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Transesterification, analysis and rheological property of biodiesel
Abstract

Biodiesel is the short chain alkyl ester of fatty acid. Commercially, it is prepared by alkaline
catalyzed transesterification of vegetable oil or animal fat with short chain alcohol. Alkaline catalyzed
transesterification is very efficient and can be completed in a short time. With maximum concentration of
NaOH and molar ratio of methanol to oil 200:1 with a co-solvent, transesterification can be completed within
1 min. The transesterification can be extended to transacetylation of long chain alcohol, but the
transacetylation rate is about 10 times slower. Passing a solut.ion of long chain alcohols (including
policosanol) in ethyl acetate, acetylation of the alcohols is completed in 8 min. All the reaction products can
be separated into individual lipid class with a single size exclusion column (Phenogel 100 A). Thus,

monitoring of products from biodiesel reactor is facilitated and quanification is very much simplified.

In this study, it is shown that the molar free energy of viscous flow of a biodiesel (AG‘?[S ) at

different pressures (p) is the sum of the free energy of viscous flow in vacuum ( AGW-S( 0) ) and the increment
in free energy of viscous flow per unit pressure (& G5 )- Expansion of this simple relationship according to
basic thermodynamics leads to Eq.(1), which can be used for prediction of a biodiesel viscosity ()]p) at
different temperatures (T) and pressures. '

¢ p
lnnp =a+bp+—+d—
T T ‘ (1

where a, b, ¢ and d are thermodynamic constants.

Similarly, viscosity of a biodiesel blend can be predicted from Eq.(2)

c n,
=a+bn +—+d—
T T (2)

Inm

blend

where n, is the mole fraction of biodiesel in the blend and a, b, ¢ and are thermodynamic constants.

The predicted viscosities from both equations are in good agreement with the experimental values.
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Executive summary

Biodiesel is the esters of low molecular weight alcohols and fatty acids. Commercially, it
has been derived mainly from vegetable oil and methanol by alkaline catalyzed transmethylation.
The methyl esters of fatty acid are the most volatile and they are used preferentially for fatty acid
identification and quantification by gas chromatographic method.

In order to improve maximum yield of biodiesel, in the shortest time and/or the most
economic viable, the chemistry of alkaline catalyzed transesterification has been subjected to
intensive investigation. It was found that maximum or quantitative yield of methyl ester could be
obtained in a very short time. By passing the mixture of vegetable oil (2 mg) in THF (1 mL)
through a micro-column packed with 0.5g of powder NaOH, quantitative conversion of the oil to
fatty acid methyl ester can be accomplished within 1 min. F urthermore, the transesterification
can be extended to long chain alcohols and low molecular weight acid esters, such as methyl or
ethyl acetate. Hence, fatty alcohols as well as policosanol are easily converted into acetate. By
dissolving long chain alcohol in ethyl acetate and passing to the NaOH reactor, complete
conversion of the alcohol to acetates derivative are observed in about 8 min (as shown in Fig.1).
The reaction rate is about 10 times slower than transmethylation. This reaction is expected to be
used in place of the acetylation of alcohol by the noxious acetyl chloride or acetic anhydride.

Temp.program 100-200"C rate 5 °C/min. hold 4 min.

A) Alcohol acetate C‘D-Cm

B) Fatty alcohol CH-CN
’L—‘ —
T 1 T T T T T

T
5 [11] . 15 20 25 30

Detector response [uV]

I
U

Time {min.}

Fig.1 Gas chromatogram of fatty alcohols (Ci,~Cyg) at 100-200 =C, 5 «C/min. on a Rtx 2330
(30m X 0.25 mm ID) column: (A) acetates and (B) free alcohols.

Although there were methods available for quantification of biodiesel yield in the reactor
most of them are time consuming and difficult in interpretation of the chromatographic peak.
Hence a high performance size exclusion liquid chromatography (HPSEC) was developed
(Fig.2). The good points of the invented HPSEC method are:

3



1. Lipids are separated into their class by one column.
2. Interpretation, peak identification and quantification are simplified
3. Separation time is short.

£ 200

é} Bioduesel

& 10, e F&A

S 0 deotic , Me

:3 i 02309 Acetic acid m Toluene M . \J\

v 0= . ’ m———a T
5 10 14

Tie [win]

Fig.2 High performance size exclusion chromatography of biodiesel products.

Viscosity of biodiesel plays an important role in determining the atomization
characteristic, which in turn affects the combustion of the fuel. Biodiesel, in most countries, is
marketed mostly as the blends (with petroleum diesel) for uses in diesel engines. Therefore,
method for estimation of the viscosity of biodiesel blends of different degree of blending is
important. An empirical equation for estimation of viscosity of biodiesel blend was proposed
(Eq.(1)).

In =a+bn +£+£ll—n—1
Nblend LT 0

where a, b, ¢ and d are constants. T is absolute temperature.

The predicted viscosities of biodiesel blends at different degree of blending and at
different temperatures are in good agreement with those reported in literatures. The highest
deviation is £5.4% and the average absolute deviation (AAD) is less than 2.86%. Similarly,
when pressure (p) is incorporated as a variable of the free energy of viscous flow, Eq.(2) is
derived and can be used to predict viscosity of a biodiesel at different pressures.

¢ P
Inn, =a+bp+—+d=— :
T T 2)

Thus, Eq.(2) would help o rough estimation of the usable pressure for a specific biodiesel.

0t
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AL, Activation energy

ac

AGm Free energy of activation for viscous flow

, Free energy of activation for viscous flow in vacuum
A vis(0) gy
0G ;s Change in free energy of viscous flow per unit p
AH Enthalpy of activation for viscous flow

vis

A[—[w_s( 0 Enthalpy of activation for viscous flow in vacuum

oH,; Change in enthalpy of viscous flow per unit p
ASWS Entropy of activation for viscous flow

ASW,S( 0 Entropy of activation for viscous flow in vacuum
8S.,; Change in entrolpy of viscous flow per unit p

d density

DG Digiyceride

ELSD Evaporative light scattering detector

FFA Free fatty acid

FID Flame ionization detector AN
GC Gas chromatography

h Plank’s constant

HPLC High performance liquid chromatography

HPSEC  High performance size exclusion chromatography

MG Monoglyceride

MW Molecular weight

n Mole fraction

N, Avogadro’s number

| Viscosity (kinematic or dynamic)

p Pressure

R Universal gas constant

Ry L?Jumﬁimmm‘lajmj’ufmauaxmmxﬁaumumﬂmaQamﬂmaﬂan
T Absolute temperature

& -



Triglyceride
Thin-layer chromatography
Volume fraction

Number of carbon atom
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gﬂ‘ﬁ 5 Transmethylation of oil in different co-solvents Products were alalyzed on Phenoge!l 100 A, eluted

with 0.25% acetic acid in toluene
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gﬂ‘ﬁ 8 Biodiesel derived from a non-thermal continuous reactor (33 "C) at the molar ratio of aicohol to oil,
20:1 with 2.0% NaOH in alcohol and retention time was 30 min. Products were 94.5% fatty acid methyl

ester and 5.5% free fatty acid.
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gﬂ‘ﬁ 9 Gas chromatogram of fatty alcohols (C,Z—C,S)ﬁ 100-200 °C, 5 °C/min on a Rtx 2330:  (A)

acetates and (B) free alcohols
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517 10 Gas chromatogram of transesterification/acetylation castor oil with ethyl acetate. GC conditions:

U

160-220 °C, 5 “C/min on a Rtx 2330. (A), acetates and (B), free alcohols.
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INTUNITVDY Eyring (24)

n=N h/Ve 20is' K (10)

Tag N,, vV ,hand R fio Avogadro’s number, molecular volume, Plank’s and gas constants, Aua 1AL,

AG“S fi® free energy of viscous flow.

~(AG|+AGy)/RT

Nblend = Ae (11)

<7 - @ Y = =y
A =N h/V;R, universal gas constant; T, absolute temperature. AIN0Y | AT 2 NIYAI TuTedura

wazil Tnseuara audiay
&1 V veanuens lulefmauazllasfaamanu liinmineg Idauns 12 .

InMpeng =10 A= (0 Apy +0A0,) / RT

(12)
Tay y fi® chemical potential; n, mole fraction.

o
aums 12 eunseaagiilu aums 13

InMppepng = 0y InMy ++n, Inm, , (13)
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Uszanmoneums 14 uaz 15 fo.

my X MW, .4

115U mass fraction,  Inm,,, . = (Inn, —Inn,)+ ln.n2 (14)
MW,
d, xV, x MW,
#1135V volume fraction, In Nplond = 1 ! blend (In ny - In 1’]2) +In M, (15)
dblend X MI/V]

Taw d Aoanuvuiy Mw walumna
3
<
NANUTIUGUUWARIERT auAT 12 Ansavgisaanuaunis 16

n(AH, —=TAS,) n,(AH, — TAS,)
RT RT

N Mg =104

n,AH, . n,AS, B (1-n)AH, N (I1-n)AS,
RT R RT R

In nb/end =InA4-
(16a)

IASIRYMTIn

AS, n,AS, n,AS, AH, nAH, nAH
lnmy,,, =Ind+ 2 ooy Aoy A, WAL TP

R R R RT RT RT
(16b)
c dn
lnnblend =a-+ bl’ll + -4 —
(17)
AS
lan a=InAd+—2%
R

(17a)
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1.64%.

30 25 20 15 10 5 0
3.71(0.93)  420(-128) 4.79(-2.33) 5.48(2.07) 630(-1.17)  7.28(2.48)  8.46 (1.92)
383 (-035) 435(-1.11) 495(2.12) 5.67(230) 6.52(-1.17)  7.53(1.71)  8.75(1.07)
3.97 (-0.66) 4.50 (-2.45) 5.12(-4.11) 5.86(-2.98) 6.74(-1.90)  7.78 (-0.01)  9.04 (1.24)
110 (-1.32)  4.65(-2.93) 5.30(-428) 6.06(-3.04) 6.96(-2.09) 8.04 (-0.40) 9.34(1.30)
125 (-0.60) 4.81(-1.10) 5.48(-4.55) 626(-2.53) 7.20(-2.82)  8.31(0.23)  9.65(0.23)
439(1.07) 4.98(-0.77) 5.67(3.20) 648 (-1.85) 7.44(-123) 859(1.27) 9.97(1.69)
4.54(0.56) 5.15(-1.16) 5.86(-3.52) 6.70(-1.94) 7.69(-0.28)  8.88(1.03) 10.30(2.28)
470(039) 533 (-1.07) 6.06(2.71) 6.92(-124) 7.95(0.61)  9.17(1.87) 10.64(3.60)
486(0.52) 5.51(-0.54) 627(257) 7.16(-042) 822(-0.61) - 9.48(4.89) 11.00 (1.46)

a = o a = o [y d A A o a g v T
QLZJ‘VIaT@ataﬂwﬁuﬂum‘?ﬁa%mumﬂﬂ G\jla"uﬁlujﬂaﬂﬂ@ﬂgiuﬂaqﬂLﬂa@uﬂluﬂWSWWHWUﬂﬂlﬂu3@‘Uag,’i]']ﬂﬂ“ﬂ

: AAD is 1.64%.

30 25 20 15 10 5 0
3.73(-0.13)  2.92(1.62) 3.30(1.88) 3.73(-0.13) 6.43(0.96) 7.45(2.20) - 8.69(0.83)

3.91(-043)  3.05(0.94) 3.45(1.56) 3.91(-043) 6.75(-0.29) 7.83(2.19)  9.14(-0.03)
4.09 (-1.15)  3.19(0.75)  3.60(0.53) 4.09(-1.15) 7.09(-1.12) 824 (1.95)  9.62(-1.18)
427(-129)  3.33(1.29)  3.76(0.97) 427(-129) 7.44(0.62) 8.66(-0.67)  10.13(-1.57)
4.47(042) 347(047) 3.93(i.18) 447(0.42) 7.82(0.68) 9.10(-0.46) 10.66(-1.98)
4.68(-1.02) 3.63(1.18) 4.11(0.96) 4.68(-1.02) 821(-023) 9.57(1.25)  11.22(4.46)
4.89(0.16) 3.79(1.12)  430(125) 4.89(0.16) 8.62(-0.47) 10.06(1.19) 11.80 (4..11)
5.12(-0.54) 3.95(1.63) 4.49(1.56) 5.12(-0.54) 9.05(-0.47) 10.57(0.52) 12.42(3.99)
535(0.13)  4.13(2.16)  4.69(2.06) S5.35(0.13)  9.51(046) 11.12(1.45) 13.07(5.12)
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o o =1 9 « H
TumsvineaatludovazainnIng s lay (2)

Biodiesels* n 20 40 60 80 100
1838.47 3.80n,
InNpjeng = —4.81 +0.367n, + T + T
SMEA25 025 203 -2.13 -335 -0.18 197
SMEAS0 0.5 3.62 240  -1.82  -026  3.05
SMEA75 075 411 -156 -1.78 -0.12  3.15
SMEA100 1.00 224 295 -331 -0.82 244
1828.60 90.90n
I, =-477+0.176n, + + ‘
T T
SMEB25 025 020 -561 -579 -2.81  1.15
SMEBS50 0.5 509 218 232 013 3.5
SMEB75 0.75 431  -1.56 225 -007 3.66
SMEB100 .00 020 -531 -539 355 1.52
1798.53 162.76nI
In LI -4.72 + 0.0710nl + +
T T
GMSME25 025 269 333 -361 -075 236
GMSME 50 0.5 457 -1.79 -1.89  0.14 347
GMSME 75 0.75 263 =332 -3.77  -0.75 296
GMSME 100 .00 345 281 -323 -053 272
182391 229.11n
lnn, . =-477-0.139n + $- ‘
T T
YGME25 025 338 -3.05 -3.61 -093  3.29
YGME 50 0.5 3.15 377 -3.58  -1.31 228
YGME 75 075 475 -151 212 114 437
YGME 100 .00 264 -342 -424 209 273

'SMEA, SMEB, GMSME and YGME stand for soybean methyl ester (obtained from Growmak [nc., natural soybean
methyl ester, genetically modified soybean methyl ester and yellow grease methyl ester, respectively.

