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SUMMARY

A comprehensive study was carried out on the effethaturally occurringocopherols and carotenoids on the stal
of biodiesel-grade methyl esters. Commercially labédé tocopherols and carotenoids, y- ands-tocopherol,caroten

and asthaxanthin, were added to destabilised metigts and the solutions were exposed to air%t.6bhe stabilisin

effect of the added tocopherols and carotenoids dedsrmined from the number of days neetledeach the sar
increase of viscosity as destabilised methyl estdtout tocopherols after 1 day. All three tocopherolbilited methy
estersy- being the most effective and the least. The stabilising effect of tocopheiialsreased with concentration

to an optimum level. Concentrations above thisllei@ not improve stability significantly. The siébing effect of the
tocopherols also depended on the composition ofrtbthy| ester; they were mostfective in tallow methyl ester, a
had the least effect on sunflower methyl esteroesme and asthaxanthin had no effect on the dtabilithe methyl
esters. However an unidentified carotenoid in raphyl ester changed thexidation pattern by reducing rates
peroxide and viscosity increase, without affectingrall stability.

INTRODUCTION

Biodiesel, being a mixture of methyl esters of wapk oil fatty acids, isnore susceptible to oxidation than min
diesel. The lower oxidative stability of biodieselcaused by the higher level of unsaturation assbibly by thdarge
amount of dissolved oxygen. A previous study onsteeage stability ofnethyl esters found that there was deterior:
during storage, and suggested the addition of xid#ats to ensure storage stability (Thompsdral., 1998). Anothe
study found that there was no measurable deteioaraf rapeseed, sunflower and camelina methyl estened i
closed drums for 18 months (Frohlich, 1999). Thmesatudy however also indicated that metstiers oxidise when
continuous contact with air, but oxidation can kégedby the presence of tococopherols and possiblyteaoads. Th
antioxidant effect of tocopherols in rapeseed amflswer oils has been reported (Langpt al., 1999). It was als
shown that carotene enhances the stabilising effeticopherol (Hennet al., 1998). The effecof tocopherols ar
carotenoids on the stability of methyl esters hasbeenreported previously, but it was shown that bothaied in th
methyl ester when oils were esterified (Simkowsk§97). The objective of the presembject is to study the effect
tocopherols and carotenoids on the oxidative staloif biodiesel-grade methyl esters.

METHODOLOGY

Materials
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Tocopherolsg-, y- andd- and the carotenoids, carotene retinoic acid atakanthin were obtained from SigrAldrich
(Ireland) Ltd., SME (sunflower methyl ester), RMiage methyl ester), WCOME (waste cooking oil metstier)anc
TME (tallow methyl ester) were prepared from comeraroils and tallow, CMEcamelina methyl ester) was prep:
from oil pressed at Oak Park according to a repomethod (Frblich and Rice, 1995). SME and RME prepared !
unrefined oils were obtained from BLT, Wieselbubgistria and Novaol, Bruck, Austriaespectively. SME was stor
in a 2.5 litre glass container for four years. d@rols in the methyl esters were deactivated Iyigstirring at 110°C
for about 20 minutes, and the loss of tocopheras monitored by HPLC. Aftethe deactivation of tocopherols
methyl esters were destabilised by stirring at 1002C until peroxide levels increased to 30-35 mg/k

Determination of stability

Tocopherols and carotenoids were each weighedtlgiiato approx. 50 ml oflestabilised methyl ester and the solt
was made up to the required weight. Oxidation ef iiethyl ester was carried out according to thea8ldccelerate

storage test (Jacobs, 1958). Eight 25 g samples stered for up to 8 days at%5in 250 ml beakers of identic
geometry, covered with watch glasses. Samples taken daily.

Free fatty acid levels and viscosities of the atéld samples wereletermined according to ISO 660 and :
respectively, and peroxide levels according to iiethod used for peroxides in oils and fats (AOAG84). AOIT
(active oxygen induction time) was determined adicwy to EN 14112 at th&niversity of Graz. Tocopherols wt
determined by HPLC equipped with a UV detector andminoreverse phase column (250 mm). The mobile phas
80:20 heptane-ethyl acetate and tocopherols wetectéd at 295 nm (Simkowski, 1997¢oloured compoun
(carotenoids) in RME made from unrefined rapesekdvere separated with the same column, but the det
wavelength was 448 nm, and the mobile phase 5&&arte ethyl acetate. The efficiency of antioxidavasdetermine
from the period of stability, defined as the numbg&days requiredo reach the same viscosity as destabilised

ester (0.5 cSt) after 1 day at965 Correlations between oxidation indicators weetednined bylinear regressio
Methyl esters with low peroxide levels were obtdif®y heating RME, SME, WCOME and TME (120 g) in a ro

bottom flask (250 ml) under vacuum (1-2 mm) at PBOFC until peroxide levels stabilised (15-45 min).
Isolation of carotenoids

The detected carotenoid was isolated by silicacggimn chromatography. Theolumn (25 mm od x 300 mm) w

made up with silica gel (26 g, 0.063-0.2 mm, M&€) in hexane and RME (50 g), prepared from uneefirapeseed ¢

was passed through it. The methyl ester was washedf the column with hexane until tledfluent was colourle:

