6, 7), and kinematic

viscosity (Fig. 8) of each additive. The friction coefficient

was determined for each additive at 1% (wt/wt) and 5% (wt/

wt) concentrations in base oil. These measurements were

made using the SiC–Al interface (Fig. 5a) and a steel–steel

interface (Fig. 5b). For both interfaces, the additives reduced

the coefficient of friction with the higher concentration on

average outperforming the lower concentration. The reduc-

tions were far more significant for the SiC–Al interface with

decreases as low as 36, 38, and 42% on average for thex - 1

Fig. 2 Schematic of the

microtribometer used in this

study
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HBFAMEs (COF 0.21), sophorolipids (COF 0.20) and

FAMEs (COF 0.19), respectively, when compared to the

base oil (COF 0.33). Note that the overall friction coeffi-

cients for the steel–steel interface were significantly lower

than the values for the SiC–Al interface and as such, pro-

vided less room for improvement. As with the other inter-

face, thex - 1 HBFAMEs, sophorolipids, and FAMEs were

among the top performing additives with reductions in fric-

tion of over 20% on average.

The wear testing was conducted using the SiC–Al

interface, and the results are summarized in Fig. 6. Olive

oil, x - 1 HBFAMEs, and poly (x - 1 HBFAMEs)

additives each demonstrated an average wear depth

roughly half the magnitude of the scar generated with the

base oil. The sophorolipid and olive oil-FAME samples

also showed improved wear resistance, but to a lower

extent. No wear was observed on the SiC probes after the

tests. Examination of the wear scar width indicated no

measureable differences among the tested additives.

Upon completion of the wear tests, the substrates and probes

were examined by SEM (Fig. 7) and EDS analysis (data not

shown). Figure 7 shows a series of secondary electron images

taken of the wear scars for each lubricant sample. Note that the

scar has been outlined for clarity. A burnishing of the surface

asperities can be observed indicating plastic deformation at the

asperities and mild abrasion. The EDS analyses showed no

discernable difference in the chemical composition inside and

outside of the wear scar. Similarly, no transfer material could

be found on the probes. The wear observed in the presence of

additive is limited primarily to the asperity level, whereas for

the base oil, the scar is significantly deeper.

Fig. 3 Analysis of sophorolipid and x - 1 HBFAME production.

a Results of TLC analysis of olive oil feedstock (lane 1) and the

resulting mixture of sophorolipid s (lane 2) produced by Candida

bombicola after 1 week of growth. The dark purple color observed in

the spots in lane 2 indicates the presence of glycolipids. The range of

Rf values observed in lane 2 is consistent with a mixture of forms of

sophorolipid as well as a mixture of chain length and unsaturation

from the initial feedstock. b Representative GC profile of the x - 1

HBFAMEs produced upon acid methanolysis of isolated sophoroli-

pids. As expected a mixture of chain lengths and degrees of

unsaturation in both the straight chain FAMEs resulting from initial

feedstock as well as in the corresponding x - 1 HBFAMEs is

observed

Fig. 4 Characterization of polyesters formed by x - 1 HBFAMEs

FT-ICR profile of poly x - 1 HBFAME. m/z ratios indicate a major

product corresponding to two x - 1 HBFAMEs of either 16 or 18

carbon chain length with the major fraction of this product composed

of two 18 carbon chains. The minor products of this reaction

correspond to polymers of 3 and 4 x - 1 HBFAMEs
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Figure 8 shows the kinematic viscosity of the base oil in

the presence of each additive. The viscosity was measured

at three shear rates. As shown in Fig. 8, the sophorolipid,

x - 1 HBFAMEs, and olive oil (O.O.) have nearly the

same viscosity over the given shear rate range, while the

base oil and olive oil FAMEs have viscosities that are

approximately 10 cSt greater.

4 Discussion

The suitability of bio-based lubricants derived from oils

that contain such hydroxy fatty acids as ricinoleic and

lesquerolic acids (extracted from castor and lesquerella

seeds, respectively) has previously been investigated

[4, 5, 7, 27–29] as a means to address the growing need for

novel high-performance lubricants [2]. These prior studies

have indicated the improved lubricant characteristics of

such hydroxy fatty acids in several key properties (e.g.,

friction coefficients and wear resistance) relative to other

sources [5–8]. Sources of these hydroxy fatty acids have

significant limitations that impact their industrial viability

[8–11]. In this work, we evaluated an alternative source of

a hydroxy fatty acid (i.e., Candida bombicola ATCC

22214) that offers a different chemistry; namely the

hydroxyl group is situated near the end of the alkyl chain of

the fatty acids, whereas in ricinoleic and lesquerolic acids

the hydroxyl group is situated mid-chain. There are several

additional advantages of C. bombicola-sourced hydroxy

fatty acid-containing lipids. These include: (a) the pro-

duction platform for this lipid has already undergone sig-

nificant optimization because of the widespread potential

applications of sophorolipids [17–20]; (b) the relative ease

and safety of producing hydroxy fatty acids; (c) the ease of

chemically converting sophorolipid derived hydroxy fatty

acids to esters suitable for lubrication applications [23].

Further, recent work has demonstrated the ability of C.

bombicola to utilize treated cellulosic hydrolysates in iso-

lation or with soybean oil supplementation to produce

sophorolipid at titers which exceed standard glucose media

[30]. The characterizations presented herein demonstrate

that the x - 1 HBFA-containing lipids, produced by C.

bombicola, can serve as an efficient bio-based lubricant,

likely acting through an adsorbed tribofilm.