NANSANEIT IAANLW 115815 Fuel Vol 89 (2010), 2775-2780.
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22




[3 o ' . Y g P a
9819 157911 A1 natural logarithn ANUNTiAvDa 2-ethylhexyl benzoate gl llauaunsy 21 Tasiian

R’ = 0.99991. lusimouasnniy veunamastianuansaiunuanurila ldaseaunsi 21 G, 4

38-41).
Inn=a+b'p Q@1

s £

qunTs 21 5mmwmmaﬂﬁaﬁ”‘uaumﬁﬁwuwmmwﬁmaam@"lmﬁ'umﬁmaﬁma%ﬁﬁsﬁ’mamm%n:»Ju
A19°] (42) Farfu mmwﬁﬂmsﬁmmﬁuuazqmwgﬁﬁiNf] ULEUAUIINAUNIIVBY Eyring (24) AUNY
AT UINVBINSAUD AT LB Martin(43) 1ufie

AGS. = AGvis(o) + po G (22)

vis

Ap=0, AGYs =AGy5(0) HUAD AGy50) 10 AGy qayaInIet 1Az differentiate A5 22 with
o o a a P 1 1
respect to p 218 9G, ;s = 6AGS, 1 5p Tfle §G, Bundsnudaszinfaounilasae 1 viwai

oy ieunuaIauns 22 asluauns 10 3218 aunis 23

e~(AGvis(0)+p5Gvis)/ RT

M, = A (23)
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c P
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AT 4 VBaaun1T 23 einsan 1dmaaTn15v0q Krisnangkura UazaniE (27) 61151 diiso-propyl

ether TiFATUEUANT 25, dibutyl ether Timaans 26 waz luTeRmalimauaunish 27

23




932.400 2.947

Innp=-4.297+0.021p + p
T T (25)

1192.430  0.127 |

Inn=-4.418+0.011p+ P
T T (26)
2335. 40.
Inp=—-6.608-0.126p + 335 98+p 80
r @7)

A o Y Y = c o w
ﬂ')UJT’Tqu’lﬂTu’JﬂﬂﬂiﬂﬂﬁiJﬂTi 25,26 40y 27 "lmammvlﬂumﬂw 4-6 Uy



13197 4 ANUNTIAVD diisopropy! ether ANARIAATIUINATNT 18911 1as Meng LasAME (3)

T/K  p/MPa n/mPas %A A T/IK p/MPa _ n/mPa-s %A A
243.15  0.10 0630 -1.83 -0.011 313.15  0.10 0.268  1.00 0.003 |
4.66 0.656  -1.40  -0.009 4.84 0282  1.59 0.005 |
10.07 0687  -0.62 -0.004 10.14 0300  1.33 0.004
1537 0719 -0.16  -0.001 15.55 0319 082 0.003
20.86  0.754  -0.09  -0.001 21.49 0341 0.18 0.001
253.15  0.10 0.542  -1.41 -0.008 323.15  0.10 0.244  1.11 0.003
472 0.565  -0.88  -0.005 4.76 0258 149 0.004
9.99 0.593  -0.49 -0.003 10.37 0275 097 0.003
1540  0.623  -0.62 -0.004 15.48 0292 099 0.003
20.74  0.653  -0.53  -0.003 20.78 0310 026 0.001
263.15  0.10 0471  -0.51 -0.002 333.15  0.10 0224  0.70 0.002
4.47 0.491  -031  -0.002 4.75 0237  1.00 0.002
9.49 0515 -020 -0.001 10.36 0.253 1.02 0.003
1449 0540 -026 -0.001 15.67 0269 087 0.002
19.64 0567  -0.63 -0.004 20.89 0286  -0.58  -0.002
273.15 0.1 0414  0.09  0.000 343.15  0.13 0206  0.02 0.000
4.69 0.433 030  0.001 4.39 0217 046 0.001
10.01 0457 029  0.001 9.53 0231  0.95 0.002
1529 0480  0.08  0.000 14.74 0246  0.30 0.001
2042  0.506  -0.41 -0.002 21.23 0267 -0.61  -0.002
283.15  0.10 0367 0.56  0.002 353.15 020 0.191  -125  -0.002
4.70 0.385  0.79  0.003 4.83 0203 023 0.000
10.10 0407  0.53  0.002 10.32 0217 039 0.001
1546 0430 020  0.001 15.76 0232 024 0.001
2136 0457  -0.15  -0.001 21.10 0248  -043  -0.001
293.15  0.10 0328 098  0.003 363.15 023 0.178 249  -0.004
4.47 0343 112 0.004 4.73 0.188  -0.64  -0.001
9.59 0.363 .18 0.004 10.17 0202  -0.13  0.000
1475 0383 058  0.002 15.83 0217  -0.63  -0.001
2045 0407  0.15  0.001 20.86 0231  -0.58  -0.001
303.15  0.10 0295 127 0004 373.15 03I 0.166  -3.79  -0.006
4.44 0310 088  0.003 4.73 0.176  -2.24  -0.004
9.50 0327 110 0.004 9.63 0.187 -1.06  -0.002
1465 0346 091  0.003 15.60 0202 -0.73  -0.001
1965 0366 022  0.001 21.68 0219 -1.60  -0.003

1 it~ Ncal, 2
oA =100 x 2HeTeal 2 A — o — g
e Lit cal
2
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MR 5 ANUNTIAUDA diibutyl ether ANUAAIAAADUINANT 011 1AT Meng unzAnz (3)

T/K  p/MPa n %A A /K p/MPa N %h A
253.15 0.1 1341 272 0.038 32315  0.10 0.483 060 -0.003
4.55 1.405 2.95 0.043 4.51 0507  -0.11  -0.001
9.65 1.483 3.68 0.057 9.57 0535 077 -0.004
1476  1.565 3.62 0.059 1463 0564 062  -0.003
19.76  1.650 3.87 0.066 1960 0595  -0.83  -0.005
26315 0.10 1121 0.38 0.004 33315 0.10 0.433 -0.03 0.000
4.65 1.176 0.54 0.006 4.49 0.453 0.41 0.002
10.00 1.245 0.90 0.011 9.58 0.479 0.39 0.002
1529 1316 1.19 0.016 1463 0.505 0.18 0.001
2052 1391 0.91 0.013 1962 -~ 0533  -020  -0.001
273.15  0.10 0950  -0.84  -0.008  343.15  0.10 0389 0.49 0.002
481 0998  -0.71  -0.007 ' 4.64 0.409 0.78 0.003
10.2 1057  -073  -0.008 9.64 0.431 0.92 0.004
1557 L1119  -0.86  -0.010 1473 0455 0.62 0.003
20.87 183 -1.06  -0.012 19.73  0.480 0.42 0.002
283.15 0.1 0814  -137 0011 35315 0.10 0.353 0.13 0.000
4.78 0.856  -1.40  -0.012 451 0.370 0.92 0.003
1015 0906  -1.77  -0.016 9.57 0.391 0.91 0.004
15.58 0959  -1.79  -0.017 1464 0413 0.95 0.004
20.83 1014 221 -0.022 1963 0.435 0.47 0.002
29315 0.10 0705 212 -0.015 36315 0.10 0322 050 . 0.002
475 0.741 200  -0.015 451 0.337 1 0.004
10.18 0785 213 -0.016 9.72 0.357 .49 0.005
547 0830 222 -0.018 15.3 0.379 1.24 0.005
2076 0878 272 -0.023 211 0.403 1.00 0.004
303.15  0.10 0617  -143  -0.009 37315  0.10 0.295 0.19 0.001
4.50 0.646  -1.18  -0.008 4.90 0310 131 0.004
9.57 0682  -124  -0.008 1017 0.328 1.60 0.005
1453 0719  -1.50  -0.011 1563 0348 1.55 0.005
19.67 0759 208  -0.015 2059 0367 1.67 0.006
31315 0.10 0.544 094  -0.005
451 0570 092 -0.005
9.60 0602  -0.85  -0.005
1465 0635  -1.06  -0.007
19.64 0669  -1.87  -0.012
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MUAAARTOUVINATNG 18911 1a8 Robertson and Schaschke (4)

p(MPa)

1.0 10 20 30

40

50

7.189(4.13)  8.890(5.66)  11.257(7.34)  14.254(8.99)
6.147(3.15)  7.420(1.02)  9.146(-1.41)  11.274(-3.89)
285(-14.23)  6.233(-13.64)  7.486(-12.99)  8.991(-12.34)
4.568(0.43)  5.267(-049)  6.170(-1.53)  7.227(-2.57)
3.860(532)  4336(623)  4.935(722)  5.616(8.21)

18.049(10.61)
13.897(-6.43)
10.800(-1.69)
8.466(-3.62)
6.391(9.19)

22.855(12.20)

17.131(-9.03)
12.972(-11.05)
9.918(-4.69)
7.274(10.15)
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Research Paper

Separation of acylglycerols, FAME and FFA in biodiesel by size
exclusion chromatography

Kanisa Kittirattanapiboon and Kanit Krisnangkura

Biochemical Technology Division, Schoot of Bioresources and Technology,
King Mongkut’s University of Technology Thonburi, Bangkok, Thailand

Size-exclusion chromatography separates solutes according to their molecular sizes. Free fatty acids
(FFA), fatty acid methyl esters (FAME) and monoacylglycerols (MG) of vegetable oils or animal fats have
very close molecular sizes and they cannot be baseline-separated on a single Phenogel column (100 A,
300 mm x 7.8 mm ID, 5 um) by using tetrahydrofuran (THF) as the mobile phase. When toluene is used
as the mobile phase, triacylglycerols (T'G), diacylglycerols (DG), MG and FAME are well separated but
there is no baseline resolution between DG and FAME. In addition, the elution order of MG and FAME is
reversed. However, baseline separation of all the above lipid classes can be achieved by using toluene
containing THE acetone, dichloromethane, ethyl acetate or acetic acid as the solvent modifier. Acetic acid
(0.25%) as the solvent modifier gives the best resolution and all the reference peaks are symmetrical. The
detection limit of each class of lipids is 0.1 pg. The correlation coefficient values (between 1 and 100 ug) of
all the lipid classes are better than 0.99. Thus, the determination of biodiesel products in the biodiesel

reactor is very much simplified.

Keywords: Acylglycerols / Biodiesel / Free fatty acid / Fatty acid methy! ester / Size-exclusion chromatography
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1 Introduction

As the world petroleum reserves have been diminishing,
attempts were made to develop alternative fuels for diesel
engines. Fatty acid methyl esters (FAME) or alkyl esters of
lower alcohols (known as biodiesel) have been produced and
their production increased rapidly from 0 in 1991 to 1.8 mil-

lion tons in 2003 [1]. Biodiesel has been widely accepted as ~

petrodiesel substitute because some of its physicochemical
properties, such as cetane number, heat content, viscosity,
cloud point and pour point, are very similar to those of diesel
No2 [2]. Furthermore, it is renewable, biodegradable and
non-toxic [3}. Thailand will start on a B2 (2% biodiesel in
petrodiesel) as a regular diesel fuel on April 2008.
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Biodiesel is produced by transesterification of triacylglyc-
erols (TG; vegetable oils or animal fats) with a short-chain
alcohol in the presence of an alkaline or acid catalyst. Typi-
cally, this fuel contains minor amounts of acylglycerols, which
include unreacted TG, diacylglycerols (DG) and mono-
acylglycerols (MG) together with free fatty acids (FFA). FFA
may derive from the oil or arise from hydrolysis of the oil. FFA
and total glycerol (free and acylglycerols) can initiate engine
corrosion and affect human or animal health by emission of
hazardous acrolein into the environment {4]. Accordingly,
maximum allowable amounts of FFA and acylglycerol are
included in the biodiesel specification of most countries.
Thus, a simple and reliable method is necessary for monitor-
ing FFA, acylglycerol and total contents of biodiesel. TLC
with a flame ionization detector (FID) was initially proposed
[5]. HPLC was reported as an alternative method for separa-
tion and quantification of FFA, acylglycerol and other biodie-
sel components. With a proper detector, derivatization is not
required. Reversed-phase HPLC has been used for the
separation of FFFA and acylglycerol, both in the isocratic and
gradient elution modes [6, 7). Generally, conditions were tai-
lored for separation of all lipid classes present in the biodiesel
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reactor. Thus, quantification of each lipid class is complicated.
Recently, Foglia et al. {8] were very successful in separation of
TG, biodiesel and petroleum diesel in a very short time.
Separation of the soy FAME and TG from petrodiesel was
accomplished on a silica column using an isocratic solvent
system of hexane (90%) and MTBE (10%) at a flow rate of
1 mL/min by normal-phase HPLC, but MG and DG were not
reported. Methyl oleate, oleic acid and trioleyl glycerol were
also separated by Moreau [9] on a LiChrosorb 7 um diol col-
umn with a step gradient system. After a comparison between
evaporative light scattering detector (ELSD) and UV spec-
trophotometric methods, the ELSD was preferred because its
response was directly related to the mass (weight) of the oil
injected [8]. On the other hand, FAME were partially evapo-
rated at a detector temperature of 40 °C and completely
evaporated at higher temperatures with an ELSD [9].

High-performance size~exclusion chromatography
(HPSEC), which separates solutes according to their molec-
ular sizes, was demonstrated for biodiesel product separation
[10-14]. The disadvantage of the available HPSEC method is
incomplete separation of all the biodiesel products on a single
column, especially MG, FFA and FAME, which have very
close molecular sizes. Three serially connected Styragel col-
umns of difference pore sizes (100 and 500 A) were required
for better separation of FFA, bound and free glycerols [13].
MG and FAME were baseline-separated, but TG and DG
were not. On the other hand, the great advantage of HPSEC is
that biodiesel products are separated into each lipid class.
Thus, identification and quantification are very much simpli-
fied. High-temperature GC has been recommended by the
ASTM and European standard committee for determination
of acylglycerols and FAME. FFA are determined by simple
titration. Biodiesel samples must be silylated prior to injection
into a high-temperature GC and they must not take a long
analysis time. In addition, due to its high separation power,
FAME and acylglycerols are separated into isomers. Thus,
identification of peaks is more difficult [15-19].

As pointed out above, HPSEC had the major advantage of
separating biodiesel products into lipid groups and of facil-
itating quantification, while the complete separation required
two or more columns connected in series. In this study, we
report the baseline separation of TG, DG, MG, FAME and
FAA on a single HPSEC Phenogel column (100 A, 300 mm
x 7.8 mm ID, 5pum) with mixed solvents as the mobile
phases.

2 Experimental

2.1 Materials

Used palm oil (FFA, 6.0%) was a gift of KFC International
(Thailand) Co. Ltd. (Bangkok, Thailand). Tripalmitoyl glyc-

erol, 1,2-dipalmitoyl glycerol, 1(3)-monopalmitoyl glycerol
and palmitic acid were purchased from Sigma Chemical

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Company (St. Louis, MO, USA). Palm oil methyl esters were
prepared according to Jeyashoke ez al. [20]. Solvents (HPLC
grade) were purchased from Labscan Ltd. (Bangkok, Thai-
land).

2.2 Transmethylation

Transmethylation of used palm oil was carried out at room
temperature as described in the IUPAC report [21] with a
slight'modification. Of used palm oil, 32 pLL was added into
3 mL of toluene in a 10-mL screw-capped tube. To the above
mixture, 0.1 mL 1% methanolic NaOH was added. The tube
was vortexed for 2 min. Transesterification was stopped by
adding 0.1 mL glacial acetic acid, and the product was left at
room temperature for 2 min. The separated organic phase was
washed with 1.0 mL of 4% Na,COj; and three times with
1.0 mL distilled water, dried over anhydrous Na,SO, and an-
alyzed by HPSEC.