(approx. 100 ml), and the orange band absorbdueabp of the column was eluted with ethyl acetatelléction of the

eluent started when the orange band reached thenbaif the column, and it wasontinued until the eluent beca

colourless. The solvent was evaporated from thiecteld fraction, the residual solid (1.7 g) wassdiged in ethyl
acetate (2 ml), and added to a silica gel columdem# as before. The columwas washed with 20% ethyl acetat

hexane and a light yellow band, which eluted frdra top of the column, was collected. Evaporatiorhef solvent
yielded a yellow solid (1.7 g), but HPLC indicatit it did not contain thdetected carotenoid. The orange band ¢

top of the column was eluted with 60% ethyl acetatdiexane and collected visually as before. Evapam of the
solvent yielded an orange oil (0.1 g) and HPLC stmbwa large peak, about 90%tbé total peak area, with the reten

time of the detected carotenoid, followed by twaber peaks.

RESULTS

Destabilisation of methyl esters

In order to study the effects of added naturalcidiants on the oxidatiostability of methyl esters it was necessal
eliminate all other stabilising factors. Considgrihat a methyl ester is unstable when its visgdsitreases after bri
exposure to air, destabilised methyl ester wasddfasa methyl ester that increased its viscosity bydgbafter 1 de

at 68°C. Removal of colour and tocopherols from RME was sufficient for destabilisation; viscosity remair
constant for several days (Table 1).

Unidentified antioxidants in tocopherol-free RME rewedeactivated by passirthe methyl ester through a silica

column or heating at 1£Q for 4 hours. Passing tocopherol-free RME thraositjba gel to remove possiblenidentifiec
antioxidants increased its stability, but prolondezhtingdestabilised it (Table 1). The difference betwdes thre
RMEs was the peroxide level; seemingly peroxidestrive increased to a certain leveldstabilise the methyl esi
Oxidation of SME with a range of peroxide levétalicated that the peroxide level at which the hyktester i
destabilised is about 30 mmole/kg (Table 2). Othethyl esters, namely RME, WCOME and TME wiiroxide level

of 30-35 mmole/kg also increased their viscosititsr 1 day at 6% (Table 3). Consequently, the peroxide levelhe
methyl esters used for the evaluation of tocoplser@re adjusted to 30-35 mmoles/kg.
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Table 1: Viscosity increase of RME stored at 6% with tocopherols and colour removed

|Treatment ||Contro| ||RME passed through silica gel ”RME heated at 116C for 4 hr |
[Day |[Viscosity increase (cSt) |
[ 1 Il 0.00 Il 0.00 || 0.70 |
[ 2 I 0.00 I 0.00 Il 1.03 |
[ 3 I 0.00 I 0.00 Il 1.51 |
[ 4 Il 0.18 Il 0.00 || 2.13 |
[ 5 I 0.30 I 0.05 Il 2.72 |
[ 6 I 0.59 I 0.10 Il 3.38 |
[ 7 I 1.38 I 0.37 || 3.96 |

Table 2: Stability of antioxidant-free SME

| ||Stabi|ity (days) ||Per0xide level |
[ SME-1 || 2 || 7.9 |
[ SME-2 || 2 I 9.3 |
[ SME-3 Il 1 [{ 18.2 |
[ SME-4 Il 0 [{ 32.0 |
[ SME-5 || 0 I 35.0 |

Table 3: Viscosity increase and peroxide level of destabild&ME, WCOME and TME

Day [RME |lwcome IE |
Viscosity Peroxide levels Viscosity increase [|Peroxide levels Viscosity Peroxide levels
increase [cSt] ||[[mmole/kg] [cSt] [mmole/kg] increase [cSt] ||[[mmole/kg]

Lo | I 32 I I 36 I I 33 |

[ 0.36 I 80 I 0.39 Il 78 I 0.18 I 55 |

[ 2 0.79 [{ 122 I 1.03 I 122 I 0.30 || 70 |

Tocopherols
Effect of added tocopherols on the stability of SME

The effect of tocopherols on the oxidation rateSME is shown in Tables @- SME was used because it is regarde
the least stable of the available biodiesel gradthyh esters. Considering that atmospheric oxidabiofatty acid methy
esters leads to the formation of oligomers andmelg whichincrease viscosity, differences in viscosity beténitial
and oxidised samples were used as the indicatokidftion. Monitoring of viscosities during exposuo air at 65C
shows that all three tocopherols delay oxidatioab{&s 46). The period of stability, the period when vidopss les:

than 0.5 ¢St higher than the initial value (vistosicrease of destabilised SME after 1 day &0j5seems to depend
the type and amount of antioxidant added. At namméioxidant levels, 250-500 mg/kg aftocopherolin SME (Tablt
4), stability is about the same as before destattitin, andriscosities start to increase after 1 day in aretéd storag
At higher tocopherol levels however, viscosities oamain stable (<0.5 cSt increase) for a muchdopegriod.

Of the three antioxidantg;tocopherol proved to be the most effective. A @nation of 250 mg/kg-tocopherc
stabilised SME for 6 days (Table 6), whereas tlmesamounts ofi- ands- tocopherols had stabilising effectsafly 1
day (Table 4) and 3 days (Table 5), respectiveye Stabilising effecalso increased with the amount of antioxidant
little additional stability was gained above 1000/ky of - and 500 mg/kg of- andd-tocopherols. At all levels af-
tocopherol, viscosity started to increase very Blafter Day 1, whereas wit andy-tocopherols, particularly at higt
levels, it remained stable for several days.

