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An Empirical Approach for Estimation Density and Viscosity of Pure

Fatty Acid Ethyl Ester at Various Temperatures
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Abstract

Density () and kinematic viscosity (u) are important physical properties of a liquid fuel. In this work,
two empirical models were proposed. One for estimation density and the other for estimation kinematic
viscosity of fatty acid ethyl ester (FAEE) at different temperatures from its carbon numbers and number of
double bond(s). Both models were the expansion of Martin’s rule of free energy additivity. Data collected
from literatures were used to validate, and support the proposed models. The proposed equations are
easy to use and the estimated density and kinematic viscosity values of FAEEs at different temperatures

agree well with the literature values.
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1. INTRODUCTION

Biodiesel is an alternative of renewable energy obtained from animal fat or vegetable oil reacts with a
short chain alcohol by the transesterification to be converted into alkyl-esters and glycerine. Vegetable oils
are the major sources for biodiesel production but types of oils are varied and depended upon their
availabilities. Therefore, the feed stocks for biodiesel of different countries are different. The processes use
ethanol in biodiesel synthesis is appealing because it is produced from biorenewable sources, resulting in
a completely agricultural-based fuel obtained by ethanolysis. The advantages of biodiesel compared to
petrodiesel include their higher flash point, also is non-toxic, and essentially free of surfer and
aromatics.[1, 2]

Density and viscosity of fatty acid ethyl ester (FAEE) or biodiesel are important properties for liquid
fuel. They are required for calculation related to storage facilities, fluid flow, distillation units, separation
process, storage tanks, design of reactors, and process piping.[3-6]

Experimental determinations of density and viscosity of FAEEs or biodiesels at various temperatures
from different sources and processes are time consuming, but their values are necessary for mathematical
calculations. Thus, good mathematical models would provide not only the accurate of density and viscosity
values but they should also correlate the properties to chemical structure of the estimated substance for
further development or refinement of the model [7].

The classical Rackett’'s equation (Eq.1) had been modified by Spencer and Danner[8] and it was

successfully used by Basso et al.[9] to estimated density of FAEEs.

_ M
P RT, AR W (1)

P

c

where M, T  and P, is molecular weight, critical temperature and pressure of the fatty acid ethyl

esters, respectively. R is universal gas constant, and Z,, is the Rackett compressibility factor[10, 11].

ZRA = MPC (2)
pRT

Phankosol et al. [3] expanded the Martin’s rule of free energy additivity [12] to cover the free energy of

volumetric expansion and successfully estimated density of pure saturated, unsaturated fatty acid methyl

esters (FAMEs) and their mixture or biodiesel at different temperatures.
dz fn, ©)

Inp=a+bz+S+% ren, + Do
o ThT T

where a, b, ¢, d, e and f are entropic and enthalpic constants and n, is number of double bonds.
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For kinematic viscosity, Krisnangkura et al [13] extended the rule of free energy additivity to cover the
activated free energy of viscous flow [12] and Eq.4 was obtained for estimation of kinematic viscosity of

pure saturated FAMEs [13].
c dz
Ihnu=a+bz+—=-+— 4
u TTT (4)
where a, b, ¢ and d are thermodynamics constant, z is the carbon number and T is absolute temperature.

Basso et al. [9] who observed that an additional double bond introduced to the FAEE would decrease
the kinematic viscosity of the unsaturated ester by 1.5 carbon atoms from the saturated ethyl ester. Thus,

Eq.5 was proposed for estimation dynamic viscosity of saturated and unsaturated FAEEs.
c dz
Inn=a+b(z—1.5nd)+?+(z—1.5nd)? (5)

However, when the free energy contribution from the double bonds was added to the Krisnangkura et
al model (Eq.4), Eq.6 was obtained for estimation of viscosity of both saturated, unsaturated FAMEs and

their mixture. [14].

Iny:a+bz+$+i—z+end+% (6)

where e and f are thermodynamics constant and n, is number of double bonds.

In this work, the Martin’s rule of free energy of additivity was extended to estimate density and
kinematic viscosity of FAEE at different temperatures from its carbon numbers and number of double
bonds. This work, present and evaluate a simple model, based on that presented by Phankosol et al.[3,
14], applied to describe the density and kinematic viscosity of ethyl esters using the carbon number and

number of double bonds present in ethyl ester molecule.