2.3 High-performance size-exclusion
chromatography

HPSEC was carried out on a 100 A Phenogel column
(300 mm x 7.8 mm ID, 5 pm) (Phenomenex, Torrance, CA,
USA). The column was protected with a Bondapak C18
Guard Pak (Millipore Co., Milford, MA, USA). Because
there is a very small amount of C18 silica in the Guard Pak,
the retention times of all the lipid classes were not shifted when
the Guard Pak was removed. The HPSEC system consisted of
a pump model 510 (Waters Associates, Milford, MA, USA), a
Rheodyne 7125 valve injector, a 20-ul. loop, and a Sedex 55
ELSD (Sedere, Alfortvill, France). The detector temperature
was set at 30 °C and N, gas was set at 2 bar. Data were col-
lected and processed by CSW32 HPLC software (DataApex
Ltd., Prague, Czech Republic). The flow rate of the mobile
phases was 1.0 mL/min and their compositions were reported
in the text. The concentrations of the samples were 0.5 mg/
mL, each prepared in toluene. ’

3 Results and discussion
3.1 THF and toluene as the mobile phases

THEF and toluene have good swelling properties for cross-link
vinyl-divinyl benzene copolymer beads which are used for
size-exclusion chromatography. Thus, they are widely used as
mobile phases in HPSEC. However, only THF was reported
for the separation of acylglycerols and methanol in biodiesel
[13, 14]). Arzamendi et al. {13] showed that when a single
HRO.5 (Styragel 300 x 7.8 mm, 100 A) column was used,
TG and DG were co-eluted. Partial separation between TG
and DG was observed when an HR2 column (Styragel
300 x 7.8 mm, 500 A) was serially connected to. the HRO.5
column. A satisfactory separation between TG and DG
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required two HR2 and one HRO.5 columns connected serially.
The retention volumes of the solutes were approximately
double or triple. Although a single Stryragel column was
reported by Krisnangkura and Simamharnnop {22], an old
and obsolete guard column (Water Associate Inc.) packed
with silica gel to retard the polar solutes was required. Thus, a
proper amount and type (activity and particle size) of silica are
important for optimization. Schoenfelder [12] reported that
separation of TG, DG, MG and free glycerol required three
100-A (300 x 7.5 mm) columns connected in series and the
analysis time was about 50 min. Figure 1A shows that stand-
ard TG and DG, and MG and FAME (0.5 mg/mL each) are
not well separated on a 100-A Phenogel column eluted with
100% THF ata flow rate of 1 mL/min, and FFA are co-eluted
with FAME. In the separation of bound and free glycerols
with 3 x 100 A Plgel columns, Schoenfelder [12] noted that
FFA were co-eluted with MG and quantification was limited
to samples of less than 1% FFA.

Although Phenogel and HRO.5 both have the same pore
size of 100 A, separations of TG and DG on these two col-
umns are very different. Resolution between TG and DG is
about 0.7 with the Phenomenex 100-A column, but they
were co-eluted from the Styragel HRO0.5. According to the
manufacturer’s information, toluene is as good as THF in
swelling the polyvinyl-divinyl benzene Phenogel. When 100%
toluene was used as the mobile phase (with the same flow
rate), the elution times of TG and FAME were unchanged,
but the retention times of DG and MG were prolonged.
Baseline separations between TG and DG and MG and
FAME were achieved, but the DG peak was shifted too close
to the FAME peak. However, the partal resolution of DG
and FAME in Fig. 1B was acceptable. The separations are
almost comparable to that reported by Arzamendi. et al. {13]
for three serially connected Styragel columns of different
pore sizes, eluted with THE However, FFA is co-eluted with
FAME in Fig. 1A, but it cannot be eluted in the analysis time
and cannot be found in the chromatogram (Fig. 1B). A
detailed consideration of the molecular structures of all the
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solutes indicates that the shift in retention times of DG and
MG may be directly related to the hydroxyl group(s). DG
and MG have one and two free hydroxyl groups in the
molecules, respectively, whereas TG and FAME have no free
hydroxy! group and the latter two solutes are eluted approx-
imately at the same retention times in both mobile phases
(THF and toluene), suggesting that the retardation of DG
and MG may arise from an interaction between the hydroxyl
group(s) and the gel matrix. The interaction force should be
stronger in toluene than in THE In addition, MG which has
two hydroxyl groups shows a larger shift in retention time
than DG which has only one hydroxyl group. FFA which has
a polar carboxylic group strongly interacts with the gel matrix
and it is not eluted from the column in the analysis time.
Normally, the Phenogel matrix is more aromatic and it is not
expected to interact strongly with hydroxyl or carboxylic
groups. However, this peculiar observation may arise from a
small amount of impurity in the Phenogel (e.g. initiator or
activator for polymerization). If the speculation is correct, it
would be possible to separate all these biodiesel products on a
single column by mobile phase engineering. To verify the
above speculation, mixtures of toluene and THF of different
ratios were tested.

3.2 Modified mobile phases

Toluene containing THF higher than 2% (v/v) was effective in
separating acylglycerols and FAME. However, FFA, if present
in the sample, cannot be separated from MG as shown in
Fig. 2A. FFA cannot be eluted (in an appropriate time) with
100% toluene but they are co-eluted with FAME in 100%
THF (Fig. 1), suggesting that FFA retention is very sensitive
to the amount of THF in toluene. A simple reason is that the
elution strength of THF (100%) may be too high and FFA are
co-eluted with FAME while the elution strength of toluene is
too low to elute FFA from the column in a shorter time. One
percent of THF in toluene (v/v) is a good mobile phase
(Fig. 2B), but half a percent is even better (Fig. 2C).

2504 +e FAME+FFA
A THF MG
f
200
= ] k’
(] 1504 ¢ \
& ~ FAME
g 1004 B Toluene . "7\
3 TG
i g
] | }/\\ | )l \
5 \u v \
0 v : v v 1 ;
0 2 4 6 10 12

Time  {min]

Figure 1. Chromatograms of a standard mixture of TG, DG, MG, FAME and FFA (0.5 mg/mL each in toluene) with ELSD detection.
{A) 100% THF as the mobile phase; (B) 100% toluene as the mobile phase. TG: triacylglycerols {vegetable oil), DG: diacylglycerols, MG:
monoacylglycerols, FAME: fatty acid methyl esters (biodiesel), FFA: free fatty acids.
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Figure 2. Chromatograms of a standard mixture of TG, DG, MG, FAME and FFA (0.5 mg/mL each in toluene) with toluene containing:
(A) 2.0% THF, (B) 1.0% THEF, and (C) 0.5% THF as the mobile phases. For abbreviations, see Fig. 1.
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Figure 3. Chromatograms of a standard mixture of TG, DG, MG,

FAME and FFA (0.5 mg/mL each in toluene) with toluene and 0.5%

dichloromethane (A), 0.5% ethyl acetate (B), 0.5% acetone (C), 0.5% acetic acid (D) and 0.25% acetic acid (E) as the mobile phases. For

abbreviations, see Fig. 1.

3.3 Effect of other solvents on the elution of
acylglycerol, FAME and FFA

The effects of solvents on the retentions of alkanes and aro-
matics with similar molecular volume in HPSEC have been
reported by Bergmann and Duffy {23]. The effects were an
association between the aromatic and the polystyrene/divinyl
benzene gel. The effects of THF on the elution of DG, MG
and FFA are of interest, because these solutes are not aro-
matic. THF seemed to affect polar solutes having at least a
free hydroxyl or a free carboxylic acid group. Three other
solvent modifiers, dichloromethane, ethyl acetate, and ace-
tone, were tested. They have approximately the same polarity
indices (3.1, 4.4 and 5.1, respectively) as THF (4.0) [24].
Figure 3A—C shows that the overall elution times of DG, MG
and FFA are decreased as the modifiers’ polarity indices
increased. On the contrary, THF has a polarity index of 4.0,
which is lower than those of acetone (5.1) and ethyl acetate
(4.4), but it can elute FFA from the column in a shorter time.

© 2008 WILEY-VCH Verlag GmbH & Go. KGaA, Weinheim

Therefore, the elution mechanism of solutes in Phenogel is not
entirely based on molecular sieving and the polarity index of
the mobile phase. There is an interaction between the polymer
matrix and the polar group of the solutes, especially the hy-
droxyl and the carboxylic groups. These may include hydro-
gen bonding. THF is a weak Lewis base. It can accept acidic
protons from other molecules (FFA or alcohol). Therefore,
the interaction between acid or alcohol with the Phenolgel
matrix is decreased, resulting in a faster elution of these
solutes. The carbonyl oxygen of other solvents, such as ethy!
acetate and acetone, can also form hydrogen bonds with the
solutes, but their hydrogen atoms at the a-carbon are acidic.
Thus, the tendency to accept acidic protons from other
molecules is decreased. According to the chromatograms in
Fig. 3A~C, it may be concluded that all the tested solvents
(dichloromethane, ethyl acetate, acetone and THF) can be
used as modifiers of toluene for the separation of biodiesel into
lipid classes. However, tailing of the FFA peaks is observed in
all these modifiers. Thus, all the above modifiers cannot
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Table 1. Quantification of five lipid classes generally found in biodiesel products by area normalization (five

injections).
[wi-%]
Lipid classes 1 2 3 4 5 Average AS
TG 19.75 19.46 19.87 19.89 19.54 19.70 0.30
bG 19.84 20.61 19.96 20.18 20.39 20.20 -0.20
FAME 20.86 19.88 21.11 21.12 21.46 20.89 -0.89
FFA 19.50 19.59 19.46 19.27 19.52 19.47 0.53
MG 20.05 20.45 19.60 19.53 19.08 19.74 0.26
$ A% is the deviation of the percent area from 20.
TG DG
1204
A .
100 Palm Oil
E 80/
LY
2}:
£ 60
- B Partial Transmethylation Palm Oil
20

2 4 6
Tine [min]

@ 4

10

Figure 4. Chromatograms of used palm oil {about 9.0 mg/mL in toluene) (A} and partial transmethylation of used palm oil (about 9.0 mg/
mL in toluene) (B) with toluene containing 0.25% acetic acid. For abbreviations, see Fig. 1.

totally prevent the interaction of the free carboxylic group
with the Phenogel matrix. When 0.5% acetic acid was used as
a modifier (Fig. 3D), the FFA tail disappeared and their
retention times were drastically shortened. FFA were eluted
slightly after FAME but the elution order between MG and
FFA was reversed. With an acetic acid concentration of 0.25%
(Fig. 3E), a better separation between FAME and FFA was -
achieved and good for monitoring the biodiesel reaction which
usually had very large amounts of FAME. In addition, the
analysis time of the whole-chromatogram takes about 12 min,
at a flow rate of 1.0 mL/min.

3.4 Quantification of transmethylation products of
used palm oil at room temperature

Table 1 shows the percent areas of five lipid classes (generally
found in biodiesel products) separated by Phenogel HPSEC.
The averages of five injections for TG, DG, FAME, FFA-
and MG are 19.70, 20.20, 20.89, 19.47 and 19.74. The

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

errors are 0.30, —0.20, ~0.89, 0.53 and 0.26, respectively.
The detection limit for each class of lipid is 0.10 pg and the
linearity (correlation coefficient) for all of the above lipids is
better than 0.99.

Transmethylation was carried out as described in the
Experimental section. Nevertheless, the purpose of this
experiment was to set up an incomplete transmethylation such
that all the acylglycerols and FAME can be found in the reac-
tor. FFA was about 6.0% in the used palm oil (Fig. 4A). The
conversion of TG to methyl ester (biodiesel) was 70% in
1 min. Figure 4 is the HPSE chromatogram of the products in
the partial transmethylation of used palm oil, using toluene/
acetic acid (99.75 : 0.25) as the mobile phase. Transmethyla-
tion was completed in 5 min. DG and MG were detected in
the incomplete transesterification, as shown in Fig. 4B. The
amount of DG intermediate was higher than for MG, sug-
gesting that the conversion of TG to DG was the rate-limiting
step. This is consistent with the report of Arzamendi et al.
[13].
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4 Conclusion

Acylglycerol, FAME and FFA in biodiesel can be baseline-
separated by a single Phenogel 100-A column (100 A,
300 mm x 7.8 mm ID, 5 pm) eluted with toluene containing
0.25% acetic acid. With an ELSD, all these classes of lipids
can be rapidly separated and quantitated.

The mechanism of separation in Phenogel HPSEC, with
toluene as the mobile phase, is not purely molecular sieving.
Adsorption of hydroxyl and carboxyl groups by the gel matrix
is observed. The interaction between these polar solutes and
the gel matrix is weakened by adding a small amount of polar
solvents. Among the modifiers investigated, 0.25% acetic acid
is optimal for the separation of these lipid classes.
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The fatty acid compositions of vegetable or other plant seed oils are generally determined by gas chro-
matography (GC). Methyl esters (the most volatile derivatives) are the preferred derivatives for GC
analysis. Esters of higher alcohols are good for the separation of volatile and positional isomers. All the
esters of the C,—Cy alcohols of vegetable oils were silmilarly prepared by passing the reaction mixture
containing the desired alcohol, oil and tetrahydrofuran through the micro-reactor (a 3-ml. dispossible
syringe packed with 0.5 ¢ of NaOH powder). 'he reaction products were acidified with acetic acid and the
mixture was analyzed by high-performance size exciusion chromatography and GC. Transesterification
was quantitative for primary alcohols, but an appreciable amount of free fatty acids was formed for scc-
ondary alcohols. Coriander sced oil was quantitatively esterified with 2-ethyl {-hexanol with the micro-
reactor in less than 1 min. Oleic and petroselinic acid 2-ethyl 1-hexyl esters are baseline separated on an

Rtx-2330 capillary column (30 m x 0.25 mm, 0.25 pm film thickness).
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1 Introduction

Esterification of carboxylic acids and transesterification of

esters have a wide academic interest and many industrial
applications. Biodiesel is a good example of an industrial
application. In academic laboratorics, fatty acids in living tis-
sues are preferentially converted to their methyl esters and
analyzed for their compositions by gas chromatography (GC)
[1-4]. Methods for the preparation of fatty acid methyl esters
(IFAME) have been reviewed by Liu [5]. In general, for the
esterification or transesterification of carboxylic acids or esters
with alcohols, homogeneous catalysts such as mineral acids,
alkali metal hydroxides and alkoxides are usually used [6-8].
Acid catalysts are less sensitive to water, and both free fatty
acids (FFA) and their esters can be esterified and transester-
ificd simultancously [3]. Thus, they were good for in situ
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transesterification of plant seed oils for GC analysis [9].
Transcsterification of fatty acids with anhydrous and aqueous
HCI/MeOH was introduced in 1959 [10] and 1982 [11],
respectively. Both H,S0,/MeOH and HCYMeOH were offi-
cially recognized by the Association of Official Analytical
Chemists [12]. Complete transformation of triacylglycerols (o
methyl esters took about 2 h at reflux temperature. Esterifica~
ton of FFA with boron uifluoride in methanol is rapid.
Quantitative yield of the corresponding ester could be
obtained within 2 min [13], but transesterification of tri-
palmitin required approximately 25 min, in 25% boron tri-
fluoride-methanol, 20% benzene, and 55% methanol [14].
Alkali-catalyzed transesterification is very much faster

than acid catalysis [15], but the reaction is very sensitive to

trace amounts of water or moisture. Moreover, an alkali cata-
Iyst cannot convert FFA to esters. Among the alkali catalysts,
sodium methoxide in anhydrous methanol has been one of the
most popular catalysts. Industrially, NaOH and KOH i
methanol are preferred catalysts for biodiesel production, due
to their wide availability and low cost. Nonetheless, when
NaOH or KOH is used as the catalyst, alkoxide is generated,
which is the actual catalyst [16]. Reaction temperatures varied
from ambient to refluxing, and the reaction times were from a
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few seconds to 1 h {3]. Arzamendi er al. {17] reported that all
alkali metal (I.i, Na, K, Rb, Cs) hydroxides were active cata-
lvsts and litde differences were found among them. Lithium
hydroxide seemed to have an induction period, but the con-
version yield was close to the other atkali hydroxides after
90 min. The effects of alcohol-to-oil molar ratios on the con-
version yield have been reported {6, 8]. Recently, solid cata-
lysts have been extensively investigated for use in transester-
ification. Generally, reactions require drastic conditions and
longer time [18]. Beside the catalysts, temperature is another
important factor which accelerates the rate of transesterifica-
ton and other chemical reactions. Microwave radiation has
been reported to be an efficient heating tool which accelerated
and shortened the time for transesterification [{19-21].