In all samples tocopherol levels decreased durguglarated storage, but not at a uniform rate @aBb). Generall
50% of the antioxidant was lost after the first dayt losses were more gradual thereafter. Tocofdhdid not prever
viscosity increases, but the rate of increase washnslower (0.0D.1 cSt/day) while they were present. Thi
particularly noticeable in the case @tocopherol, where the daily increase of viscosigs below 0.1cSt while th
antioxidant remained above 100 mg/kg (Table 4).6dhetocopherols were deactivated, viscosity increagexbout th
same rate as tt of destabilised SME. The period of stability maneless corresponded to time when effectiv
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amounts of antioxidants were present in the medhtdr.

Table 4: Effect of a-tocopherol levels on viscosity increase of stored SME;dreases below 0.5 ¢St underlined

[a-tocopherol added (mg/kg) |
[ o [[250 500 {1000 [[2000 |
Day |[[Viscosity Viscosity Tocoph. levell[Viscosity Tocoph. levell|Viscosity Tocoph. level|Viscosity Tocoph. level
increase [cSt]|increase [cSt||[mg/kg] increase [cSt]|[mg/kg] increase [cSt||[mg/kg] increase [cSt]|[mg/kg]
L1 o048 [ oo4 || 36 | o006 [ 47 | o002 | 485 [ o005 [ 1074 |
[2] o090 [ 112 [ 11 ][ 040 | 11 | 0os ][ 38 [ 012 [ 89 ]
[3]] 120 | 18 | nar [ 150 || nd || o012 ][ 346 | o022 |[ 728 |
[4]] 275 ][ 358 [ nd ][ 162 | nd | 022 ][ 287 [ 032 [ 418 ]
[5][ 38 || 503 || nd ]| 333 | nd ] o024 [ 160 [ o040 [ 418 ]
[6]] 488 [ 737 [ nd ][ 467 || nd | 026 ][ 78 [ 046 [ 300 ]
[7]] 68 [ 828 [ nd || 59 [ nd | 077 [ nd [ o049 [ 261 ]
[ 8] 841 ][ 1377 [ nd. | 960 || nd || 175 || nd ]| o080 | 15 |
* n.d. = not detected
Table 5: Effect of 6-tocopherol levels on viscosity increase of stored SME;dreases below 0.5 ¢St underlined
|6-tocopher0| added [mg/kg] |
[ o |[250 ||500 ||1000 |[2000 |
Viscosity Viscosity Tocoph. levell|Viscosity Tocoph. level||Viscosity Tocoph. levell|Viscosity Tocoph. level
increase [cSt]|increase [cSt]|[mg/kg] increase [cSt]{[mg/kg] increase [cSt]|[mg/kg] increase [cSt]|{[mg/kg]
[1][ o048 [ o012 [ _e6 | o001 [ 364 | 004 [ 53 | o006 |[ 1268 |
[2][ _oe0 ][ 028 |47 [ o010 [ 220 | o012 [ 446 [ 009 |[ 1027 |
[3] 120 [ o034 J[ 3 [ oa J[ 217 [ oos | 422 J o009 [ 51 |
[4] 275 ][ o8 [ 11 | o2 [ 93 | o012 [ 345 | o013 [ 772 |
| 381 |[ 09 |[ naz |[ o022 J[ 8 ][ o021 ][ 284 |[ o019 | s88 |
[6] 488 | 72 [ _nd | o036 [ 52 | o030 [ 149 ][ o025 |[ 562 |
[7] 68 [ 239 [ _nd | o043 [ 43 | o3z [ 128 | o020 [ 407 |
[8][ 84r [ 37t [ _nd._ [ o077 ][ 23 | o049 [ 68 [ 039 ][ 140 |
* %n.d.= not detected
Table 6: Effect ofy-tocopherol levels on viscosity increase of stored SME;dreases below 0.5 ¢St underlined
|y-tocophero| added [mg/kg] |
[ [lo ||250 |[500 {1000 |
Day Viscosity Viscosity Tocoph. level  [[Viscosity Tocoph. level  [[Viscosity Tocoph. level
increase [cSt]||increase [cSt] ||[mg/kg] increase [cSt] ||[[mg/kg] increase [cSt] ||[mg/kg]
| 1 [ 048 | 000 || 128 I 000 | 227 [ 005 | 532 |
I 2 | oo [ o000 [ 8 || oo4a | 202 [ o006 | 426 |
I 3 120 | o001 | sz || oo | 120 || o007 | 323 |
I 4 275 || oor | 57 || o002 | 8 || 005 | 22 |
I 5 | 381 [ o015 | e || ooz | 8 | o015 | 178 |
I 6 Il 48 | o023 | e || o3 | ez | o015 | 98 |
I 7 | 68 | os0 || e || o023 | ez || 03 | 67 |
| 8 I 841 ] 100 || 25 |l 023 | 67 I 014 | 143 |

* Values initalic:tocooherol determinations not accu because HPLC peaks chanaed st
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Stabilisation of methyl esterswith added 6-tocopherol

Stabilisation of methyl esters other than SME RBIE, WCOME and TME) with tocopherol was also inigasted.s-
Tocopherol was used, because it is more effectiaad-tocopherol and it could be determined more acelyahany-
tocopherol 5-Tocopherol (1000 mg/kg) was added to the methi@resand thewere oxidised for 8 days as per SMI
was not possible to obtain exact stabilisation sirae before because RME, WCOME and TME had sigmifiaemounts
of tocopherol left after 8 days of oxidation (Talig However, oxidatiorindicators such as peroxide levels
antioxidant losses after 8 days could be usedtimate comparative stabilising effects.