2. METHODOLOGY

2.1 Density and viscosity data

The density values of pure FAEEs are obtained from Pratas et al.[15, 16]. The densities were
measured by using a digital density meter and viscosity were measured by using a rotary viscometerc.

2.2 Numeric constants of Eq. 3 and Eq. 6

The four numeric values of Eq.3 and Eq.6 (a, b, ¢ and d) for saturated FAEEs were solved according
to Krisnangkura et al.[13]. Two additional constants in Eq.3 and Eq.6, e and f, are solved according to

Phankosol et al. [3, 17].

JEET 2015; 2(1) 3
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2.3 Statistical analysis
Statistical analysis was performed on Microsoft Excel 2010. The average absolute deviation (AAD)

was calculated from Eq.7.
o | lit.—cal. |
AAD = z[Txloo%]/ N (7)
= it.
where /it. and cal. Stand for literature and calculated values, respectively. N is the number of data points.

3. Results and discussion

3.1 Density and viscosity of saturated FAEEs

The four numeric values of Eq.3 for saturated FAEE are -0.4297, -0.003, 80.85 and 1.03 and Eq.6 are
-4.485, -0.014, 1241 and 44.5, respectively. Substitution these numeric values into Eq.3 and Eq.6, Eq.8

and Eq.9 are obtained, respectively.

|np:—o.4297+—o.003z+80T£+1'$j ®

Iny = —4.485—0.0147 — %4% 44T'52

)

The calculated densities and viscosities of FAEEs by Eqgs.8 and 9 agreed well with those reported in
literatures [15, 16]. Percent differences between the literature and calculated densities and kinematic
viscosities of saturated FAEEs are shown in Fig. 1. The AAD of density and kinematic viscosity from were

0.166% and 2.59%, respectively.
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Fig. 1 Relative deviation between predicted density (Eq.8) and literature values (Figure 1a) and
predicted kinematic viscosity (Eq.9) and literature values (Figure1b) of FAEEs at different temperatures.

Literature data were obtained from Pratas et al. [15, 16].
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3.2 Density and viscosity of unsaturated FAEEs

For unsaturated FAEEs, there are two additional constants, e and . These two constants (in Eq.3 and
Eq.6) were simply solved by simultaneous equations. Their numeric values are shown in Eq.10 and Eq.11,
while the four constants (a, b, ¢ and d) have the same for both saturated and saturated FAEEs. For

saturated FAEE where number of double bond is zero, Eq.10 and Eq.11 are reduced to Eqgs.8 and 9,

respectively.

Inp = —0.4297 — 0.003z + 20-8° +1'(T’3Z +0.0144n, — =230, (10)
Iny = —4.485 — 0.0142 +@+ 4452 0.454n, —miﬂ (11)

The numeric values for Egs.10 and 11 are slightly different from those of FAMEs [15, 16]. However,
estimation of densities and viscosities of eight types of saturated and unsaturated FAEEs at 10-90°C
agreed well with the literature values as listed in Table 1. The percent differences between the calculated
and literature densities and kinematic viscosities values are listed in the parentheses. The calculated
densities and kinematic viscosities values for both saturated and unsaturated FAEEs agree well with the
literature values. The AAD of unsaturated FAEEs density and kinematic viscosity were 0.24% and 2.20,
respectively.

The plot between the calculated (cal) and literature (lit) values of density and viscosity are linear with
the intercept, slope, R? and standard error of -0.049, 1.060, 0.992 and 0.0022, respectively and 0.286,
0.920, 0.990 and 0.1474, respectively (Fig. 2).
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Fig. 2 The plots between estimated and literature values: a, density and b, kinematic viscosity of saturated

and unsaturated FAEEs at 10-90°C.

4. Conclusion

Free energy is an extensive property and the free of a molecule can be summed from atoms or group
of atoms in the mole (additivity). The free energy is, in turn, correlated to many physical properties.

Density and kinematic viscosity are two of the examples. FAME and FAEE are only different in the methyl
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and ethyl group. Therefore, their physical properties can be estimated by the same equation but differed in
the numeric constants. In this work, density and kinematic viscosity of pure saturated and unsaturated

FAEEs at various temperatures (10-90°C) are estimated with good accuracy.