From the above-cited literature, alkali mertal methoxides
and hydroxides are the most effecdve catalysts. Transester-
ification can be performed under mild conditions and com-
pleted in a shorter time. Thus, in this study, a micro-reactor
packed with alkali metal hydroxide is invented for the trans-
esterification of plant seed oil at room temperature in a very
short time. Many esters can be produced in less than 1 min,
and they are suitable for GC analysis.

2 Experimental
2.1 Materials

Refined soybean oil (SBO) was purchased from a local
supermarket (Bangkok, "Thailand). Coriander seed was
obtained from a local "Thai medicinal shop (Bangkok, Thai-
land). C,—C5 alcohols and solvents were of reagent grade and
obtained from Lab Scan Co. (Bangkok, Thailand). Higher
alcohols were from Aldrich-Sigma Chemicals Co. (St. Louis,
MO, USA). NaOH, KOH and soditum methoxide were of
reagent grade and purchased from Fluka (Buchs, Switzer-
land).

2.2 Transesterification micro-reactor

The micro-reactor was prepared by plugging a small piece of
cotton wool at the bottom outlet of a disposable syringe
(3 mL) and 0.5 g of ground NaOH was packed on top of the
cotton wool. The micro-reactor was used for transesterifica-
tion.

2.3 Extraction of coriander seed oil

Coriander seed was dehulled and ground in a mortar. Of the
ground kernel, 0.1 g was added into 1 mL tolucne. The mix-
ture was vortexed for 1 min and the solid was allowed to settle.
One tenth of the clear soluton was pipetted into a
13 x 45 mm, 4-mL vial, dried in a stream of N, and dissolved
with 1 mL tetrahvdroluran (THF)/2-ethyl hexanol 1:1 (vol/
vol) mixture. The mixtwure was ready for transesterification.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.4 Transesterification

Transesterification was carried out by dissolving 2 nl. SBO
in 1 mL of an organic solvent containg the desired alcohol.
The organic solvent was used to lower the polanity of
methanol and other alcohols and used as a co-solvent for
alcohol and oil. The concentration of alcohol was 4 M in
organic solvent. Transesterification was started by passing
the solution through the micro-reactor gravitationally. The
clution rate depended very much on the fineness of the
ground NaOH. It was adjusted manually by the plunger
provided. The suitable elution tme was about 30-45s.
Another 1 mL of the solvent/alcohol mixture (no oil) was
added to wash the micro-reactor. The wash tme was about
20 s. The combined eluent was acidified with 0.1 mL glacial
acetic acid and the mixture was ready for analysis by high-
performance size exclusion chromatography (HPSEC). The
addidon of acetic acid was neccessary. If the mixture were
not acidified, . the - ester product would be continuously
hydrolyzed to FFA by the dissolved NaOFH.

2.5 High-performance size exclusion
chromatography

HPSEC was carried out according to Kittiratanapiboon
and Krisnangkura [22]. The HPSEC system consisted of a
pump model 510 (Waters Associates, Milford, MA, USA),
a Rheodyne 7125 valve injector, a 20-pL. loop and a
Sedex 55 evaporative light detector (ELSD;
Sedere, Alfortvill, France)}. The detector temperature was
set at 30 °C and the N, gas pressure was 2 bar. Data were
collected and processed by CSW32 HPLC software
(DataApex Lid.. Prague, Czech Republic). The reaction
mixture was analyzed on a 100 A Phenogel  column
(BO0mm x 7.8 mm i.d., 5pm) (Phenomenex, Torrance,
CA, USA) protected with a Boendapak C18 Guard Pak
(Millipore Co., Milford, MA, USA). Toluene containing
0.23% acetic acid was used as the mobile phases at a flow
rate of 1.0 mL/min.

scatlering

2.6 Gas chromatography

GC analysis was carried out on a Shimadzu gas chromato-
graph model 2010 (Shimadzu Inc.) equipped with an FID
and a split-splitless injector. An Ritx-2330 (90% biscyano-
propyl, 10% cyanopropylphenyl polysiloxane) capillary col-
umn (30 mx0.25mm id, 025um film thickness) was
obtained from Restex International (Bellefonte, PA, USA).
The chromatographic conditions were as follows: helium
carrier gas flow, 2 mL/min; nitrogen makeup gas flow,
30 mL/min; detector/injector temperature, 230 °C; split ratio,
about 50 : 1.
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3 Results and discussion
3.1 Type of catalyst

As 1t was pomnted out in the above section that, among the
alkali catalysts, sodium methoxide in anhydrous methanol is
onc of the most popular catalysts for the preparation of
FAME. The results in Fig. | show that the micro-reactor
packed with NaOH is the most promising for rapid prepa-
ration of FAME from SBO. Quantitative yicld of FAME
was obtained when SBO (2 pl) was dissolved in 1 mL of
THE/methanol {10:2 volfvol). No FFA were observed in
the HPLC chromatogram. Conversion of SBO was also
complete by the KOH micro-reactor, but a large amount of
FFA (about 8.0%) was formed as the by-product. The
formation of FFA in the. KOH micro-reactor might be
ascribed to the higher hygroscopicity of KOH than that of
NaOH. KOH tends to rapidly adsorb the atmospheric
moisture during grinding, especially in the hot and humid
surroundings in Bangkok city. The amount of FFA formed
depended upon humidity and time spent for the grinding
(data not shown). Protection from moisture adsorption by
KOH is not easy.

When sodium methoxide was used as the catalyst in the
micro-reactor, the -conversion of SBO to FAME was not
complete. Both di- (1.8%) and wiacylglycerols (14%) were
found in the reaction mixture. Also trace amounts of FFA
were observed (Fig. 1). The results in this study are in
good agreement with those reported by Vincente et af. {23],
re. that among the three catalysts (NaOH, KOH and
NaOCH;) NaOH was the fastest. Therefore, NaOH was
;l}c\sel1 as the catalyst for the subsequent transesterification
studies.
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3.2 Effects of co-solvents on transmethylation

The transmethylation rate of vegetable oils depended on the
catalyst concentration 24, 25], alcohol-to-o0il molar ratio {6,
8], temperature, and on how well the reactants and catalyst
were mixed [26]. The transmethylation rate was greatly
enhanced in the presence of an organic co-solvent [8, 27].
Thus, transmethylation at saturating concentrations of cata-
lyst and at a higher molar ratio of alcohol to oil in the presence
of an organic co-solvent would be expected to proceed rapidly
at room temperature. Although the molar ratio of alcohol to oil
was set at 2000 : 1, lower molar ratios of methanol to oil were
tested and the ester yields were not satisfactory (results not
reported). With the methanol-to-oil molar ratio of 2000 : 1,
the transmethylation of SBO in different co-solvents is shown
in Fig. 2. The two most effective solvents, which yield over
99% conversion of triacylglycerols, are THEF and di-n-butyl
ether. However, THF yields only FAME as the reaction
product, whereas di-u-butyl ether shows a large amount of
FFA (about 18%) beside FAME. Toluene is the third most
effective co-solvent (92% conversion), followed by di-iso-
propyl ether (90% conversion), dioxane and diethyl ether
(about 80% conversion). With all the solvents tested, except
for di-n-butyl ether, there were no FFA, monoacylglycerols
and diacylglycerols detected in the reaction products. Thus,
THF turned out to be the best co-solvent for the transmethy-
lation for SBO.

3.3 Transesterification of SBO with other alcohols

Figure 3 shows the transesterification of SBO with C;~Cy 7~
alcohols in THE Each alcohol concentration is approximately
4 M in THE SBO was effectively and rapidly transesterified

Figure 1. Chromatogram of trans-
methylation of SBO with the micro-
reactor packed with NaOCH;, NaOH
and KOH. HPSEC conditions: Pheno-
gel 100 A, 7.8 x 300 mm, eluted with
0.25% acetic acid in toluene at a flow
rate of 1 mL/min.
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Figure 2, Chromatogram of trans-
methylation products of SBO with the
micro-reactor in different co-solvents.
HPSEC conditions: see Fig. 1.

Yoltiage {1V}

Figure 3. Chromatogram of transesterification
products of SBO with different n-alcohols (C,—

Timte fain. ]

with all the tested alcohols in the micro-reactor packed with
NaOH. Transesterification was complete and there were no
monoacylglycerols, diacylglycerols, triacylglycerols and FEA
detected in the reaction products. The retention gmes of
the esters gradually decreased as the alcohol chain length
increased. This is normally expected in size exclusion
chromatography. The results in Fig. 3 suggested that the
micro-reactor packed with NaOH is also suitable for the
preparation of fatty acid esters of higher alcohols for GC
analysis.

3.4 Transesterification of SBO with jso-alcohols

Iso-alcohols have a methyl and another alkyl group on both
sides of the alcoholic group. They are relatively hindered
compared to their primary isomers. It is expected that the fso-
alcohols would react more slowly with SBO than the primary
alcohols. The results in Fig. 4 show that all the fso-alcohols can
react rapidly with SBO in THF (no triacylglycerols left in the

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

4 ' Cg) in the presence Qf THFE. HPSEC conditions:
see Fig. 1.

reacuon), but both fatty acid esters and FEFA are formed as the
reaction products. FFA formed in the reaction were between
14 and 17% for 2-propanol, 2-pentanol, 2-hexano! and 2-
heptanel, while 2-butanol and 2-octanol gave 20 and 25%
FIFA, respectively. The formation of FFA from the transester-
ification of SBO with ise-alcohols was unexpected. FFA are
usually derived from water in the reactor {28). However, the
results in Figs. 2 and 3 show that the THF transesterification
systems are relatively anhydrous and no detectable amounts of
FFA are found in the reaction product. Therefore, there
should be another pathway for FFA formation, According to
Sridharan and Mathai {16], alkoxide was formed when NaOH
or KOH was mixed with alcohol, and it was the actual catalyst.
Dossin er al. [29] proposed the catalytic role of the metal ion in
polarizing the ester, such that the alkoxide could attack the
positive carbonyl carbon at a faster rate as shown in Fig. 3.
The formation of the methoxide from the hvdroxide ion is
feasible because the pK, values of methanol and waler are ap-
proximately the same (~~16) [30}.
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Figure 4. Chromatogram of transesterification

e - . ... products of SBO with different iso-alcohols (Cs~
0 2 3 6 3 16 14 C,) in the presence of THF. HPSEC conditions:
Tunte {min.} see Fig. 1.

RO

Ry-OH ¢ RV

Figure 5. Catalytic role of metal ion in transesterification [29].

"Thus, it is expected that the methoxide 1on would be more
active and a very high vield of methyl ester in the ransmethy-
lation of vegetable oil is obtained. On the other hand, if the
reaction time is prolonged, the hydroxide ion will react slowly
with the oil or the esters (reaction products) and sodium soap
(the dead-end product) is formed. More and more FTA
accumulates in the reaction product. Thereflore, increasing the
reaction time would not always be the best for the preparation
of ester in high yvields. Azcan and Danisman {31} reported that
the vield of FAME wus opumum at 30 min and decréased as
the reaction time was increased. For secondary alcohols, the
pK, values are about 18; hence, at equilibrium, the hydroxide
ion concentration would be much greater than the alkoxide
ion. In addition, the bulky alkyl groups would slow down the
rate of transesterification. This would open a chance for the
hydroxide ion to react with the oil and the ester-to form IFTFA.

3.5 Transesterification of SBO with 3- and 4-octanols

As pointed out in the above scction, ise-alcohols tend to
transesterify SBO at a slower rate and the lower reaction rate is
partly due to steric effects of the two alkyl groups close to the
hydroxyl group. Itis expected that 3- and 4-octanols would be
more sterically hindered than 1- and 2-octanols; therefore,
transesterification would be very slow. The results in Fig. 6 are

© 2009 WILEY-VCH Vertag GmbH & Co. KGaA, Weinheim

a good support that transesterification of SBO with 3- and 4-
octanols is slow and leads o incomplete conversion of SBO
o the corresponding esters. About 68 and 54% conversion
were observed in the transesterification of these two second-
ary alcohols, respecuvely. In addition, appreciable amounts
of FFA (-~33%) were formed. The intermediate di- and
monoacylglycerols were also present in the reaction products.
The formation of FFA can be ascribed to the slow reaction
rate of the hindered alkoxides on the .wiacylglycerol, thus
opening the chance for the hydroxide ion as discussed in the
above secton.

3.6 2-Ethylhexy! ester of coriander seed oil

According to Isbell e al. [32], methyl oleate and petrosclinate
could not be separated by GC but 2-cthylhexyl petroselinate
and olecate could be baseline separated on a SP-2380 capillary
column (0.25 mm i.d.x30 m x0.25 um f{ilm thickness). 2-
Ethyl hexanol is a primary alcohol of cight carbon atoms.
Thus, transesterification of seed oil with this alcohol should be
similar to that of 1-octanol. Figure 6 shows that transester-
ification of coriander oil, which contains both oleic and
petroselinic acids, with 2-ethyl hexanol in the micro-reactor is
complete, with no FFA formed in the reaction product. The
two esters and 2-ethylhexyl vaccenate are well separated on an
Ritx 2330 capillary column (0.25 mm 1.d. ©30mx0.25 pm
film thickness) (Fig. 7). However, the methyl csters of these
three isomers co-elute in the same column (Tig. 7).
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Kinematic viscosity (1) is an important property of diesel fuels, including biodieseis, which are marketed
mostly as the blends in many countries around the world. In this study, the free energy of viscous flow
(AG,;s) for a non-associated liquid mixture is assumed to be the summed of AG,; of individual compo-
nents. Hence, the Eyring's equation, 1 = Ae{—AG,;[RT), is transformed to Infyeaq = a + bny +¢fT+dny|T
(where, a, b, c and 4, T and n, are thermodynamically related constants, absolute temperature and mole
fraction of biodiesel, respectively). The transformed equation is used to predict kinematic viscosity of bio-

lé:r;/;«{z;:ls. diesgl blends (#uiena) of different degree of blending at any temperatures from pour point to 100 °C. The
Enthalpy _ predicted kinematic viscosities are in good agreement with those reported in literatures at all tempera-
Fatty acid methyl ester tures. The highest deviation is +5.4% and the average absolute deviation (AAD) is less than 2.86%. The
Free energy transformed equation can also be used to predict kinematic viscosities of pure fatty acid methyl esters
Viscosity in diesel fuel. Methyl ricinoleate is an exception. The AAD is 4.50% and the deviation is as high as

12.80%. The high deviation suggests that molecular interactions between methyl ricinoleate and diesel

fuel is high and cannot be ignored.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Neat vegetable oils were primarily considered as alternatives
for diesel fuel but their very high viscosity, at room temperature,
made themn unsuitable in diesel engines. Thus, methyl esters of
plant or animal oils (known as biodiesel), which are very much
lower in viscosities than the neat oils were considered to be the
promising alternatives and have been commercialized in many
countries around the world. The effect of viscosity on the atomiza-
tion process was well described by Msipa et al. [1]. Atomization is
the first stage of combustion in the diesel engine. Oxygen in the air
will react rapidly with fuel on the outer surface of the oil droplet
and releases a tremendous amount of heat to the surrounding. This
will initiate other competitive chemical reactions, such as charring
or coking and polymerization. Thus, higher viscous liquids, which
tend to form larger droplet size, may enhance the polymerization
reaction, especially oil of high degree of unsaturation. The prob-
lems of using high viscosity oil in diesel engine have long been rec-
ognized {2,3]. Although, viscosity is an important factor for
biodiesel, methods for estimation of biodiesel viscosities are few
[4-7] compared to those for petroleum. In addition, biodiesels

* Corresponding author. Tel.: +662 470 7759 {ax: +662 452 3479.
E-mail address: kanit.kri@kmutt.ac.th (K. Krisnangkura).
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are marketed mostly as the blends (with petroleum diesel) for uses
in diesel engines and the methods for estimation of the viscosity of
biodiesel blends are even fewer {8-11]. The general equation for
calculation the kinematic viscosity of a blend was formulated as
[12}:

k k ’
g =>"mlnng+ > S G ®
i=1

i

where n; and n; are mole fractions of components i and j, Gy the
interaction parameter, k the number of components.