The stabilising effect oé-tocopherol, and possibly of other tocopherolsadiition to concentration, seems to dej
also on the composition of the methg$ter. The antioxidant was considerably more @ffedn stabilising TME
WCOME and RME than SME. About 93% of the tocophénoSME was lost and peroxide leviekcreased to 1!
mmole/kg after 8 days of oxidation. On the othencha83% ofthe tocopherol remained in TME, and there wa
increase in peroxide level during the same peiindicating that all dissolved oxygen was taken yphe tocophero
Peroxide increase and tocopherol losses in RMBEMBOME werebetween the two extremes. Hence, according 1
obtained data, the stabilising effectsefocopherol in the four methyl esters is in theestdtME>WCOME>RME>SME.

Table 7: Methyl esters with 1000 mg/kd-tocopherol added; oxidation indicators after 8 days

Methyl ester d-tocopherol level (mg/kg) Viscosity increase after 8 days Peroxide increase (mmole/kg)
storage (cSt)

[ SME I 68 I 0.49 Il 115 |

[ RME Il 188 Il 0.34 || 24 |

[ WCOME I 428 I 0.39 Il 19 |

[ TME I 834 I n.d. Il n.d. |

Stability of methyl esterswith natural tocopherols

Methyl esters with natural tocopherols (i.e. prepafrom unrefined oilswere found to be more stable in term:
viscosity increase and rate of peroxide formatibant destabilised methyl esters with similar amouwftsadded
antioxidants. The viscosity of destabilised SMEhWS00 mg/kga-tocopherol wagonstant for only one day (Table
and its peroxide level increased by 65 mmoles/kthenfirst two days of oxidation. On the other haBME prepared
from unrefined oil with 300 mg/kgi-tocopherol stored with about 10% headsplarefour years, showed const
viscosity for two days and its peroxide levels @ased by only 20 mmole/kg during the same periodl&ily,
destabilised RME with1000 mg/kg added tocopherotdased its viscositgnd peroxide level in eight days by 0.3
and 23 mmole/kg, respectively; whereas, RME prapdrem unrefined oil, with 200 and 300 mg/kg and y-
tocopheroals, increased its peroxide level by oniyiriole/kg and its viscosityemained constant during the same pe
(Fig. 1). The greater susceptibility of destabiisaethyl esters with added antioxidants to oxidat@oprobably du¢o
the presence of deactivated tocopherols formechgudestabilisation, which are reported to be gxmtants (Jung ar
Ming, 1992).

0.45+

0.4x —&— Natural RME

0.35 =
—@— Destabilised RME +

0.3+ delta-tocopherol
0.25 =

0.2 4
0.15 4
0.14
0.05 o
0=
-0.05 o
0.1

Viscosity increase (cSt)
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* Fig. 1: Oxidation of natural RME vs destabilised RME wit00 mg/kgd-tocopherol added

Effect of tocopherols on peroxide levels

Monitoring of peroxide levels indicated that thdeef of tocopherols omxidation was to slow down the build ug
peroxides, which in turn stabilises the viscosBgemingly, a certain critical peroxide level mustrbachedefore ther
is a significant increase of viscosity, possiblyep70-80mmole/kg in SME, RME and WCOME but lower in TI
(Table 3). Tocopherols extend the time needed dctrehe critical peroxide level. In general, pedexevels remai
below 80 mmole/kg as long as effective amountsntibgidantsremain in the methyl ester. The delaying effeqteate:
on the type of tocopherol. Destabilised SME reachgzkroxide level of 150 mmole/kg after orilyday of oxidatior
whereas with 500 mg/kg-tocopherol it took 3 and with the same amouni-tdcopherol 8 days to reach the same

(Fig. 2).

400 4 —e—smE
—— SME + alpha-tocopherol
—i— SME + delta-tocopherol

300
—'___—-.—C——.

200 -

—a— a5
100 4 ,.A—i"";!

Peroxide (mmole/kg)

Days

* Fig. 2: Effect of 500 ppm of. andd-tocopherols on peroxide levels of stored SME

Effect of tocopherolson FFA levels

Along with peroxides, FFAs (free fatty acids, exga®d here as acid values¥o increased during oxidation (Fig.
FFAs were formed when peroxides were converted setmndary oxidation products, and their increadecated that
secondary oxidation was taking place. While tocoplsewere present there was significant increase of FFAs, ¢
acid values remained below 0.5 mgKOHApwever, once the tocopherols were lost FFAs bégaise and continue
to rise more rapidly as the oxidation progres:
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* Fig. 3: Effect ofa-tocopherol on FFA levels of stored SME

Effect of peroxide levels on methyl ester stability

It was shown earlier that the stability of the nyétester increased ageroxide levels were reduced. Hence,
possibility of stabilising methyl esters by minitnig peroxides was investigated. Peroxide levelSME andWCOME

could be reduced to below 2 mmole/kg under vacutiiB8-200C, but the minimum obtainable levels for RME
SME under the same conditions were 2 and 4 mmiaspectively.