Table 1. Estimated Densities (g/cm®) and kinematic viscosities (cSt) of FAEEs at 20—90 °C

FAEEs Temperature (K)

(zna) 20315 29815 30315 308135 31315 31815 32313 32813 33315 33813 34313 34815 33315 35813 36315 36815

CI2:0  , 08630 08584 08540 08498 08457 08418 08380 08343 08308 08274 08241 08200 08178 08148 08119 08630
(006) (001) (@07 (011 (013) (014) (012) (009 (0.04) (002) (D09 (018 (D29 () 8) &)

4 406 367 333 303 276 252 232 213 196 182 168 136 145 133 126 406

(535) (648) (T14) (738) (734) (T08) (662) (396) (330) (446) (352) (261) (151) O (39

Cl4:0 5 08635 08588 08543 08500 08458 08418 08379 08341 08305 08270 08236 08203 08172 08141 08111 08633
(030) (018) (011) (005 (0.00) (003) (0.04) (0.05) (0.02) (001) (006 (011) (018) () 8) O

4 535 481 434 303 357 325 297 272 249 230 212 196 182 169 157 533
(297) (153 (04T (02T (07% (106 (115 (110) (084 (052) (006) (048 (L1 () &) &)

Cl6:0 o 08337 08546 08506 084638 08432 08306 08362 08320 08208 08267 08237 08208 08180 08153 08127 08587
8 O (023 (024) (024) (022) (020) (0.13) (009) (0.03) (D06 (0.16) (026) (039 (051) ()

u 705 631 566 310 461 418 380 346 317 291 267 246 227 210 195 705
) O (3T0) (233 (-136) (001) (043) (024) (023) (040) (069) (109) (1356 (213) (276 ()

C18:0 5 08366 08527 08490 08454 08410 08386 08354 08323 08292 08263 08235 08208 08182 08156 08131 08566
© ) 8 (O (034) (030) (025) (020) (0.43) (0.04) (D03 (016) (D28 (D41 (035 ©

w929 816 738 662 585 537 486 442 402 368 337 300 284 262 243 919
) &) ) () (105) (021) (042) (08%) (1.03) (105) (09T) (06%) (076) (021) (081 ()

C20:0 5 08662 08612 08564 08517 08473 08430 08388 08343 08310 08272 08236 08201 08167 08135 08103 03662
) &) O (021) (013) (009) (005) (003) (D01 (001) (D01 (003 (008) ()

) ) - -

u 1224 1083 963 859 769 691 623 563 511 465 424 38% 3356 327 301 1224

&) 5 &) &) 8] (276) (493) (428) (462) (473) (46%) (445) (451) (353) (289) ()
C18:1 o 08766 08717 08660 08624 08570 08537 08406 08436 08418 08381 08346 08311 08278 08245 08214 08766
(071) (055) (043) (033) (025) (017) (0.13) (009) (007) (D06) (DOT) (0.10) (0.13) (DIT) (023) (0.7

u 7400 665 600 542 492 448 409 374 344 316 292 270 250 232 216 740
(647) (428) (231) (1.14) (004) (080) (-133) (171) (181) (182) (-1.79) (-149) (1.11) (D63) (0.08) (64T
Cl82 08881 08831 08783 08737 08692 08650 08608 08563 08530 08492 08456 08422 08388 08355 08324 08881
(063) (049) (036) (025 (0.17) (0.09) (002) (001) (0.04) (005 (004) (003) (0.00) (D04) (0.09) (0.63)

4 380 535 487 445 407 374 344 317 293 272 253 235 220 205 182 380
(396) (2.15) (103) (053) (3.69) (2.14) (460) (2904) (311) (314) (305 (280) (381) (232) (-193) (3.96)
C18:3 o 08997 08947 08290 08852 08807 08764 08722 08682 08643 08605 08560 08534 08500 08467 08435 08997
(072) (038 (D46) (036) (027) (020) (0.15) (0.11) (0.09) (D07) (008 (0.10) (0.12) (016) (022) (0.72)
70 431 386 364 337 312 280 260 251 234 219 205 193 182 171 470
(@53)  (325)  (218)  (134) (D65) (013) (023) (048) (060) (062) (053 (035 (012  (021) (039 (4353

5. References

[11 Benjumea, P., Agudelo, J., & Agudelo, A. (2008). Basic properties of palm oil biodiesel-diesel
blends. Fuel, 87(10-11), 2069-2075.

[2] Ramirez-Verduzco, L. F., Rodriguez-Rodriguez, J. E., & Jaramillo-Jacob, A. d. R. (2012).
Predicting cetane number, kinematic viscosity, density and higher heating value of biodiesel from
its fatty acid methyl ester composition. Fuel, Vol. 91, No. 1, pp. 102-111.