For biodiesel, the interaction Gy was small and could be ne-
glected. Therefore, the simplified Eq. (2) was proposed by Allen
et al. {4] for prediction the kinematic viscosity of biodiesel from
its fatty acid composition.

K
I =% "nilny, 2)
i1

Graboski and McCormick {13] pointed out that kinematic vis-
cosity of the blend was lower than would be predicted from a lin-
ear combination model, because dissolution of biodiesel in D-2 -
minimized intra-molecular interactions.

On the contrary, Yuan et al. [10] reported that the kinematic
viscosities of biodiesel blends estimated by Eq. (2) were generally
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lower than the measured values. Hence, the interactions between
biodiesel and diesel fuel always existed and Eq. (1) should be used
for prediction of the kinematic viscosity of biodiesel blend. How-

i ever, the Gy was difficult to specify. Therefore, the weight factors

were introduced to correct the difference between experimental

¢ and predicted values and the equation took the form:

k

Innp =" windn

i-1

3)

where w; is weight factor of the i component.
However, Conclave et al. [14] reported that the average absolute

. deviations (AAD) in kinematic viscosities of triglycerides computed

by Eq. (2) was not greater than 10%.
The effect of temperature on the kinematic viscosity of biodiesel

* blends or any other non-associated liguids is best described by

7 = Ae®T

! Andrade equation (Eqg. (6)).

(4)

where A and B are constants. T is absolute temperature. Eq. (4) can

: be used to predict the kinematic viscosity up to approximately the
' normal boiling point of the liquid. Comparing Eq. (4) to the reaction
i rate, an equation (Eq. (5)) similar in form to Eq. (4} was proposed by
¢ Eyring [15].

- 1] = NphfVe: GfT

()

. where Na, V, h and R are Avogadro’s number, molecular velume,
- Plank’s and gas constants, respectively. AGy; is the free energy of
- viscous flow.

Several modifications of Eq. (4) were made to extend the tem-

perature range [16,17]. Makhija and Stairs [18] modified Eq. (4).

Elni7:s+

for associated liquids, by adding a third variable parameter as

i shown in Eq. (6).

B
T—To ©)

where s, B and Ty are constants.

The effect of temperature on kinematic viscosity was also pro-

| posed by Liew et al. {19] as shown in Eq. (7).

logn =a+bT

7

‘where a and b are constants.

Careful measurement of the comimercial biodiesel blended with

i No. 1 and No. 2 diesel fuels, Tat and Van Gerpen [6] concluded that
" the kinematic viscosities of biodiesel blends were well fit by Eq.

(8).

B+£
T 72

In our previous work, AG,;; was assumed to be linearly re-

Ing=A+ (8)

lated to the carbon number of the same homologous series

and it was expanded to determine kinematic viscosity of satu-
‘rated fatty acid methyl esters at different temperatures {20}]. In
(this study, AGy;s (in Eq. (5)) is assumed to be the free energy
tof viscous flow of biodiesel blend, which derives from the sum
jof biodiesel and petrodiesel. Substitution of basic thermody-
‘namic parameters into Eq. (5). an equation is obtained and used
.to predict kinematic viscosities of biodiesel blends at any tem-
‘peratures (0-100 °C).

2 Theory

As mentioned above, AGy; (in Eq. (5)) is assumed to be the free
%energy of viscous flow of biodiesel blend, which derives from the
isum of the free energies of viscous flow of biodiesel and petrodie-
sel, as shown in Eq. {9).

1
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3Gty +8G iy, RT
”blend = Ae' i i (9)
where A is N,h/V, R universal gas constant, T absolute temperature.
The subscript 1 and 2 stand for biodiesel and petrodiesel,

respectively.
If the molar volumes of biodiesel and petrodiesel are not very

different, Eq. (10) is derived.
IN fyjeng = INA = (M AL+ 13A14,)/RT (10)

where u is chemical potential, n mole fraction.
Eq.(10) can be reduced to Eq. (11), which is equivalent to Eq. (2)

IN1peng =M Ina, + 02108, (11)
or
INpieng = m(nig, —Inny) +Iny, (11a)

The mole fraction can be converted to mass (m) and volume (V)
fractions as shown in Eqgs. (12) and (13), respectively.
For mass fraction,

my x MWblend

N yena = MW, (Ingy ~Iny,) + 1o, (12)
for volume fraction,

W € [
1N g = P MWt 1y g, (13)

ylena ¥ MW;

where d is density and MW is molecular weight.

When the viscosity of a biodiesel blend is estimated from the
mass ol volume fractions, MW and densities of the biodiesel and
petrodiesel or the blend must be known. However, if the MW
and densities terms are ignored (or assumed to be 1), the predicted
viscosity of the blend is just an approximate.

From basic thermodynamics, Eq. (10) is expanded to Eq. (14).

n,(Aﬁ, - TAE]) B nz(Aﬁz - TA§2)

IN1eng = INA = &7 - (14)
) Hy  mAS (1-nm)AH, (1 -m)AS
‘miblmd:lnA—”ﬁTHu"‘ﬁ v ng) 2, ! r;) 2
(14a)
i S mAS, mAS, AH
Rearranging. Iny..g =InA ;ﬁAR—Z o BLR“*K‘ n,R 2 RTZ
nlAHI n!Aﬁz
T RT RT (14b)
Grouping,
C dn
I ypeng = a + by +T+_T_‘ (15)
where
AS,

TR 15a
a=1InA ’S (153)
b A5 -85, .

R
AH,
TR 15
R (15¢)
d= ﬁﬁ_[‘e}ﬁz .

AH, and A5, are molar enthalpy and entropy of viscous flow,
respectively.

3. Experimental

The kinematic viscosity values were obtained from Knothe and
Steidley [8} and Yuan et al. [10].



K. Krisnangkura et al./Fuel 89 (2010) 2775-2780 2777

4. Results and discussion
4.1. Determination of the 4 constants of £q. (15)

Although there is no temperature term in both Egs. (12) and
(13), the density and volume terms in Eq. {13) are sensitive to T.
This would support the conclusion of Yuan et al. [10] that mass
fraction was better than volume fraction for calculation of the
kinematic viscosity of biodiesel blends. However, volume fractions
of the blends were used in this study because the kinematic viscos-
ities data were taken from Knothe and Steidley [8]. Deviations be-
tween experimental and calculated kinematic viscosities would
arise partly from the product of d; x MWyieng/diptend x MW/, which
was assigned to 1. Thus, mole and volume fractions are used
interchangeably.

The 4 constants of Eq. (15) were determined on the Microsoft
Excel Spreadsheet, as described by Krisnangkura et al. {21]. At con-
stant T, Eq. (15) is reduced to Eq. (1G).

INTyeng = @ + b'ny (16)
where

‘a4t
d=atsz (16a)
and

, d
b=b+x (16b)

The plots of Inyieng against 11; of different blends give straight
lines with intercepts and slopes of @’ and ', respectively. Addi-
tional plots of @' against 1/T and b’ against 1/T give straight lines
with intercepts and slopes of a, ¢ and b, d, respectively. Table 1
shows the natural logarithm of kinematic viscosities [8]. the slopes
and intercepts of the plots of V, against Innpenq and the four nu-
meric constants of Eq. (15). The numeric values of a, b, ¢ and d
(for commercial biodiesel and low sulfur petrodiesel blends) are
-6.26, 0.459, 2283.7 and —-35.96, respectively. Hence, Eq. (17) is
obtained by substituting these four numeric values into Eq. (15)
and Eq. (17) can be used to estimate the kinematic viscosities of
biodiesel blends of different degree of blending at any tempera-
tures above pour point to 100 °C.

2283.7 35.96m

Inyeng = —6.26 + 0.459n, + e T

(17)

Table 1

4.2 Prediction of kinematic viscosity of commercial biodiesel blends

According to Eq. (13) Inyz and {di x MWhiend/ ditend X
MW, (Insn, - Ini,)] are the intercept and slope of the plot of
INHpena against Vy. As pointed out earlier, the product of d, x
MWy iend/dptend x MW, was assigned to 1. Hence the slope of the
plot is reduced to In 5y — Inyy. The 2nd and 3rd row from the
bottom of Table 1 are the intercepts and slopes of the plots of
IN#piens against V, at temperatures 0-40 °C. Thus, kinematic vis-
cosities of the fow sulfur petrodiesel and biodiesel are calculated
and listed in Table 2. The AAD, calculated according to Eq. {18)
(22}, of the low sulfur petrodiesel fuel is 2.01% with the highest
deviation of 2.97%.

k

’Iexp = Heat
- . 18
AAD Z]: T 100 /N (18)

However, all the predicted kinematic viscosities are lower than
the experimental values. Yuan et al. {10] discussed that biodiesel
blends estimated by Eq. (2) were generally lower than the mea-
sured values, which led them to conclude that the interactions be-
tween biodiesel and diesel fuel always existed. Nevertheless, the
interaction between petrodiesel and biodiesel, in this case, would
be very small. Fig. 1 is the plot between In#yeqq and Vy. Only data
at 10 and 40 °C are used for demonstration. The natural {ogarithm
of pure diesel (V| = 0) tends to level off. The leveling is more con-
spicuous at lower temperature. Thus, if a straight line is drawn be-
tween biodiesel and diesel, all the measured kinematic viscosities
of bicdiesel blends would be below this line. Similar observation
was reported by Graboski and McCormick [13]. The dissolution of

biodiesel in petrodiesel and minimized intra-molecular interac-

tions was the main reason [13].

The kinematic viscosities of neat biodiesel obtained from the
slope of the plots at different temperatures agree well with the
experimental values (Table 2). The AAD is only 0.41% and the high-
est deviation is 1.00%. If the same reason of Graboski and McCor-
mick is applied, the dissolution of petrodiesel in biodiesel would
affect the intermolecular interaction to a lesser extent.

Kinematic viscosities of commercial biodiesel blended with low
sulfur diesel fuel at 1:9 to 9:1 volume ratios, calculated by using
Eq. (17) are summarized in Table 3. Percent deviations from the
experimental values are given in parenthesis. All the calculated
values are in good agreement with the experimental values. The
AAD is 1.64% and the highest deviation is +4.89%.

Natural logarithm of kinematic viscosities of biodiesel (SoyGold [8}) blends at different temperatures. The numeric values of a, b, 9i and d are shown in the lower right of the Table.

The viscosity data were taken from Knothe and Steidley [8}.

m °C [ntercept Slope RSQ

40 35 30 25 20 15 10 5 0

yr ’

0.00319 0.00325 0.00330 0.00335 0.00341 0.00347 0.00353 0.00360 0.00366
0.0 1.065 1.179 1.292 1.406 1515 1.670 1.826 1.978 2.149 -6.32 2307.60 0.9976
0.1 1.082 1.209 1.319 1.423 1.543 1.681 1.829 2011 2.155 -6.21 2281.16 0.9973
0.2 1122 1.235 1.340 1.459 1.579 1.712 1.863 2.036 2.179 -6.14 2267.27 0.9980
0.3 1.147 1.261 1371 1.479 1.593 1.739 1.889 2.052 2.214 -6.11 2268.09 0.9974
0.4 1.182 1.292 1.399 1.509 1.625 1.772 1.920 2.081 2.247 -G6.09 2269.03 0.9973
0.5 1218 1327 1.440 1.560 1.656 1.810 1.946 2.120 2.269 -5.96 2243.06 0.9976
0.6 1.261 1.379 1.491 1.597 1.703 1.850 1.995 2.163 2316 -5.91 2240.61 0.8973
0.7 1.292 1.409 1.520 1.627 1733 1.883 2.037 2.194 2355 ~5.94 225917 0.9973
0.8 1.327 1.447 1.552 1.662 1.775 1.923 2.079 2.235 2.402 -5.98 2282.06 0.9972
a9 1371 1.486 1.587 1.701 1.810 1.964 2.100 2.300 2412 -5.86 2257.51 0.9961
1.0 1423 1.535 1.639 1.751 1.861 2018 2.160 2.349 2.464
Slope (b') 1.048 1.164 1.276 1.387 1.502 1.644 1.796 1.957 2,123 -6.26 {a) 2283.7 {¢)
Intercept (a') 0.358 0.355 0.348 0.348 0.340 0.352 0.343 0.361 0.329 0.459 (b) ~35.96 (d)
RSQ 0.9936 0.9924 0.9920 0.9918 0.9903 0.9882 0.9829 0.9765 0.9860

|
|
i
|
]
i
!
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! Table 2
Kinematic viscosities of low sulfur diesel fuel (17;) and commercial biodiesel (SoyGold, |8]) estimated from slopes and intercepts of the plots of In #yeag and volume fraction (V;) at

different temperatures, according to £q. {13]}.

Temperature (°C) AAD
40 35 30 25 20 15 10 5 0
Intercept (Iniz) 1.048 1.164 1.276 1.387 1.502 1.644 1.796 1.957 2123
n2 2.851 3.203 3.582 4.004 4.491 5.176 6.026 7.081 8.357
Deviation (%) 171 1.44 1.61 1.87 129 2.53 297 2.06 2.60 201
Siope + intercept (In 13) 1.405 1519 1624 1.735 1.842 1.996 2.139 2.319 2.452
m 4.076 4568 5.074 5.672 6.311 7.360 8.493 10.161 11.613
Deviation (%) -0.40 -0.40 -027 -0.21 -0.65 -0.40 -0.16 -1.00 0.15 0.41
2.40 - Kinematic viscosities generated by these two equations are
summarized in Tables 4 and 5, respectively. Very good agreement
2.20 A between the experimental kinematic viscosities for methyl oleate
/10‘@ in diesel fuel and the calculated values are observed (Table 4).
= 2.00 1 P There are only 4 out of 91 data, which have the differences greater
3 1.80 !—:/‘/‘ than 3%. The AAD is 1.71%. Greater different are observed for
2 methyl ricinoleate. Methyl ricinoleate has a hydroxyl group at
& 160 C12. Hence, the molecule is more polar than methyl oleate and bio-
£ 40°C diesel. In addition, the hydroxyl group can easily form intermolu-
140 - /an/‘L cular H-bonding (associated). This would intensify the interaction
1.20 | P factonj (nnyGy,) of Eq. (1) and it cannot be ignored. Thus, the
: M AAD increases to 4.50% (Table 5) and about half of the data have
1.00 4 . . . the differences between the experimental and calculated values
0.00 0.40 0.80 1.20 higher than 3.00% with the highest value of 12.80%.