Reduced peroxide levels stabilised both SME and TRIthough not as much ascopherols. The rates of perox
formation and viscosity increase were almualived when compared to those with initial perexXiglels normally four
in these methyl esters. Stabilisation of WCOME witduced peroxide level wdmwever comparable to stabilisal
with tocopherols. There was no detectainlerease of viscosity during the first 10 daysoafdation and the rate
peroxide build-up was lower than that of WCOME with00 mg/kg added-tocopherol (Table 7@n the other han
RME was destabilised when peroxide levels weremised by the present method.

Carotenoids
Effects of carotenoids on the stability of methyl esters

The antioxidant effect gi-carotene in combination witjttocopherol hadeen reported previously (Henry, 1998).
work has shown that RME is considerably more stahien CME during oxidation, although their tocopier
composition, particularly-tocopherol levels are almost identical (FrohlitB99). However, RME made from unrefil
oil showed a much higher absorbance at 448 nm@hB, and the absorbance decreased along with tecolshduring
oxidation. The visible spectrum of RME showed thedxsorption maxima at 42348 and 475 nm, indicating
presence of a carotenoid, which could contributihéostabilisation of the methyl ester.

Astaxanthin and retinoic acid

Initially the effects of a strong carotenoid antttant, astaxanthin, and earotene derivative, retinoic acid w
investigated. The carotenoids were added to déisediSME at the rate of 500 and 100 mg/kg, ancevesidised for 8
days. Neither retinoic acid nor asthaxanthin hag efifect on the stability ofhe methyl esters; both viscosities
peroxide levels increased at the same rate as i I$#bre the addition of carotenoids.

p-Carotene

The effect off-carotene was also examined because it was reporteelpresent in rapeseed oil (Patterson, 1989)
we could also detect it in RME. Hence, if carotestgbilises RME it should also stabilise CME whidds tsimilar
tocopherol composition. Sufficient carotene wasealdtb CME to give the samabsorbance as RME at 448 nm

somea-tocopherol was also added to obtair same tocopherol composition. In additp-carotene was added to ClI
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to give a carotene level higher and lower than doimRME. Oxidation of the samples with add&darotene and tl
corresponding controls indicated tffatarotene dichot improve the stability of CME, irrespectivetbé amounts adde
or if a-tocopherol was also added. The CME samples witle@gtcarotene hadpproximately the same rate of incre
of viscosity as destabilised CME (Table 8).

| dentification of other carotenoids

Considering that carotene astaxanthin and retinoid did not stabilisesSME, attempts were made to identify o
carotenoids, by separating the oramgédoured compounds in RME by HPLC. Conditions ufmdthe separation
tocopherols at 448 nm showed only carotene, buh w&itmore polar mobile phas@ addition to carotene, fo
compounds were also separated. Carotene accouatednfy about 10t5% of the peak area of the separ
compounds, and about 60% corresponded to a simgiaund with much higher retention time than caretd he
other three compounds were present in smaller ateoun

Table 8: Effects of carotene on the stability of CME: igrease of viscosity(cSt) during accelerated storage

Treatment day |CME natural ||+a—tocophero| ||+a—tocophero| +carotene ||CME destabilised |

|Viscosity increase of stored CME (cSt) |
[ 2 I 0.14 I 0.03 I 0.26 I 0.32 |
[ 4 I 0.34 I 0.27 I 0.62 Il 0.76 |
[ 6 I 0.85 I 0.64 Il 0.86 I 1.45 |
[ 8 I 1.15 I 1.82 I 1.50 I 2.66 |
|Treatment day ||CME natural ||+Carotene 10 mg/kg ||+Car0tene 100 mg/kg ||CME destabilised |
[ 2 I 0.14 Il 0.31 I 0.32 I 0.32 |
[ 4 I 0.34 Il 0.64 I 0.62 I 0.76 |
[ 6 I 0.85 || 1.18 I 1.75 Il 1.45 |
I 8 I 115 || 2.68 I I 2.66 |

The detected compound was present in RME from réiffiesources at about tlsame level (relative to carotene
tocopherols (Table 9). A very small amowfitthe compound was present in CME; it was ab&ent TME and SME
and only 7% of the compound was left in RME afteating for 3 hours at 110°C. In additiomhen RME with hig
absorbance at 448 nm (prepared from raw oil) wasgeleat 118C, 5 hours were required to remove the tocopht
whereas from RME with low absorbance (prepared frefined oil) tocopherols were removedthin 20 minutes
Differences in tocopherol deactivation times coundicate that along with tocopherols, the detected compaozodc
also stabilise RME.

Table 9: Compound detected at 448 nm anf-carotene in different methyl esters

Methyl ester Absorbance 450 |[p -carotene [mg/kg] ||Detected Peak area of detected compound (%)
nm @ compound®
[ RME 1 I 0.57 I 47 I 247 I 67 |
[ RME 2 i 0.38 I 31 I 140 I 63 |
[ RME 3 I 0.53 I 83 I 316 I 70 |
[ swver [ oo | oo _J_na__| |
[ CME 1 I 0.08 I n.d. I 17 I 100 |
[ TME 1 I 0.01 Il n.d. Il n.d. Il |
RME 2 0.11 n.d. 17
(heated at 110°C)

* 210% solution in hexane
) bmg/kg B-carotene used as reference
* °n.d.= not detected

I solation of the carotenoid
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The carotenoid detected by HPLC was isolated fradERby column chromatography as an oramgésured oil abot
0.2% of the methyl ester. HPLC chromatogram indidathat apart from the carotenoid there were twditiachal
compounds with longer retention times. However, ¢heotenoid corresponded 8% of the total peak area and
other two compounds were 15% and 3#%spectively. Absorbance spectra of the isolatdx$taince gave three maxi
at 423, 448 and 452 nm, indicating a structurelaimid carotene.

