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The growth in environment pollution as a result of fossil fuels increased consumption has led scientists to
focus on biofuels such as biodiesel and bioalcohols. The ternary blends of bioalcohols with fossil fuels and
biodiesel show better properties as fuels for diesel engine, than binary blends of biodiesel with diesel fuel.
The purpose of this work is to report experimental density data for biodiesel+diesel fuel+isopropanol
pseudo-ternary system at atmospheric pressure, covering the whole composition range and for temperature
ranging from 293.15 to 323.15K. Based on experimental data, the accuracy of different mixing rules and
empirical equations used to calculate the density of the pseudo-ternary system has been evaluated.
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Asaresult of the increasingly pollution of the environment
recorded in recent years, especially due to the transport
sector, efforts are being made aimed at reducing harmful
emissions including CO, that negatively affect the
environment. One of the sofutions would be finding some
alternatives sources of energy such as renewable fuels.

Proven to be environmentally friendly, biodiesel and
bioalcohols are part of the renewable fuels category
providing a cleaner environment [1-6]. Bioalcohols are an
alternative to petroleum-based fuels, the most studied
alcohol being ethanol due to its profitability. But, when
ethanol is mixed with diesel fuel, a phase separation may
occur in the blend. In order to solve such problems, the use
of alcohols with higher carbon chain, which have better
fuel properties such as higher cetane number, higher
calorific value and lower latent heat of evaporation has
been proposed [7, 8]. Such alcohols can be easily blended
with both diesel fuel and biodiesel at any ratios with no
phase separation [8-10]. Moreover, bioalcohols have
recently become competitive due to some improved
methods of production [11-14].

Most studies on fossil fuel blends with isopropanol refer
to engine performance [15-17]. Liu et al. [16] and Hazar
and Uyar [17] have investigated mixtures of diesel fuel
with isopropanol as additive and have analyzed the behavior
and emissions of a diesel engine. They found that
isopropanol presence in the blends caused smoke
emissions decrease and NO_ increase.

There are only few studies on blends with isopropanol
regarding properties like density and viscosity, the most
relevant physicochemical properties in the combustion

process taking place in diesel engine. Gulim and Bilgin
[18] have reported densities at 15°C and kinematic
viscosities at 40°C for canola oil biodiesel+diesel
fuel+isopropanol ternary blend with reduced content of
alcohol.

More investigations on the physicochemical properties
of the biodiesel+diesel fuel+isopropanol ternary system
are needed as a result of the lack of data in literature.

The study of the physicochemical properties of binary
and ternary fuel mixtures is in our attention [19-22]. The
aim of this paper is the study of the diesel fuel system with
two biofuels, biodiesel and isopropanol, considering that
the addition of isopropanol to the biodiesel blend with diesel
fuel allows the addition of higher amounts of biodiesel,
while fulfilling the quality standards requirements.
Therefore, ternary mixtures of biodiesel+diesel
fuel+isopropanol have been prepared to cover the whole
composition range and their densities have been
determined for temperature between 293.15 K and 323.15
K. The accuracy of several predictive and correlative
equations used to calculate the density of fuels blends has
been evaluated.

Experimental part

Diesel fuel was purchased from a local company and
biodiesel from SGS Bulgaria Ltd. The two fuels properties
are in accordance with quality standard requirements: EN
590 for diesel fuel and EN14214 for biodiesel. Isopropanol
was purchased from Merck Company (99.7 % v/v purity).
Table 1 lists some important properties of biodiesel, diesel
fuel and isopropanol, and their molar masses. The biodiesel

Table 1
PROPERTIES OF DIESEL FUEL, BIODIESEL AND ISOPROPANOL
Property Unit Test Diesel fuel Biodiesel Isopropanol
methed | —pxzop ENTAIE &p. Tt P,
(25 °C) (25 *C)
Density  at | g/om? ENTEO | 0.B20-0.84F | 0.E40% 0.Z60-0.500 OEE3E | O7EIZF[I5] 0.7900
15°C 12185 07810 [24]
Viscosity af | mms ENTEOD 20-435 26791 330-300 TATET | ZRI38F 23] 26081
40°C 3104 2.6334* [26]
Flash pomt C ENTEOD =33 =101 173 -
2719

hMean molar | g/mel - 21001 19518 60.1
mass

*caleulated from dynamic viscosity and density at 25 °C

* email: sibel_o@yahoo.com
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Name of Fatty acid* Molecular | Molar | Fatty acid methyl ester
formula mass composition (% whw)
(g/mol) Table 2
Lauric (C12:00) CiHeOr | 214344 - FATTY ACID METHYL ESTER
Miristic (C14:0) CrsHanOy | 242308 - COMPOSITION BASED ON
Palmitic (C16:0) CisH301 | 270.436 3.47 PERCENT MASS OF BIODIESEL
Stearic (C18:0) CgHze0n | 298510 1.32
Arachidic (eicosenoic) (C20:0) CopHapO2 | 326.563 038
Palmitoleic (C16:1) CisHso01 | 265.440 -
Oleic (C18:1) CizHs401 | 206.4594 3921
Lincleic (C18:2) CigH201 | 294,478 39.52
Linclenic (C18:3) CigHsp0n | 292.462 -
11-Octadecenoic (11-vacenic) (C19:2) CigHs407 | 282.461 15.09
Gadoleic (11-eicosenoic) (C20:1) CnHapOr | 324541 0.73