A significant feature of x - 1 HBFA-containing lipids

is the availability of the hydroxyl functional group at the

Fig. 5 Friction coefficients with 90% confidence intervals for the

a SiC–Al interface and b steel–steel interface. Average values from

four measurements are shown along with 90% confidence intervals

Fig. 6 Average wear depth for SiC–Al interface with lubricant

additive concentration at 5% by weight. Averages based on four

measurements along each of two wear tracks per additive. 90%

confidence intervals are shown
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x - 1 carbon. The presence of this functional group allows

for many potentially significant chemical modifications,

including the ability to form polyol-esters, which may

improve tribological properties of such molecules. Previ-

ous work has demonstrated improved characteristics of

polyesters in several key tribological properties [27]. The

polymers synthesized in this work consist primarily of

dimers and trimers of differing acyl chain lengths. The

advantage of x - 1 HBFA over previously produced die-

ster and triester molecules is that the latter are dependent

on the need for a polyol molecule substrate [27–29, 31],

whereas x - 1 HBFA can be used to directly produce

dimer and trimer esters, without an exogenous source of a

polyol substrate.

Anti-friction and anti-wear testing results show that the

friction coefficient and the degree of wear protection

afforded by the compounds tested in this work are of the

same order as those described previously for ester deriva-

tives of ricinoleic acid [6]. The evaluations conducted in

this study were interpreted by assuming boundary lubri-

cation. That is, under the given temperature and loading

conditions, the calculated lambda ratios for the tests fell

significantly below one in accordance to EHL theory. As

Fig. 7 SEM images of wear

scars at 6009 magnification.

Wear scars have been outlined

for clarity

Fig. 8 Kinematic viscosity of lubricants. The average temperature

for each measurement is reported in the legend
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previously mentioned, all tests were conducted at room

temperature—a range which is relevant to many applica-

tions. While both temperature extremes are worth further

investigation, it is pertinent to mention that the addition of

the additives at their relatively low concentrations did not

appear to adversely affect the pourability of the bulk

lubricant. As for higher temperatures, the additives were

not expected to form beneficial films as a result of chemical

reactions. Therefore, these results provide significant

insights into the mechanism by which x - 1 HBFA-con-

taining esters function as efficient lubricants.

The protection supplied by x - 1 HBFA-containing

esters appear to act via an adsorbed tribofilm, which allows

the mating surfaces to slide past one another more effi-

ciently. This can be described in greater detail by analyzing

the additives’ molecular structure. Generally, surface

active additives such as friction modifiers and anti-wear

agents like those presented in this work consist of a polar

functional group which adsorbs onto the substrate and an

oleophilic hydrocarbon group that allows solubility. Oxy-

gen-containing functional groups such as esters, which

occur in the studied additives, are among the most common

and strongest adsorbing due to oxygen’s electronegativity.

The strength of this polar group combined with the length

of the hydrocarbon chain determines the additive’s

behavior. The nonpolar chains extend outward from the

surface and associate with one another to form the film.

Short nonpolar chains have lower solubility but lead to

greater surface affinity and vice versa. In addition, short

and branched ligands tend to have higher coefficients of

friction than long and linear chains [32].

What differs between the presented additives is the

ligand structure. The difference between the FAMEs and

x - 1 HBFAMEs (as seen in Fig. 1c) is clearly the

hydroxyl group which presents a second polar site. Despite

this addition, these two reduced friction by nearly the same

amount with the FAMEs slightly outperforming on average

though the difference was insignificant. In fact, the SLs (as

seen in Fig. 1a, b) reduced friction equally well even with

the presence of the sugar molecule. However, the branch-

ing is believed to have caused some minor solubility issues.

An additive’s ability to mitigate wear is primarily

dependent on its film-forming capability. Under shear, the

film is sacrificed as opposed to the interacting asperities

beneath. Thus, anti-wear agents require high surface

affinity so that the molecules can readily adsorb onto the

surface and therefore, tend to have shorter nonpolar chains

[32]. This mechanism of wear protection is indicated by a

burnishing of the surface asperities that can be observed,

indicating localized plastic deformation and mild abrasion.

However, while the wear observed in the presence of

additives is limited primarily to the asperity level, the scar

resulting from the sole use of the base oil is significantly

deeper, indicating that the base oil does not provide equal

protection on its own, in contrast to the tangible level of

wear protection provided by x - 1 HBFA-containing

esters. The additional polar site on the x - 1 HBFAMEs

may have led to better adsorption and thus provided

superior wear protection over the FAMEs. However, the

EDS analyses showed no discernable difference in the

chemical composition inside and outside of the wear scar.

This suggests that any film formed of the order of a micron

thick is not robust and is not chemisorbed onto the sub-

strate surface under the testing conditions utilized in this

study. Similarly, no transfer material could be found on the

probes. Thinner adsorbed films not detectable by EDS

cannot be ruled out, however.

5 Conclusion

This study provides evidence that sophorolipid-based pro-

duction, purification, and isolation of hydroxy fatty acid

represents a novel source of effective bio-lubricants. The

friction and anti-wear behavior at the boundary lubrication

regime of these novel hydroxy fatty acid based bio-lubri-

cants were positively compared to olive oil and its

derivatives. The studies show that each of the additives

succeeded in reducing the friction coefficient when tested

in the boundary lubrication regime. Some of the greatest

reductions were observed with the x - 1 HBFAMEs and

FAMEs as compared to the neat base oil for the SiC–Al

interface. In addition, the x - 1 HBFAMEs provided

superior anti-wear protection by mitigating the wear depth.

Therefore, x - 1 HBFAMEs demonstrate a combination

of improved friction reduction and anti-wear properties

relative to base oil and non-hydroxy fatty acid additives.

The mechanism behind these enhanced tribological

behaviors was rationalized to stem from their ability to

generate weak, yet effective, films.
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