Mass spectrum of the carotenoid peak gave two amirftagments at 323 ar889 m/z, and the largest fragment at
m/z was of relatively low abundance. The sum oftthe most abundant fragments was also 662, whidlcated that
the fragment at 662 could be the molecular ion cbmpound with m.w. of 663t will be necessary however to obt
IR and NMR spectra of the pure carotenoid pealuiher structural elucidation.

Effects of the detected carotenoid

The effect of the detected carotenoid on the stalif RME was determinedby comparing oxidative stabilities

normal and carotenoid-free RMEs. Carotenoids ct@demoved from RME by brief heating at®80with Fuller’s
Earth. The method is used for the decolourisatfoRME duringrefining. Analysis of decolourised RME by HPLC .
absorbance at 448 nm indicated that all carotene@s removed, but there was no significant logeodpherols.

Both carotenoid-free and natural RME were oxidiggd6®C for 16 days. The difference between the oxidz
stabilities of the two RMEs was minimal; both mdthgters increased their viscosities by about #mesamounaftel
14 days (0.33 and 0.48). However, the oxidatiotepas were differenfThe viscosity of natural RME remained cons
for 10 days, and started to increase on Day 12rewsethe viscosity of decolourised RME began toeiasevery slowly
after Day 6 (Fig. 4). Similarly, the rate of perdaiincrease ohatural RME was only 0.8 mmoles per day, b
increased suddenly to 35 mmole/day on Day 12. @nother hand, peroxide build up in decolourised RWVHS 5.
mmole/day and the first large increase, 30 mmateuoed on Day 14Fig. 5). The deactivation rate of the dete
carotenoid was about the same as thattotopherol, and both were completely deactivateleasame time (Day 14).

The effect of the isolated carotenoid on SME was akamined. The yellogolid (4.5g), isolated from 250 g RME a
the first silica gel column chromatography, wasetltb destabilised SME with 250 mg/&gocopherol. Absorbance (
the SME at 448 nm increased from 0.02 to 0.4 aughwis withinthe range of observed absorbances of natural
SME with the added carotenoids and the control veedididised by accelerated storage for 8 days.ehubtofthe
expected oxidation rate reducing effect howeverdtlded yellow solidncreased both peroxide and viscosity ri
Reasons for the increased oxidation rates coutidoprooxidant effects (Jung and Ming, 1992) ofgantenoids irthe
yellow solid, and the high initial peroxide levelghich increased from 3tb 40 mmole/kg when the solid was disso
in SME. The experiment will need to be repeatedhthie orange oil obtained from the isolated salilich containdar
less coextracted materials.

E -
1.8
1.6 - —&— Natural RME

:; : —B— Decolourised RME

14
0.8 4
0.6
0.4

0.2 4 e

i S
[l ﬁ"_ﬂ— ' _*_'_ T T 1
0.2 4 & i 10 12 14 16

Days

Viscosity increase (c5t)

* Fig. 4: Increase in viscosities, natural vs decolourisbtER
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120 -
s —&— Natural RME
a0 - —l— Decolourised RME

Peroxide level [(mmaolelkg)

* Fig. 5: Peroxide increase, natural vs decolourised RME

DISCUSSION

Tocopherols

The results obtained in the present work indichét &ll three commercially available natural antlaxts,a-, y- ands-
tocopherols, which are by-products of vegetablerefining, were effective in stabilising SME-Tocopherol waghe
most effective and- the least, and stabilisation also dependetboapherol concentration up to a certain leveldég
d-tocopherol also stabilised RME, WCOME and TME agdbably a- and y-tocopherols would also beffective
Tocopherols occurring naturally in RME. @nd y-) and SME ¢§-) were found to be more effective than ad
tocopherols.

Sunflower and rapeseed oils, the main feedstoakbitaliesel-grade methyster in the EU, are stabilised by natul
occurringa- andy- tocopherols, which also stabilise their methyees Attempts must be made thereforemsure th:
these tocopherols remain near their original leirethe methylkesters when the oils are esterified. The natocpherc
levels in rapeseed oil (100-200mg/kgl, 250-350mg/kgy-T) stabilise RME sufficiently to meet EWpecification
(European Committee for Standardisation, 2001)yigeal they areetained during esterification. However, sunflo
oil contains onlyu-tocopherol which at its natural levels (300-400/kgQ, was found to be theast effective tocophel
(Table 3), and TME and most WCOMEs containgignificant amounts of natural antioxidants. Cdesing that 50
mg/kgy-tocopherol gives almost the same stability toalgiised SME as the naturahtioxidants to RME (Table 6, F
4), it should be possible to stabilise SME, WCOMBd aTME sufficiently with y-tocopherol to meet the E
specification. Tocopherolsy- andy-, are by-products of rapeseed oil refining andxpemsive mixtures of the tw
antioxidants are widely available.