*The first digit indicates the number of carbon atoms in the acid chain of the methyl ester
and the second digit indicates the number of double bonds of carbon atomsin the acid chain of the

methyl ester.

mean molar mass was determined by cryometric method
and based on chemical composition presented in Table 2.
The mean molar mass of diesel fuel was determined by
cryometric method. The monoalkyl esters composition of
biodiesel was determined by gas chromatography using a
Clarus 500 GC chromatograph equipped with a FID
detector and capillary column SGE BPX70 of high polarity,
with polysiloxane as stationary phase and hydrogen carrying
gas at a flow rate of 20 mL/min.

Ternary biodiesel+diesel fuel+isopropanol blends were
prepared at room temperature by weighting; the analytical
balance has = 0.0001 g accuracy. Twenty two mixtures
were prepared to cover the entire compositions range of
the ternary system. All mixtures were completely miscible.
The biodiesel+diesel fuel+isopropanol system is a pseudo-
ternary system due to the fact the diesel fuel and biodiesel
are complex mixtures; diesel fuel is a blend of
hydrocarbons, and biodiesel is a blend of mono alkyl esters
of fatty acids.

An Anton Paar SVM 3000 equipment provided with a U-
shaped vibrating tube as cell for density measurement was
used for density measurement. The device is equipped with
a Peltier integrated thermostat, the accuracy of which is
0.02 °C and the uncertainty for density measurement is +
0.0005 g/cm3. To achieve the experimental determinations,
5ml of sample are required. The density data is provided at
a specified temperature. Density was measured at 293.15
K, 298.15K, 303.15K, 308.15K, 313.15K and 323.15K.

Equations

Experimental data has been used to test some equations
for correlation and prediction of ternary system density.
The correlative equations are density-composition (or
temperature) equations containing one or more correlation
parameters obtained by regression of experimental data.
Predictive equations allow the property to be estimated
based on the properties of the pure components without
the use of blend experimental data. Equations for density
calculation of the ternary system were obtained by
expanding those for the binary systems. Although in
practice many equations use volume fractions, for the
accuracy of the calculations in this work mass fractions or
molar fractions were employed to express the composition
of the ternary sytem. A new equation with six parameters
was tested for density calculation of the studied system.

For the dependence density-composition, equations
used for density prediction are eq.(1) and eq.(2), and for
correlation, eq.(3). The correlation with temperature was
realised with eq.(4).

REV.CHIM.(Bucharest)¢ 69¢ No. 12 ¢ 2018

Eq.(1) is the mixing rule of Kay, one of the most widely
used method for the prediction of the density of petroleum
products and of fossil fuels + biofuels blends [27-30]:

P =wyipy +waps + wapg o)
where p is the density of the blend, p, and w, are the
densities and the mass fraction of the blend components
respectively.

Eq.(2) taken from the field of petroleum products
calculates the density of the ternary system:

oM, +x, My +xM;
T oxM, LaM,y %M,
o P Ps

where M. is the molar mass of component j, and x is the
molar fractions of the three components of the blend.

Eq.(3) isan empirical polynomial equation obtained with
Statistical V10 program, including six adjustable
parameters, a, b, ¢, d, eand f.

@

p = awy + bwy + cwy + dwywy + ewywy + fuawy

©)

For density-temperature correlation, an empirical
equation proposed by Yuan [31] and applied by Tesfa [32]
for binary sistems was used for the ternary system:

p=al +b 4
where T is the temperature (K), a, b are the fitting
parameters.

Each equation (egs. (1)-(4)) calculating the density of
ternary system was tested for every sample, and the results
were compared with the experimental values.

The accuracy of the equations was evaluated by the
means of the average absolute percentage deviation (AAD
%) and relative percent deviation (RPD %):

100  NPexpi — P
Z' = )
a:p.:
RPD = paxp_i_;‘r}c.:.'.i 100 ©
paxp.i'

wherep, .andp_,.arethe experimental and the calculated
value of e densﬂy, respectively; Nrepresents the number
of experimental points.
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Results and discussions
Experimental data

Experimental data of density of biodiesel+diesel
fuel+isopropanol pseudo-ternary system are shown in
table 3 at temperatures between 293.15 and 323.15 K.
Figure 1 shows density variation with composition at 298.15
K, and figure 2 presents density variation with temperature.
The graphical representation at 298.15K was made to
better illustrate the density dependence on composition
for the studied ternary system. Similar shapes of the curves
were obtained for the other investigated temperatures.