Volume fraction (V‘)

i Fig. 1. The relationship between Injyiend and volume fraction of biodiesel blends.
. Kinematic viscosity at 10 °C, M—M: 40 °C, A—-4.

i 4.3. Prediction of kinematic viscosities of blends of fatty acid methy!
esters in low sulfur petrodiesel

- Kinematic viscosities of methyl oleate and methyl ricinoleate in
_low sulfur diesel fuel at different temperatures were reported by
- Knothe and Steidley [8]. These data are converted to natural loga-
i rithmic values. The plots between natural logarithm of kinematic
| viscosities and volume fraction at different temperatures (0-
1 40 °C) givé straight lines with good linearity (2 > 0.98). The four
-constants (a, b, ¢ and d) of Eq. (15) for methyl oleate and methyl

ricinoleate blended with low sulfur diesel fuel were determined,
as described in the above section. Substitutions these numeric
values back into Eq. (15), Egs. (19) and (20) were obtained,
‘respectively

23131 68.
I Nyenq = —6.36 ~ 0.106n, + 3T + E_ST_E;E (19)
' 676 ,
IN ypepg = —6.63 — 5.448n, + 23T + Q?_Orﬂl 20)

Table 3

4.4. Analysis of Yuan et al. data [10]

Yuan et al. reported the kinematic viscosities of various biodie-
sels blended with diesel No. 1 and No. 2 at temperatures between
20 and 100 °C. These data are well fit to Eq. (15) with the numeric
constants shown in Egs. (21)-(24) for each type of the blend.

1838.47 3.80n,

N Myieng = —4.81 +0.367n; + T +T 21)

for SMEA, a soybean oil methyl ester (Growmark Inc., Bloomington,
IL).

1828.60 90.90n,

INNyenq = —4.77 +0.1760; + — (22)
for SMEB, a second natural soybean oil methyl ester.

N e = —4.72 +0.0710n; + 179;_3'5 3. ]62‘T7 b (23)
for GMSME, a genetically modified soybean oil methyl ester.

1N Hyeng = ~4.77 — 0.1390; + 1825"91 + 229; 1n, (24)

for YGME, a yellow grease methyl ester.

-Kinematic viscosities of commercial biodieset (SoyGold [8]) blends calculated by Eq. {17). Numbers in parentheses are percent deviation from experimental values reported by

! Knothe and Steidley [8]. The AAD is 1.64%.

m 40 35 30 25 20 15 10 5 0
0.1 291 (1.22) 3.28 (2.10) 371 (0.93) 420(-1.28) 479(-2.33) 5.48 (-2.07) 630 (~1.17) 7.28 (2.48) 8.46 (1.92)
0.2 3.02 (1.76) 3.39(1.35) 3.83 (-0.35) 435 (-1.11) 495 (-2.12) 5.67 (-2.30) 6.52(-1.17) 753 (1.71) 8.75 (1.07)
.03 3.12 (0.90 3.51°(0.52) 3.97 (-0.66) 4.50 (~2.45) 512 (-4.11) 5.86 (~2.98) 6.74 (—1.90) 7.78 (-0.01) 9.04 (1.24)
{04 3.23 (0.89) 3.63 (0.16) 4.10 (-1.32) 465 (-2.93) 5.30 (~4.28) 6.06 (—3.04) 6.96 (~2.09) 8.04 (~0.40) 9.34 {1.30)
| 05 334 (1.07) 3.76 (0.25) 425 (-0.60) 481 (-1.10) 5.48 (-4.55) 6.26 (~2.53) 7.20 (~2.82) 8.31(0.23) 9.65 (0.23)
.06 3.46 (1.95) 3.89 (1.98) 439 (1.07) 4.98 (-0.77) 5.67 (~3.20) 6.48 (—1.85) 7.44(-123) 859 (1.27) 9.97 (1.69)
107 3.58 (1.59) 4.03 (1.54) 4.54 (0.56) 5.15 (~1.16) 586 (~3.52) 6.70 (~1.94) 7.69 (—0.28) 8.88 (1.03) 10.30 (2.28)
{08 3.71 (1.66) 417 (1.95) 4.70 (0.39) 533 (-1.07) 6.06 (~2.71) 6.92 (-1.24) 7.95 (0.61) 9.17 (1.87) 10.64 (3.60)
I 09 3.84 (2.61) 431(2.44) 486 (0.52) 5.51 (-0.54) 6.27 (~2.57) 7.16 (—0.42) 822 (—0.61) 9.48 (4.89) 11.00 (1.46)
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Table 4

Kinemnatic viscosities of methyl! oleate in low sulfur diesel fuel calcufated by Eq. {19). Numbers in parentheses are percent deviation from experimental values reported by Knothe

and Steidley {8]. The AAD is 1.71%.

ny 40 35 30 25 20 15 10 5 o

0.1 2.92 (1.62) 3.30 (1.88) 373 (~0.13) 2.92 (1.62) 330 (1.88) 3.73(-013) 6.43 (0.96) 7.45 (2.20) 8.69 (0.83)
02 3.05 (0.94) 3.45 (1.56) 3.91 (~043) 3.05 (0.94) 3.45 (1.56) 3.91 (~0.43) 6.75 (~0.29) 7.83 {2.19) 9.14 (~0.03)
03 3.19(0.75) 3.60(0.53) 4.09 (~1.15) 3.19 (0.75) 3.60 (0.53) 4.09 (-1.15) 7.09 (~1.12) .24 (1.95) 9.62 (~1.18)
0.4 3.33(1.29 3.76 (0.97) 427 (-1.29) 333 (1.29) 3.76 (0.97) 427 (~1.29) 7.44 (0.62) 8.66 (-0.67) 10.13 (—1.57)
05 3.47 (0.47) 3.93 (1.18) 4.47 (0.42) 3.47 (0.47) 3.93 (1.18) 4.47 (0.42) 7.82 (0.68) 9.10 (~0.46) 10.66 (~1.98)
0.6 3.63 (1.18) 411 (0.96) 468 (~1.02) 3.63 (1.18) 411 (0.96) 4.68 (~1.02) 8.21 (~0.23) 9.57 (1.25) 11.22 (4.46)
0.7 379 (1.12) 430 (1.25) 4.89 (0.16) 3.79 (1.12) 430 (1.25) 4.89 (0.16) 8.62 (—0.47) 10.06 (1.19) 11.80 (4..11)
08 3.95 (1.63) 449 (1.56) 5.12 (~0.54) 3.95 (1.63) 449 (1.56) 5.12 (~0.54) 9.05 (~0.47) 10.57 (0.52) 12.42 (3.99)
0.9 4.13(2.16) 4.69 (2.06) 5.35(0.13) 4.13 (2.16) 4.69 (2.06) 5.35 (0.13) 9.51 (0.46) 11.12 (1.45) 13.07 (5.12)

Table 5

Kinematic viscosities of methyl ricinoleate in low sulfur diesel fuel calculated by Eq. (20). Numbers in parentheses are percent deviation {rom experimental values reported by

Knothe and Steidley {8]. The AAD is 4.50%.

n, 40 35 30 25 20 15 10 5 0

0.1 3.00(7.29) 344 (-0.75)  3.26 (3.04) 3.72 (1.63) 426 (-2.97) 4.90 (~1.44) 5.66 (0.04) 6.58 (~7.01) 10.09 (2.81)
02 3.55(2.17) 4.11(0.76) 395 (-0.98)  4.55(-3.74) 528 (~7.29) 6.16 (--7.10) 7.22 (~5.15) 8.51 (~5.47) 1324 (~2.54)
03 4.20(0.04) 491(-132)  478(-3.05)  5.58 (-5.37) 6.56 (~10.10) 7.74 (~8.57) 9.20 (~6.54) 11.00 (~6.47)  17.37 (-371)
04 496(-027) 588(-1.85) 578(-4.90)  6.84(-6.61) 8.14 (~10.24) 9.74 (-10.53) 11.73(-7.43)  1422(-565) 2279 (~4.04)
05  587(-031)  7.03(-0.55) 7.00(-4.17)  838(-7.30) 1010 (-12.80)  1225(-11.20)  14.95(~7.72) 1839 (~6.41)  29.91 (~4.40)
06  694(1.32) 8.41(0.87) 8.47 (-2.40) 1027 (-547) 1253 (-11.18)  15.40 (~9.18) 19.07 (~6.42) 2378 (~6.97)  39.25(~1.42)
07  820(3.17) 1005 (2.11)  1025(-136) 1258 (-5.17)  15.55(-10.69) 1937 (-8.40)  24.31(-4.97) 3075(-4.98)  51.50 ((0.37)
08 9.70(5.77) 12.02(4.95)  12.41 (1.54) 1542 (-1.85)  19.30(-7.24)  24.36(-3.21) 30.99 (~1.61)  3977(-122)  67.58 (3.07)
0.9 11.46(8.15)  14.38(7.64)  15.02(3.94) 18.89 (0.13) 23.96 (-5.93) 30.63 (~1.32)  39.51 (0.28) 51.42 (0.77) $8.68 (5.89)

Table 6
Percent deviations between kinematic viscosities of biodiese! blends {10} and those
calculated by using Eqs. {21)-(24}.

Biodiesels® n 20 40 60 80 100
1N Hyteng = —4.81 +0.367m, + 183847, 3800,

SMEA 25 0.25 2.03 -2.13 -3.35 -0.18 1.97
SMEA 50 0.5 3.62 -2.40 -1.82 -0.26 3.05
SMEA 75 0.75 4.11 ~-1.56 ~1.78 -0.12 3.15
SMEA 100 1.00 224 -2.95 -3.31 -0.82 244
1N Hypeng = —4.77 + 0.176n; + 182860 | 20.90m,

SMEB 25 0.25 0.20 -5.61 -578 -2.81 1.15
SMEB 50 0.5 5.09 -2.18 -2.32 0.13 3.75
SMEB 75 0.75 4.31 -1.56 -2.25 -0.07 3.66
SMEB 100 1.00 0.20 -531 ~5.39 -3.55 1.52
10 fyeqg = ~4.72 + 0.0710n, + 119833 4 162.76u;

GMSME 25 0.25 2.69 -333 -3.61 -0.75 236
GMSME 50 0.5 4.57 -1.79 -1.89 0.14 347
GMSME 75 Q.75 2.63 ~3.32 -377 °  -0.75 296
GMSME 100 1.00 3.45 —2.81 -3.23 -0.53 272
I yreng = —4.77 +0.139n, + 182391 229000,

YGME 25 0.25 3.38 -3.05 -361 -0.93 3.29
YGME 50 0.5 3.15 -3.77 —3.58 -1.31 2.28
YGME 75 0.75 4.75 -1.51 -2.12 1.14 4.37
YGME 100 1.00 2.64 -3.42 —4.24 -2.09 273

¢ SMEA, SMEB, GMSME and YGME stand for soybean methyl ester (obtained from
Growmak Inc., natural soybean methyl ester, genetically modified soybean methy
ester and yellow grease methyl ester, respectively.

Good agreement between the calculated kinematic viscosities
and those reports by Yaun et al. {10] is observed. The differences
are about #5.5 (Table 6) and the AAD is 2.6%.

5. Conclusion

The kinematic viscosity of biodiesel blends at different degree of
blending and different temperatures can be predicted by the gen-
eral equation (Eq. (15)). However, the numeric values of the four

constants (a, b, c and d) are changed as the compositions of biodie-
sel or petrodiesel are changed. Eq. (15) is derived on the assump-
tion that AGyis = AG, + AG,, and the molecular volume of the two
liquid are not be very different. For AG, = AGy + AG,, it means
that free. energy arise from the intermolecular interactions be-
tween the two liquid. components are not very different from
AG] and ACL

Due to the complexity of both biodiesel and diesel fuel compo-
sitions, which may vary from batch to batch, therefore, the enthal-
pic and entropic terms of both fuels may also vary from batch to
batch. However, fatty acid composition of biodiesel is not compli-
cate and can be easily determined by gas chromatographic method.
Thus, the enthalpic and entropic constants for biodiesel may be
estimated from its fatty acid composition {20].
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1. Introduction

Long chain alcohols are found ubiquitously in nature as free
and bound forms. Policosanol, the common name for a mixture
of long chain alcohols (20~-36 carbons), has become of more and
more interest to the general public as a nutritional supplement and
subjected to numerous studies (Oliaro-Bosso et al, 2009; Taylor
et al,, 2003; Viola et al., 2008). On the other hand triacontanol is
used as a plant growth regulator. it exerts effects on photosyn-
thesis, enzymatic activity and respiration (Ries et al., 1977). On
the bad side, accumulation of long chain alcohols in plasma is an
inborn error associated with fatty alcohol metabolism, known as
Sjogren-Larsson syndrome [Rizzo].

GC has mostly been used to analyze long chain alco-
hols with and without derivatization. Trimethylsilylation with
N,O-bis{trimethylsilyl)trifluoroacetamide (BSTFA) or N-methyl-
N-trimethylsilyltrifluoro-acetamide (MSTFA) were described by
Bonaduce and Colombini {2004) and Irmak et al. (2006). Acetic
anhydride was also used to acetylate policosanol but poor yield
was obtained (Wang et al., 2007). In addition, it was difficult to
achieveidentical yields for quantitative analysis and the acetylation
procedure was laborious and time consuming. Some researchers
developed non-derivatization GC methods for policosano! analysis
(Chen et al., 2003).

* Corresponding author. Tel.: +66 2 470 7759; fax: +66 2 452 3479.
E-mail address: kanitkri@kmutrac.th (K. Krisnangkura).

0009-3084/$ - see front matter © 2010 Elsevier lreland Ltd. All rights reserved.
doi:10.1016/j.chemphyslip.2010.06.003

In this study, acetylation of fatty alcohols, including poli-
cosanol from rice bran wax was performed by transacetylation
of the alcohols with methyl or ethyl acetate. Transesterification
has wide academic interests and industrial applications. Gener-
ally, transesterification is carried out on low molecular weight
alcohols and long chain or high molecular weight esters. The
preparation of fatty acid esters from fats and oils for GC analysis
(Jeyashoke et al., 1998; Kaewkool et al.,, 2009) and for industrial
biodiesel production (Lertsathapornsuket al., 2008; Ma and Hanna,
1999) are good examples. On the other hand, transesterification
of long chain alcohol with low molecular weight esters are less
common but there have been reported in literatures. Stapp and
Rabjohn (1959) reported that lithium aluminium alkoxide could
catalyze transacetylation of alcohol with ethyl acetate with good
yield.

Vinyl acetate could donate its acetyl group to benzyl alcohol in
very good yields (Shirae et al., 2005). Transesterification of ethyl
acetoacetate with dodecanol without a catalyst was described by
Koval et al. (2008). However, reaction took a very long time at dis-
tillation temperature to continuously remove ethyl alcohol and a
93% yield was reported.