Carotenoids

The carotenoids added to SME and CMEcérotene, astaxanthin and retinaicid) had no detectable effect on
stability of the methyl esters. However, an unknavanotenoid detected in RME did change the oxidatiattern by
reducing the rate of peroxide increase and staiglisiscosity, even if it didhot improve its overall stability wh
compared to decolourised RME. There is a good lzdima between the carotenoid peak areasyatodopherol levels

during oxidation (? 0.95), and both compounds were fully deactivatdtlesame time.

The detected carotenoid is probably not anotheéoxidant, becausantioxidants are normally deactivated at diffe
rates. It took only 4 days to deactivatdocopherol in RME, whereas 12 days were needed-tocopherol.The
compound behaves more like a “co-antioxidant’miproved the antioxidant effect gftocopherol while present, bu
did not change its deactivation time. Considerimat the compound can be isolated from RME by aivelg simple

tarhniniia (caa Mathndnlam ite nranartiae andrddffan tha nvidatic nf mathul actare chniild ha inviactinatad fur

http://www.teagasc.ie/research/reports/crops/4e884993.htr 17/01/200:



Teagas(- Evaluation of the Effect of Tocopherols on thelf8ity of Biodiese Pagell of 13

LUUHITIIYUL (DL L IVILUIVUUIVYY J; 1L MIVPUILULO UHRUADI VT UL UATUULIL UL THICU YT LOLLT O J1TIVUIU VU VL OUYULLu 1ul

Stabilisation with low peroxide levels

Apart from tocopherols, low peroxide levels obtaihy heating the methyl ester at 180-2D@nder vacuum were a
found to delay the oxidation of SME, WCOME and TMist not of RME. The method is used routinelywé@getable o
refining to deodorise and to reduce the peroxidelteof refinedoils. However, methyl esters made from fresh \alge
oils normally have peroxide levels of 2-6 mmole/lagd the small gain in stability from reductioh peroxide level
could be cancelled out by the loss of some tocapieduring heating under vacuum. TME does not have
antioxidants, but it would need to be evaluatedtihwrethe small improvement in stability, when radggeroxide leve
from 5 to 2 mmole/kg, justifies the cost of heatindhigh temperature under vacuum.

Reduction of peroxide level of WCOME to below 2 meikg raised its stabilityalmost to the level of natural RN
(Figs. 4, 5), the most stable commeraia¢thyl ester known at present. Hence the high ¢eatpre treatment unc
vacuum could be considered for WCOMEs with highogite levels. Similarly, reductioof peroxides could be ve
useful in the recovery of old methyl esters wittopstability which usually have high peroxide levdteating unde
vacuum until peroxide levels are minimised, follaley addition of suitable antioxidantspuld yield methyl ester
acceptable stability.

Determination of stability

Ideally, a methyl ester is stable when no oxidatiakes place, i.eperoxides are not being formed, and all of
dissolved oxygen is absorbed by the antioxidantthia case, the beginning of primary oxidation,ttlsaperoxide
formation, can be taken as a measure of stabiibyvever, in the present work only TME with 1000nmg#ktocopherc
showed ideal stability; in all other methyl estpesoxide levels started to increase while tocopkeserestill present
Consequently, the beginning of secondary oxidatindicated bythe increase of viscosity could also be taken
measure of stability.

However, even the beginning of viscosity increass wot an entirelguitable criterion in the present work, for in m
destabilised methyl esters with added tocophewvidspsity started to increase, albeit very slowlgcethe methyl est

was exposed to air at 85. Hence another criteridior stability was established, which comparedstability of methy
ester with tocopherol to that of destabilised medsger. The period of stability wakefined as the time in days requi

to reach the viscosity reached by the destabilisethyl ester after 1 day at 5. The obtained timesorresponded
the first sharp increase of viscosity and alsdhtodomplete deactivation of tocopherols (Table$.4-6

While the time needed to reach the initial visgositreaseofdestabilised methyl ester is probablpecuraténdicatol
of stability, the method cannot be routinely useddommerciaimethyl esters. There is a long waiting periodtaf4
days in the case of stable RMEs, and accurate ndigigtion of eight to ten viscosities is very tineensuming
Furthermore, there is either no increase of visgosihile the methyl ester is stable, or the slow increase it
necessarily continuous. Consequently, it does @einsto be possible to predict the period of stgbéccurately fror
initial viscosity increases.

Prediction of stability from the obtained experimertal data

Peroxides are primary oxidation products, and & slaown that they need teach certain levels before a sharp incr
of viscosity indicates irreversible secondary ofimia Therefore the rate of increase of peroxidesle might bear
indicator of stability. Peroxide rates can be deteed easily from peroxidevels, and provided they are continuous
linear it should be possible to obtain an indicatid oxidation stability from peroxide rates detared after 23 days o
oxidation.

Peroxide rates were determined from the linearqouf the peroxide curves; correlation coefficeeranged from 0.94-
0.99. However, the correlation coefficient (Tabl® between peroxide rates and periods of stahilittermined fror
viscosity increase was only 0.80, which is notisiéghtly high for the prediction of stability. Possible reasdoisthe
poor correlation could be that peroxide rates wetalways linear up to the time when viscositgrease indicate
destabilisation. Furthermore, peroxide rates camiséeading. The determined peroxide rate of decided RME (nc
included in the correlation) is about six timeshagh as that of natural RME (Fig. 5), batterms of viscosity increa
they both have the same stability (12 days).