From figure 1 it can be observed that the smallest density
correspond to ternary blends with the greatest alcohol
content, while the greater density correspond to ternary
blends with the greater biodiesel content. As shown in
figure 2, densities of all samples decrease with the increase
of the temperature, as expected.

Density calculation

The density of ternary blends was correlated with
composition (egs.(1-3)), and temperature (eq. (4)). Tables
4 and 5 present the values obtained for the percentage
relative deviation (RPD) using eq.(1) and eq.(2) for the
predictive calculation of the density of the biodiesel + diesel
fuel + isopropanol ternary system from the densities and
the molar masses of the pure components at the studied
temperatures. For the evaluation and validation of these
equations, the average percentage deviation (AAD) was
also calculated. According to the data presented in tables
4 and 5, it can be seen that eq.(1) and eq.(2) allow a
prediction of the ternary system density with low errors of
0.60-0.70 % and 0.48-0.56 % AAD respectively.

Table 6 presents the results of the density calculation
with eq. (3): equation parameter values and average
absolute percentage deviation values (AAD, %). Eq.(3)

Table 3
EXPERIMENTAL DENSITY VALUES (g/cm?®) OF BIODIESEL (1) + DIESEL FUEL (2) + ISOPROPANOL (3) TERNARY SYSTEM
AT DIFFERENT TEMPERATURES

Composition Temperature (K)
w1 w2 203,15 20815 inals 08.15 31315 318.15 32315
08118 0096 08636 08398 08360 083527 0.8489 0.8451 0.8413
0.6928 0.2082 (0.8393 08335 08518 (0.8480 0.8442 0.8406 0.8367
061786 0_19a0 08499 0_84a0 08421 08382 0.8343 0.8304 08264
0.6206 0.0983 (0.8442 0.5402 0.8362 (0.8322 08281 0.8241 0.8201
05147 03921 08301 08463 08426 0.8388 08350 08313 08274
04158 0.3939 08411 08372 0.8333 0.8294 08236 08216 08174
04179 0.2984 08362 08322 08282 08247 08206 0.&laa 08125
0.4199 0.1999 0.8310 0.8270 0.5229 0.8188 08147 08103 0.8063
0.4220 01003 08266 08225 08183 08141 0.8099 0.8057 0.8022
0.2133 0.1023 (0.8092 0.8030 0.8008 0.7965 07922 0.7878 0.7833
02142 02040 08135 08093 08052 08002 0.7967 0.7924 0.7880
02121 0.4039 0.8223 08183 08143 0.8102 08060 08018 07975
0.2100 (0.3909 08324 08283 08248 08207 081587 08128 08088
0.3119 0.53940 (0.8430 0.8393 0.8335 0.8317 08279 0.8241 08203
0.1050 (0.7999 08335 0.8297 08260 08223 08183 0.8147 08109
0.1061 0.6039 0.8232 08193 08133 0.8112 08072 0.8031 0.7989
0.1071 04080 08143 08102 080561 080192 0.7977 0.7934 0.7891
0.1077 0.3073 (0.8093 0.8032 0.8010 0.7963 0.7925 (0.7882 0.7839
0.1088 0.1036 08007 0.7963 0.7921 07878 07833 0.7790 0.7745
1 0 08785 08749 08712 08676 0.8639 08603 08567
0 1 08365 08329 08294 (0.8258 08224 0.8187 08152
] 0 0.7953 0.7909 0.7865 07820 07775 07728 0.7681
000
Swl=08 w2=i 1, wi=h|
Owl=0.7, w2=0.2 w3=1
o Hwl=06, W2=0.2 w302
088 A A wl=0.6, w201, wi=3
ﬁ ﬂ Awl=05 w2=0d, wi=]
* A Ow1=0.4, w24, wi=0.2
P e ) B ] + N A A
£ 3 [ u +
] th N o +
B = 08 ] [ ] o o *
= - I’} ] A o
g =1 2 [ "
E ! i Awl=0.1, w2=0L8 wi=hl
g E ; ! % ! i owl=0.1, w6, wi=i3
] ' . Bwl=0.1, wl=hd, wi=03
= e i ’ X 3 o B g #ul=03, w2 :s.us :6
I <0835 a7 X 4 Bwl=01, w201, w308
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Fig.1. Density variation with composition at 298.15 K for
biodiesel(1) + diesel fuel(2) + isopropanol(3) ternary system
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Fig. 2. Density variation with temperature for
biodiesel(1)+diesel fuel(2)+isopropanol(3) ternary system at
different compositions
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Table 4
RELATIVE PERCENTAGE DEVIATION (RPD, %) AND AVERAGE ABSOLUTE PERCENTAGE DEVIATION (AAD, %)
VALUES FOR DENSITY ESTIMATION WITH EQ.(1)