[3] Phankosol, S., Sudaprasert, K., Lilitchan, S., Aryusuk, K., & Krisnangkura, K. (2014a). Estimation
of Density of Biodiesel. Energy & Fuels, Vol. 28, No. 7, pp. 4633-4641.

[4] Veny, H., Baroutian, S., Aroua, M., Hasan, M., Raman, A., & Sulaiman, N. (2009). Density of
Jatropha curcas Seed Oil and its Methyl Esters: Measurement and Estimations. International
Journal of Thermophysics, Vol. 30, No. 2, pp. 529-541.

[5] Noureddini, H., Teoh, B. C., & Davis Clements, L. (1992a). Densities of vegetable oils and fatty
acids. Journal of the American Oil Chemists Society, Vol. 69, No.12, pp. 1184-1188.

[6] Noureddini, H., Teoh, B. C., & Davis Clements, L. (1992). Viscosities of vegetable oils and fatty
acids. Journal of the American Oil Chemists Society, Vol. 69, No. 12, pp. 1189-1191.

6 JEET 2015; 2(1)



WIINMIEIU TN HANTUMIL Tz AR NN R WL BLAZ AN NRILA Y Eﬁf;l’] Wyuﬂﬂﬂﬁ LLREA TS

http://jeet.siamtechu.net

[71 Halvorsen, J. D., Mammel, W. C., Jr., & Clements, L. D. (1993). Density estimation for fatty acids
and vegetable oils based on their fatty acid composition. J. Am. Oil Chem. Soc., Vol. 70, No. 9,
pp. 875-880.

[8] Spencer, C. F., & Danner, R. P. (1972). Improved equation for prediction of saturated liquid
density. Journal of Chemical & Engineering Data, Vol. 17, No. 2, pp. 236-241.

[9] Basso, R. C., Meirelles, A. J. d. A., & Batista, E. A. C. (2013). Densities and Viscosities of Fatty
Acid Ethyl Esters and Biodiesels Produced by Ethanolysis from Palm, Canola, and Soybean Oils:
Experimental Data and Calculation Methodologies. Industrial & Engineering Chemistry Research,
Vol. 52, No. 8, pp. 2985-2994.

[10] Garcia, M., Alba, J.-J., Gonzalo, A., Sanchez, J. L., & Arauzo, J. (2011). Comparison of Methods
for Estimating Critical Properties of Alkyl Esters and Its Mixtures. Journal of Chemical &
Engineering Data, Vol. 57 No. 1, pp. 208-218.

[11] Reid, R. C., Prausnitz, J. M., & Poling, B. E. (1987). McGraw-Hill (4 ed.).

[12] Martin, A. J. P. (1950). Some theoretical aspect of partition chromatography Biochem. Soc. Sym.
(Partition Chromatography), Vol. 3, pp. 4-20.

[13] Krisnangkura, K., Yimsuwan, T., & Pairintra, R. (2006). An empirical approach in predicting
biodiesel viscosity at various temperatures. Fuel, Vol. 85, No. 1, pp. 107-113.

[14] Phankosol, S. (2014). Correlation of Physical Properties of Biodiesel to Thermodynamic
Parameters King Mongkut's University of Technology Thonburi, Bangkok.

[15] Pratas, M. J., Freitas, S., Oliveira, M. B., Monteiro, S. |. C., Lima, A. I. S., & Coutinho, J. 0. A. P.
(2011). Densities and Viscosities of Minority Fatty Acid Methyl and Ethyl Esters Present in
Biodiesel. Journal of Chemical & Engineering Data, Vol. 56, No. 5, pp. 2175-2180.

[16] Pratas, M. J., Freitas, S., Oliveira, M. B., Monteiro, S. I. C., Lima, A. S., & Coutinho, J. 0. A. P.
(2010). Densities and Viscosities of Fatty Acid Methyl and Ethyl Esters. Journal of Chemical &
Engineering Data, Vol. 55, No. 9, pp. 3983-3990.

[17] Phankosol, S., Sudaprasert, K., Lilitchan, S., Aryusuk, K., & Krisnangkura, K. (2014b). Estimation
of surface tension of fatty acid methyl ester and biodiesel at different temperatures. Fuel, Vol.
126, pp. 162-168.

JEET 2015; 2(1) 7