Viscosity-based periods of stability and peroxidies were also correlatedth AOIT (active oxygen induction time
which is normally used to determine stabilitieseafible oils, i.e. time before rancidity. The coatén coefficien
between AOITs and the two sets of oxidation paramsendicatedhat there was no useful correlation between o
sets of values (Table 11). The result is not egtithexpected considering that AOIT indicates thmetfor the
appearance of aldehydes (rancidity), whereas &atidn time based oviscosity increase corresponds to the begir
of rapid polymerisation. According to the proposedchanism of oxidation of linoleic acid, formatiof aldehyde
occurs in the chain propagation step, but polyra&ds in the latetermination step (Labuza, 1971). At present tlig
no available data indicate how the relative rates of these oxidatieactions are influenced tocopherols and tl
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composition of the methyl ester.

Considering that both tocopherol levels and absarbaat 448 nm decreaggadually during oxidation, it should
possible to predict the stability of RME from thatial values of these parameters. Absorbance mdtations are
probably more convenient, because tocopherols toelbe determined by HPL®eak heights of the detected carote

correlate well with absorbance at 448nﬁ1((198), and both show a linear decrea§®(98)during oxidation. Also the

is a good linear correlation between absorbandd&inm and tocopherol levelg ©.95). Hence it should be possilide
determine the period of stability from three orrfanitial absorbance valueth addition, if absorbance of the RME
known at the time of preparation, a simple rati@actual and initial and absorbance should gigeed indication of tt
loss of stability. The possibility of using absanba ofRME for the prediction of stability should be irstigated further

Table 10 Correlations between different indicators of nyétster stability

|Corre|ation ”Regression coefficient (f) |
[Viscosity increase vs peroxide rate I 0.79 |
|Viscosity increase vs FFA increase || 0.58 |
|Viscosity increase vs AOPFT ” 0.48 |
|Peroxide rate vs FFA increase || 0.55 |
|Peroxide rate vs AOIT || 0.19 |
[FFA increase vs AOIT I 0.47 |

* @Active oxygen induction time

Table 11: Indicators of methyl ester stability

Methyl ester Viscosity increasé@ | Peroxide rate( mmole/day) | AOIT ©
No. of daysb Regressiz)rr;)coefficien Rate
I SME 4-T250 I 1 I I I 44 I |
[ SME a-T500 I 2 i Il I 28 I 1.04 |
[ SME a-T1000 I 6 I 6 Il 0.94 I 9.7 I 1.08 |
[ SME ¢-T2000 Il 7 I 7 || 0.96 I 13.4 Il 1.48 |
[ SME 5-T250 I 3 I 4 || 0.99 I 18.2 I 0.14 |
[ SME 5-T500 I 7 I 5 Il 0.97 I 9.8 I 0.84 |
[ SME 5-T1000 Il 8 I 7 || 0.96 I 8.3 Il 1.11 |
[ SME 8-T2000 I 9 I 8 Il 0.99 I 6.2 I 2.80 |
[ SME g-T250 I 6 i 6 Il 0.97 I 7.8 I 0.80 |
[ SME v-T500 I >8 I 5 || 0.99 I 4.2 I 1.11 |
I SMEy-T1000 I >8 I 7 I 0.92 I 5.4 I 145 |
[ RME 5-T1000 I >8 i 8 Il 0.95 I 2.7 I 3.27 |
[ WME 5-T1000 Il >8 I 8 Il 0.93 I 2.2 I 4.14 |
[ TME 5-T1000 I >8 I || I 0 Il 26.5 |
[ NRME I 12 I 12 Il 0.98 I 0.8 I 7.78 |
[ NRME decol. I 12 i 8 Il 0.94 I 5.2 I 6.71 |
[ WME lowpx I 10 I 10 || 0.96 I 1.0 I 2.41 |

* 3No. of days of viscosity <0.5 ¢St
* PN of days of linear peroxide rate
* CActive oxygen induction time

CONCLUSION¢S
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Tocopherolsg-, -, andy- delay the oxidation of SME, RME, WCOME and TME,some cases by more than a fe
of 10 compared to methyl esters without tocophenrelBocopherol is the most effective of the thregpcopherol the
least, and their antioxidant effect increases withcentration up to aaptimum level. Above the optimum level
increase in antioxidant effect with concentratiemalatively small.

The stabilising effect of tocopherols was also fbuo depend on theomposition of the methyl ester. The orde
effectiveness is: TME>WCOME>RME>SME.

Oxidation of methyl esters begins with the buildafgeroxides; viscositgtarts to increase only after peroxides re:
certain level. Tocopherols stabilise the methykesby reducing the rate of peroxide formationrehg extending th
time needed to reach the level where viscositysstarincrease.

The carotenoids astaxanthin and retinoic acid haveletectable effect on the stability of SME. Sarlit B-caroten
added to CME along with sometocopherol, to give the same absorbance at 448s1RME, has no stabilisirgffec
on the methyl ester. A carotenoid detected in RMa&nges its oxidatiopattern by reducing the rates of increase of
viscosity and peroxide levels. However, the detéctrotenoid does not extend the period of stgwfitRME.
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