2. Experimental
2.1. Materials
Higher alcohols were bbtained from Aldrich~Sigma Chem. Co.

(St. Louis, MO). Crude rice bran wax was a gift of Surin Rice Bran Oil
Refinery(Surin, Thailand). Ethyl acetate was reagent grade obtained
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from Lab Scan Co {Bangkok, Thailand). Methy! acetate and NaOH,
were reagent grade from Fluka (Buchs, Switzerland).

2.2. Policosanol from rice bran wax

Crude rice bran wax (containing approximately 65% oil and
35% wax, 10g) was dissolved in hot iso-propanol, 100 mL. The
hot solution was left at room temperature for 2h. And kept in
a refrigerator overnight. The precipitate was filtered rapidly on a
buchner funnei and washed once with 20 mL of cold iso-propanol.
The partially purified wax was refluxed with 2N ethanolic KOH
(80% ethanol + 20% water, v/v) for 8 h. Excess solvent was partiaily
removed in vacuo. The mixture was left in refrigerator overnight.
Policosanol was extracted with hexane and allowed to crystallize
at room temperature.

2.3. Transesterification micro-reactor

The micro-reactor (Kaewkool et al., 2009) was prepared by plug-
ging a small piece of cotton wool at the bottom the outlet of a
disposable syringe (3mL) and 0.5g of ground NaOH was packed
onto the top of the cotton wool. The micro-reactor was used for
transesterification.

2.4. Interesterification of castor oil

Castor oil (2mg) was dissolved in 1mL
methanol + tetrahydrofuran (1:5, v/v). The mixture was passed

through a NaOH micro-reactor as described by Kaewlool et al..

(2009).
- 2.5. Transesterification/transacetylation

i Transesterification/acetylation was carried out by dissolving

about 2 mg of sample (long chain alcohol) in 1 mL of methyl or ethyl
acetate. Transesterificationfacetylation was started by passing the
solution through the micro-reactor gravitationally. Elution rate
depended very much on the fineness of the ground NaOH. The elu-
tion time was controlled manually to be about 60's by the plunger
provided. The eluent was acidified with 0.1 mL gracial acetic acid
and the mixture was ready for analysis by HPSEC. The adding of
aceticacid was necessary. If the mixture was not acidified, the ester
product would be continuously hydrolyzed to fatty alcohol by the
dissolved NaOH.

2.6. High performance size exclusion chromatography (HPSEC)

HPSEC was used to monitor the transesterification/acetylation
product and was carried out according to Kittirattanapiboon and
Krisnangkura (2008). The HPSEC system was consisted of a pump
model 510 (Waters Associates, Milford, MA), a Rheodyne 7125
valve.injector, a 20 L loop and a Sedex 55 Evaporative Light
Scattering Detector (ELSD; Sedere, Alfortvill, France). Detector
temperature was set at 30 'C and N, gas was 2 bars. Data were
collected and processed by CSW32 HPLC software (DataApex Ltd,
Prague, Czech Republic). Reaction mixture was analyzed ona 100 A
Phenogel column (300 mm x 7.8 mm ID, 5 pm) (Phenomenex, Tor-
rance, CA) protected with Bondapak C18 Guard Pak (Millipore Co.,
Milford, MA). Toluene containing 0.25% acetic acid was use as the
mobile phases at a flow rate of 1.0 mL/min.

2.7. Gas chromatography
Gas chromatographic (GC) analysis was carried out on

1a Shimadzu gas chromatograph model 2010 (Shimadzu Inc.)
equipped with an FID and a split-splitless injector. Rtx-2330

(90% biscyanopropy! 10% cyanopropylphenyl polysiloxane) cap-
illary column (30 m x 0.25mm i.d., 0.25 wm film thickness) was
obtained from Restex International (Bellefonte, PA). The chro-
matographic conditions were as follows: helium carrier gas flow,
2 mL/min; nitrogen makeup gas flow, 30 mL/min; detector/injector,
230 C; split ratio, about 50:1.

3. Results and discussion
3.1. Acetylation of fatty alcohols

The general equation for hydroxide catalyzed transesterification
can be written as

0 RO 0

I K
R,CH,OH -+ R;-C-OCH,R, A«k—*
<1

i
R;CH,0OH + Ry-C-OCH,R,

(1)

where k;, k_y are rate constants for the forward and backward
reactions, respectively; Ry, Ry and Rs are alkyl groups or H-atom.
The reaction rate (v) is

V= k‘ [R] CHon][R2COOCH2R3][HO_}
~I(,dR}CHon][RzCOOCHzR]}[Ho—l (2)

Initially, products on right side of Eq. { 1) are negligible, and Eq.{2)
is reduced to Eq. (3).

v =k [R{CH20H|[R;COOCH,R3]J{HO ] (3)

With large excess of Ry CH,OH and saturated HO-, the conversion
rate of R, COOCH; R3 would be maximal. This was the condition that
Kaewkool et al. {2009) used to create micro-reactor for transester-
ification at room temperature. By the same analogy, when R; is a
long chain alkyl group, R, and R are low molecular weight alkyl
or H-atom, Eq. (3) would still be applicable. When R; and Rj are
methyl, the reaction is transacetylation. The rate of transacetylation
will be maximal when ethyl acetate is in large excess and the HO™ is
saturated. [t was speculated that the transacetylation rate would be
comparable to thatof transesterification of vegetable oil with lower
alcohols butresultsin Table 1 show that the rate of transacetylation
is about 10 times slower. Transmethylation reported by Kaewkool
etal. (2009) was completed in less than 45 s but it took about 8 min
to complete transacetylation. The transacetylation, at this condi-
tion, is pseudo-first order in alcohol.

The free alcohol peaks are slightly tailed (Fig. 1) but the tails are
disappeared in the acetate derivatives. The acetate is eluted at a
faster rate than the corresponding alcohol.

3.2. Acetylation of rice bran policosanol

Transacetylation of policosanol with ethyl acetate took the same
time as the long chain alcohol (8 min). Fig. 2 is the chromatogram
of policosanol from rice bran wax and the corresponding acetate.
The free alcohol peaks tailed badly. Thus, it might be concluded
that acetate derivative is superior to the free alcohol on Rtx 2330
column. The corresponding acetate is eluted out of the column at a
shorter time with no tail. In addition the acetate is more resistant
to hydrolysis than the trimethylsilyl derivative. The major draw-
back of the acetate derivative described in the literature was the
method of preparation, which was laborious, time consuming and
poor yield (Wang et al., 2007). In this study, the acetate can be eas-
ily prepared from ethyl acetate and quantitative yield is obtained
in a short time. Fig. 2 shows that policosanol from rice bran wax
contains long chain alcohol from Cp4-C34 and Csq is the highest
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Table 1
Transacetylation rate of lang chain alcohols (C12~Cig) in a micro-reactor packed with 0.5 g of NaOH.
Time {min) Cia (%) Coy () Cis (%) Cs (%) Total (%)
0 22.80 0.00 20.47 0.00 21.86 0.00 34.87 0.00 100.00 0.00
1 8.22 14.03 7.77 12.65 8.76 12.91 13.93 2074 3836 61.33
2 4,13 18.44 4.03 16.40 4.59 17.05 8.13 27.22 20.88 79.12
4 1.67 21.77 1.80 18.84 2.15 19.538 3.70 30.50 9.32 90.68
o (1.49 2212 0.66 19.88 0.90 20.94 1.59 3342 3.63 96.37
8 .00 22.87 0.00 20.40 0.00 21.88 0.00 34.85 0.00 100.00
component. The results are consistent with the report of Chen et al. ]
(2007) o \'ilcuhc;
~ N nof acthn
A f
3.3. Interesterification between castor oil and methyl acetate T | |
, = o
In this section, transacetylation of other natural alcohols, castor = ! S
. . . . o -] H IS
oil, was reported. Castor oil contains 12-hydroxy octadec-9-cenoic Z \ i ’ . B
acid (ricinoleic acid). For unknown reason, interesterification of é Jret R T
castor oil with ethyl acetate was not successful. Similarly, rice < B Hication.
bran oil could not be interesterified. On the other hand, the = ) s ricinoleat
methyl ester of ricinoleic acid could be transesterified. With ethyl E 1
acetate, transesterification and interesterification occurred simul- 3
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= 4 Fig. 3. Gas chromatogram of transesterificationfacetylation of castor oil with ethyl
3 acetate at 160-220°C, 5-C/min on Rtx 2330 capillary column: (A} incomplete and
S 1 . {B) complete. Peaks identification: (1) acetoxy methyl oleate; (2) hydroxy methyl
& - oleate; (3) acetoxy ethyl oleate; (4) hydroxy ethyl oleate.
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1 P taneously. Both methyl and esters of ricinoleic acid and free
A._._.-J\—”//\'/ 12-hydroxyl and 12-acetoxy were found in the reaction mixture
in the earlier state (2 min, Fig. 3A). When the reaction was pro-
] T ™ T g T ! longed to 16 min, complete acetylation and interesterification were
5 10 [N 20

Time min.}

Fig. 2. Gas chromatogram of rice bran alcohols (Ca4~C3q) at 210-260:C, 4 Cf/min
on Rtx 2330 capillary column: (A) acetates and (B) free alcohols.

observed. The methyl ester was completely converted into ricino-
leyl acetate (Fig. 3B). Similarly, the methyl ricinoleyl acetate was
obtained when methyl acetate was used in place of ethyl acetate
(Fig. 4).
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4. Conclusion

Acetylation of long chain fatty alcohol can be performed by
transesterification/transacetylation of the alcohol and ethyl or
methyl acetate in the present of sodium hydroxide. Reaction is
clean and rapid. Quantitative conversion was observed for poli-
cosanol and castor oil methyl ester.
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Abstract

Viscosity (1) is an important property of a liquid transporting through a pipiline or a small tubing. In this

study, the free energy of activation of viscous flow (AG.,,) of a non-associated liquid is hypothesized to be

the sum of AGW-S(O)and poG,i

sis » the free energy of viscous flow in vacuum and the increment in the
free energy per unit pressure (MPa), respectively. The Eyring’s equation, ,1s
transformed to (where, g, b, ¢, d, p and T are thermodynamically
related constants, pressure and absolute temperature, respectively). The proposed hypothesis is verified by
the good agreement between the calculated viscosities at different temperatures and pressures and the

values reported in literatures.

Keywords: biodiesel, free energy, pressure, temperature, viscosity.



Introduction

1.1 General

Biodiesel has been widely used as an alternative fuel for diesel engine in many countries,
inctuding Thailand. It can be domestically produced from many fatty materials and used frying oils. Thus,
standard or specification is essential in biodiesel trading. Viscosity, which plays an important role in
transportation of the fuel within a pipeline, has been included in the specifications of most countries.
Viscosity also plays an important role in controlling the atomization process, which is a step prior to the
combustion. Coconut biodiesel which has lower viscosity than viscosities of palm, soybean, cotton seed,
peanut and canola biodiesels can also be better atomized [1].

The specified temperature for biodiesel standard is 40 °C at atmospheric pressure. Thus, viscosity
of biodiesel is usually measured at this temperature and at the atmospheric pressure. The measurement is
very simple but a mathematical equation would be more convenient in obtaining the value without going
through the experimental measurement. High-pressure injection enables 1'épid atomization, effective
combustion and reduction in emissions {2]. Modern common rail automotive diesel engine is a good
example for using this advanced technology. Under this extremely high pressure, viscosity of the fuel
varies significantly and at a certain point it may pressure-freeze[3]. [n addition, at low ambient
temperature, petroleum diesel and biodiesel are known to solidify, which is a major issue particularly in
the colder climate [4]. Although there are some reports on the measurement and prediction of biodiesel
properties at ambient or high-temperature conditions, comparatively little work has been undertaken at

high pressure and reduced temperature [3,5-7].

Measurement of viscosity of a liquid under pressure is more complicated {5]. Thus, a mathematical
equation for the prediction would be very valuable. A simple equation (Eq.1) that correlates viscosity as a

function of pressure was proposed recently by Rajagopal et al. [§]

Inm=A(T) + B(I)p + C(T)p’ (h

where A(T) = A, +A,/T (1a)
B(T)) B, +B,/T (1b)
C(Ty=C, +C,/T | (1e)

Ao, A By, By, Cq, C, are constants for each liquid.



Previously, Comufias et al. [9] showed that viscosities of polyethers and dialkyl carbonates fitted well to Eq.2 and

Eq.3.
a+bp+cl
np,Ty=—— 2)
1) l+dp+eT (
where a, b, ¢. d and are are constants.
e Y (7]
p+ T,

T =4 | ————= 1] e~ "

np,T) "(p,] N E(T)J 3)

where 4,, B,, and C, are constants, po = 0.1 MPa, and D and £ are functions of temperature given by

D:Z(%) Ga)
E & (kY

< (K b
MPa Zoe(T] ©3b)

Assael et al. [10] reported that the experimental viscosities of toluene at different temperatures and

pressures were fitted well to Eq.4.

o,y Pr
T, 74 1phah o
4T,
n(p.T)=he h (4)
where = p/p., T,= T/T., p.and T, the critical density and temperature. T, and p, are reduced density

and reduced temperature, respectively. The values of &, are determined by fitting the experimental values.

This correlation method has been found both useful and accurate for a number of pure fluids and mixtures

over a wide range of temperature and pressure.

Recently, Duncan et al. [6] combined the Tait and Litovitz equations (Eq.5) for the estimation of

viscosities of biodiesel at different temperatures and pressures.

. Ae(B‘/T3)((D+F)/(D+0J))E

MNp ®)
B'=B/R

where A, B, D and E are constants.

However, most of the constants have no physical meaning. Further improvement of the equation is

difficult.



In our previous works, the equation of Andrade (Eq.6) [11] and Martin (Eq.7)[12] were combined

to Eq.8 to predict kinematic viscosities of fatty acid methyl esters of different chain length at various

0

s ) was first demonstrated to be

temperatures [ 13]. Thus, the free energy activation of viscous flow (AG

linearly related to the number of carbon atoms in fatty acid. In addition, all the constants are physically

defined.

O N
5= B/ RT ©
AG‘(,)B =AG 5y + 200 (7

C Dz
Imm=A+Bz+—+— (8)
7 T T
where A =In A + —2Y2, B:é_‘si; C = D:Mﬁ
R R R R

A=Nh/V;AG

s 1s the standard free energy of activation for viscous flow; 4Gy AH.q and ASyivy
are the free energy. enthalpy and entropy of activation of viscous flow of the hypothetical molecule of
zero carbon atom; 8G is the increment in free energy per crbon atom and z is the number of carbon atom
of the homologous series. Ny is the Avogadro’s number, £ is the Max planck’s constant and I is the

molar volume.

In gas chromatography, Martire et al [ 14] demonstrated that the standard free energy of transfer
of a solute from solution to gas is the sum of different free energy forms, which derived from different

types of interactions as shown in Eq.9.

AGY = AG oo + AG

polar + A(;ionic + AC;hydra‘g'en bonding (9)

Although, the standard free energy in Eq.9 is derived from the interactions in the molecules, it was found

of a liquid mixture can also be summed from the individual component. The total AG‘(,),.S ofa

that AG?

vis

mixture of two liquids is shown in Eq.10.
AG® = AGL ) +AGY (10
vis(blend) vis(1) vis{2)

Appropriate substitution and expansion of Eq. 10 gives Eq.11 and Eq.12, which are used to

predict viscosities of liquid mixture at a given temperature or at any other temperatures.

N 7y0pg =% Inmy +(1—=x)Inmp, - (rn




¢ dx
and N7y, = @+ bx; +—+—- (12)
T T
AS?. ASC . —ASS AH? AHC  — AHY,
where a=1Ind+ vis(2) : b= vis(1) vis(2) Ce=— is(2) : d=— vis(1) vis(2) '
R R R

AH?

vis and ASS/s are molar enthalpy and entropy of activation of viscous flow and the subscript [ and 2
stand for biodiesel and petroleum diesel, respectively.

Also, the additivity of standard free energy was successfully applied to predict vapour pressure of fatty

acid esters[15], the gas chromatographic band broadening at different carrier gas flow [16], which take

the form,

0
AG s = MGy )+ FOG 4 (13)
where AG‘% is the free energy of dispersion, F is volumetric flow, 4Gy is the dispersion free energy at

zero flow and &Gy, is the increment in dispersion per unit flow.

Thus, in this work, AGP

. of a liquid at different pressure is hypothesized to follow the rule of additivity.
1.2, Hypothesis

As it was described in the above section, many types of standard free energy follow the rule of additivity.

The AGS,S' is then postulated to follow this rule as shown in Eq. 14.

G =AG,

vis (

p=0y + poG (14)

where 4G, 4 is the free energy of viscous flow at p = 0 MPa, &G is the increment in free energy per unit

pressure and p is pressure.

Eq.15 is obtained by substitution the Eyring’s equation and basic thermodynamic parameters into Eq.14.

0
-AG
kbnT RT

AH, | AS
ln(l):— () ("’—p5H+pzS+/m

15
RT R RT (15

or



3.1

n c dp
| — b 16
n( j a+op+—+ ( )

/ S5S AH
where k,and /1 are Boltzmann and Plank constants, a = In Zo o ) i hb=—;c= —-(—p);
h R R R
oH
d=——".
R
Experimental

Viscosity data of petroleum diesel and biodiesels were obtained from Duncan et al. [6]. The constants a,
b, ¢ and d of Eq.16 were determined as described by Krisnangkura et al [13] and briefly described as

follow,

At constant T, Eq.16 is reduced to Eq.17.

7 o

Inj=| =a+b 17

(T)T . “

where a':a+£ (17a)
T

and b':b+£{~ (17b)
T

Thus, plotting of in(7/T) against p would give a straight line with the intercept, ' and slope, b'. Plotting
of @’ against 1/T and b’ against 1/T would give the intercepts, a and b, and the slopes c and d,

respectively.

. Results

Numeric values of £q.16

The numeric values (a, b, ¢ and d) of Eq.16 for petroleum diesel and biodiesels from different vegetable

oils are summarized in Table | together with the standard deviations (sd) of 95% confidence.

3.2. Verification of the proposed hypothesis

The proposed hypothesis is simply verified by comparison of the calculated viscosities with the
experimental (published) values. The calculated dynamic viscosities for petroleum diesel and biodiesels

agree well with those of the experimental values [6]. Only the percent differences in viscosities between



the calculated and experimental values (reported in [6]), are summarized in Table 2. The highest percent
differences between the experimental and the calculated values are 10.06, 7.19, 5.98, 9.55, 8.54 and 9.80
for petroleum diesel, soybean, vistive, canola, used canola and coconut biodiesels respectively. The
average absolute deviations (AAD), calculated according to Eq.18, are 5.13,3.19, 3.43, 4.05, 3.87and

5.31% for petroleum diesel, soybean, vistive, canola, used canola and coconut biodiesels, respectively.

0

vis

- L nexp*n(ul
AAD = | 0100 | /N (18)

Thus, it might be concluded that AG ;. can be divided into AG, ¢ and &G.

1=i Nexp

4. Discussion

According to the Eyring’s equation, the natural logarithm of viscosity is proportional to the

AGY

».- In addition, Robertson and Schaschke [3] showed that the natural logarithm of viscosity
of biodiesel varied linearly with pressures. Thus, the proposed equation (Eq.14) is in logical.
The agreements between the experimental and calculated viscosities of different fuels are good
evidences for using Eq.16 to estimate the viscosities of these fuels at different temperatures and
pressures. Eq.16 is just the expansion of Eq.14, which is analogous to Martin’s equation (Eq.7).
Thus, the total free energy of viscous flow can be divided into the free energy of viscous flow in

vacuum (AG,.oy) and the increment in free energy of viscous flow with p ( pdG ). It is worth

pointing out that Eq.16 is derived from the Erying’s equation, any drawback in Eq.5 would
inherit to Eq.16. One of the major drawbacks is the applicable temperature range, which should
not be too wide. Modifications of the Eq.5 to cover wider range of temperature have been
reported [17,18]. It is also speculated that Eq.14 would have the limitation similar to Eq.7 or the

extrapolation of p would not be too far away.

On the other hand, Eq. 16 has certain advantages over the mathematical equations described in the
introduction section. All the constants have the exact physical meaning. Thus, further systematic
development is feasible. In addition, Eq.16 may provide a better inside to the effect of p over the change
in viscosity. Differentiating Eq.16 with respect to p at constant T gives Eq.19.

ol
onnp _, . d (19)
dp T .



The change in Inz7 (Alnn ) per unit change in p (Ap) is greater at lower temperature or the effect of p on
the viscosity is greater at lower temperature than at higher temperature. Table 3 shows that the ratios of
4/ 17, (the subscripts | and 2 stand for the initial and final p, where the difference is | MPa) for petroleum
diesel and biodiesels of different sources. Both experimental and the calculated changes (Eq.19) are
shown in Table 3. Petroleum diesel is more sensitive to p than biodiesels. This may reflect on the
structure of petroleum diesel is less compact than biodiesel. These ratios are lower as 7'is higher. Among
the biodiesels listed in Table 3, coconut biodiesel is the least sensitive to the change in p. Coconut
biodiesel contains the average shorter fatty acid chain length and the molecule would be more compact
than other biodiesels. Thus, it would be the explanation for its lower susceptibility to p than other

biodiesels.

At constant p, Eq.16 is reduced to Eq.20, the well known van’t Hoff’s equation.

lnnp= a+<

T (20)
where ¢ =c+dp . (20a)
and a =a+bp (20b)

. AH®
The plot between Inyyand /T gives the slope ¢ = — R"’S and the standard enthalpy (AH0 ) of

vis

activation of viscous flow has generally been determined (Eq.20 ). AHSI.S can also be divided into

AH, oy and O H therefore, the sum of ¢ + dp (Eq.20a) would be equivalent to ¢” and it can be used for

determination of the standard enthalpy of viscous flow at different p. The values of AH ‘0, . calculated by

using Eq, 20 and Eq.20a are summarized in Table 4 together with the percent differences. The AAD for
petroleum diesel, soybean, vistive, canola, used canola and coconut biodiesel are: 0.61, 0.27,0.35, 0.49,

0.45 and 0.44, respectively.

Acknowledgement: This work was supported by Thailand Research Fund and by the Higher Education
Research Promotion, National Research University Project of Thailand , Office of the Higher

Education Commission.



References

(1
(2]
(31
[4]
(5]
(6]

[7]
(8]

(9]

[10]
(1]
(12]
[13]
[14]
[15]
[16]
[17]
[18]

C.E. Ejim, B.A. Fleck, A. Amirfazli, Fuel 86 (2007) 1534.

S.W. Lee, D. Tanaka, J. Kusaka, Y. Daisho, JSAE Review 23 (2002) 407.
L.X. Robertson, C.J. Schaschke, Energy & Fuels 24 (2010) 1293.

R. Dunn, M. Shockley, M. Bagby, J. Am. Oil Chem. Soc. 73 (1996) 1719.
K.R. Harris, J. Chem. Eng. Data 54 (2009) 2729.

A.M. Duncan, A. Ahosseini, R. McHenry, C.D. Depcik, S.M. Stagg-Williams, A.M. Scurto,
Energy & Fuels 24 (2010) 5708.

J.M. Paton, C.J. Schaschke, Chemical Engineering Research and Design 87 (2009) 1520.

K. Rajagopal, L.L.P.R. Andrade, M.L.L. Paredes, Journal of Chemical and Engineering Data 54
(2009) 2967.

M.J.P. Comuiias, A. Baylaucg, C. Boned, J. Ferndndez, Int. J. Thermophys. 22 (2001) 749,
M.J. Assael, N.K. Dalaouti, S. Polimatidou, Int. J. Thermophys. 20 (1999) 1367.

H. Eyring, J. Chem. Phys. 4 (1936) 283.

A.J.P. Martin, R.L.M. Synge, Biochem. J. 35 (1941) 1358.

K. Krisnangkura, T. Yimsuwan, R. Pairintra, Fuel 85 (2006) 107.

D.E. Martire, P. Riedl, J. Phys. Chem. 72 (1968) 3478.

A. Srisaipet, K. Aryusuk, S. Lilitchan, K. Krisnangkura, J. Chem. Thermodyn. 39 (2007) 1077.
K. Krisnangkura, V. Pongtonkulpanich, J. Sep. Sci. 29 (2006) 81.

H. Noureddini, B. Teoh, L. Davis Clements, J. Am. Oil Chem. Soc. 69 (1992) 1189.

M. Tat, J. Van Gerpen, I. Am. Oil Chem. Soc. 76 (1999) 1511.

10



Table | Numeric values of @, b, ¢ and d of Eq. 16 for petrodiesel and different biodiesels.

Number in parentheses are the standard deviations (95% confidence).

a b c d
Diesel -11.877 (0.036) -0.0084 (0.0005) 2170.9 (9.205) 6.351 (0.123)
Soybean -11.731(0.030) 0.0034 (0.0004) 2284.9(10.06) 2.145(0.134)
Vistive -11.860 (0.029) 0.0038 (0.0004) 2332.3(9.493) 1.995 (0.127)
Canola -11.982(0.037) 0.0025 (0.0005) 2396.9(13.98) 2.396(0.187)
Used canola  -11.960 (0.033) 0.0026 (0.0004) 2390.1(12.90) 2.339(0.172)
Coconut -11.948 (0.028) 0.0001 (0.0004) 2224.4 (8.746) 2.888 (0.117)




fable

Table 2 Percent differences between the experimental viscosities [5] and the calculated values by Eq. 16
with the four constants listed in Table 1.

Petrodiesel (K) Canola {K)
p{(MPa) _ 283.15 298.15 313.15  373.15 p (MPa) 283.15 298.15 313.15  373.15
0.1 4.63 -6.28 -8.85 -1.53 0.1 2.18 -3.27 -5.86 -0.09
0.8 5.40 -5.97 -8.59 -0.97 0.8 1.96 -3.19 -5.80 0.26
7.0 6.11 -5.13 -7.43 0.71 7.0 3.38 -2.34 -4.92 .46
13.9 6.62 -4.45 -6.31 2.39 13.9 4.40 -1.42 -4.27 2.32
20.8 6.97 -3.68 -3.71 3.79 20.8 4.99 -1.03 -3.87 2.94
27.7 7.54 -3.19 -4.92 4.60° 27.7 5.62 -0.74 -3.78 3.65
34.6 7.74 -2.87 -4.52 5.38 34.6 5.73 -0.67 -3.83 3.83
41.5 8.02 -2.61 -4.58 5.89 41.5 6.06 -0.90 -4.09 3.78
48.4 8.15 -2.54 -4.34 6.57 48.4 6.10 -1.34 -4.84 3.77
55.3 8.35 -2.67 -4.18 6.60 55.3 6.03 -1.64 -5.76 3.88
62.2 8.47 -3.05 -4.27 6.37 62.2 5.95 -2.35 -6.56 3.60
69.1 7.91 -3.25 -4.38 6.08 69.1 5.78 -3.40 -7.53 3.15
75.9 7.62 -3.09 -4.51 5.85 75.9 5.14 -4.05 -8.39 2.48
82.8 7.51 -3.51 -4.78 5.26 82.8 6.49 -5.16 -9.55 141
89.7 7.04 -3.41 -5.14 489 AAD405
96.6 6.65 -3.41 -6.06 4.14 Used canola
103.5 5.92 -3.41 -6.80 3.55 0.1 2.93 -3.76 -5.40 0.12
110.4 5.36 -3.46 -7.55 2.30 0.8 3.13 -3.66 -5.07 0.53
117.3 5.53 -3.55 -8.64 1.20 7.0 4.36 -2.97 -4.38 1.43
1242 5.95 -3.59 -9.61 0.23 13.9 4.77 -2.19 -3.83 2.38
131.1 5.90 -3.98 -10.06 -0.81 20.8 5.03 -1.68 -3.17 3.40
U AAD A3 27.7 5.55 -1.53 -3.27 3.84
Soybean 34.6 5.86 -1.58 -3.81 4.21
0.1 1.63 -1.83 -6.40 0.63 41.5 5.97 -1.47 -3.99 3.80
0.8 2.42 -1.76 -5.96 0.57 48.4 6.25 -1.61 -4.54 3.71
7.0 3.21 -0.97 -5.24 1.51 55.3 6.17 -2.16 -4.92 3.84
13.9 3.84 -0.66 -4.40 2.39 62.2 5.92 -2.52 -5.52 3.3
20.8 4.33 -0.41 -4.35 3.02 69.1 5.66 -3.16 -6.44 2.79
27.7 4.69 -0.47 -4.34 3.11 75.9 5.37 -3.62 -7.40 2.24
34.6 4.73 -0.53 -4.87 3.12 82.8 5.74 -4.71 -8.54 1.44
41.5 4.73 -1.22 -5.17 314 A AD387
48.4 4.30 -1.62 -5.60 2.75 Coconut
55.3 4.10 217 -5.87 2.29 0.1 6.38 1.49 -8.79 0.04
62.2 3.55 -2.96 -6.30 1.43 0.8 6.47 1.47 -6.75 5.03
69.1 3.39 -3.90 -7.19 0.24 7.0 7.26 2.51 -4.99 6.70
L AAD 319 13.9 8.03 3.83 -3.81 7.78
Vistive 20.8 8.84 434 -3.01 8.14
0.1 2.94 -3.60 -5.99 0.56 27.7 9.35 4.69 -2.52 8.49
0.8 3.08 -3.13 -5.40 0.71 34.6 9.55 4.96 -1.85 8.76
7.0 3.75 -2.21 -4.29 1.87 41.5 9.76 4.70 -1.73 8.72
13.9 4.55 -1.65 -3.57 2.63 48.4 9.80 4.46 -1.92 8.30
20.8 5.08 -1.51 -3.22 3.21 55.3 9.64 4.30 -1.73 8.07
27.7 5.29 -1.34 -3.07 3.50 62.2 9.36 3.66 -1.87 7.66
34.6 5.41 -1.48 -3.36 3.53 69.1 8.88 3.04 214 7.01
41.5 5.54 -1.93 -3.70 3.37 75.9 8.38 2.65 -2.30 6.44
48.4 5.29 -2.34 -4.25 3.03 82.8 7.66 1.94 -2.66 5.63
55.3 4.95 -2.96 -4.97 2.36 89.7 7.19 0.97 -3.26 4.51
62.2 4.34 -3.67 -5.50 1.66 96.6 6.33 -0.14 -3.63 3.30
69.1 3.70 -4.49 -5.98 0.69 AAD 5.31
AAD 3.43
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