Composition Temperature (K)

20315 | 129815 | 30315 | 30815 | 31315 31815 | 31315
w b RPD(%)
08116 | 0.0066 03708 03871 03953 03515 | 03600 | -03722 | -03868
06928 | 02082 02584 02737 0217 02860 | 02071 | -02820 | -03096
06176 | 0.1960 05719 03024 0.6081 06267 | 0.6428 06540 | 0.6840
06206 | 0.0983 0.8043 08202 0.8479 08696 | 0.8087 05120 | 09296
05147 | 03921 04515 10,5086 05124 05285 | 05481 | 05455 | 05767
04158 | 03939 0.6073 0.6282 0.6438 06676 | 0.6790 07010 | 0.7328
04179 | 02084 0.7368 07611 0.7843 07445 | -0.7802 07912 | 08219
04199 | 0.1999 20.8595 05154 00411 00651 | 00801 | -10142 | -1.0445
0422 0.1005 05617 05808 10086 10347 | 10383 | -10718 | -0.9998
02153 | 0.1023 10178 1.0209 10407 10571 | 10735 | 10845 | 11112
02142 | 02040 05867 1.0085 10178 10453 | 10628 10736 11023
02121 | 04039 0.8861 05018 20,6200 05437 | 09876 | -10089 | -1.0552
02100 | 03999 06112 06319 06376 06764 | 07198 | 01211 | -0.7617
03119 | 035940 03229 03273 03471 03623 | 03887 03950 | 04138
01050 | 0.7999 04102 04360 0.4403 04331 | 04874 | 04916 | -05155
01061 | 0.6039 07152 07271 07576 07911 | 08261 08436 | 08931
01071 | 04080 08233 0.8433 0.8634 08004 | 09245 05433 0.9768
01077 | 03073 05426 05514 00754 10332 | 10234 | 10323 | -1.0491
0.1088 | 0.1036 0.5886 0.9900 1.0169 10213 | 10270 10350 1.0476

AAD (%)
06009 | 06238 | 06393 | 06531 | o676 | 06812 | 07006
Table 5

RELATIVE PERCENTAGE DEVIATION (RPD, %) AND AVERAGE ABSOLUTE PERCENTAGE DEVIATION (AAD, %) VALUES FOR

DENSITY ESTIMATION WITH EQ.(2)

Composition Temperature (K}
0315 | 10815 RE RE AH RE 1315
b2 X EFD (%)

0.5804 00971 01156 01280 -0.1354 -0.0850 -0.0956 -0.1033 -0.1148
04708 (0.1989 0.1032 0.0928 0.093% 0.0848 00739 0.0925 0.0685
03415 01524 02311 02480 02618 02765 02912 02874 -0.3231
02802 0.0647 03042 -0.3237 -0.5383 -0.5542 03780 -0.3857 -0.5957
03378 03817 0.0785 00833 00873 01111 01320 01237 01533
02192 02934 02976 03166 03578 -0.3550 -0.3680 -0.3870 -0.4181
01873 0.1880 04731 04934 03183 04764 03127 0.3200 0.3490
0.1633 0.1094 06359 -0.6686 -0.6826 -0.7129 -0.7353 07353 -0.7820
0143 0.0485 -0.7082 07222 -0.7458 -0.7661 -0.7853 -0.7914 -0.7127
0.0380 00388 -0.8131 08227 09318 -0.9454 -0.8601 05672 -0.9904
00638 00854 0.8420 0.9633 0.8736 1.0006 1.01%4 1.028% 1.0578
00706 02130 08580 -0.8753 -0.8566 -0.8220 0870 -0.8933 -1.0417
01037 04244 0. 4200 03117 0.3400 0.3600 06073 06131 06321
01938 05189 -0.0162 -0.0187 -0.0406 00352 -0.0837 -0.0881 -0.1092
00619 (0.6628 0.3387 0.3766 0.391% 0.3%6% 04341 04392 04652
0.0447 0.3590 -0.8071 -0.8226 -0.8578 -0.8953 -0.8363 -0.8587 -1.0128
0.0330 0.1873 0873 1.0012 1.0285 1.057% 1.0985 1.123% 1.1614
00316 0.1267 -1.0843 -1.0968 -1.1254 -1.2071 -1.1829 -1.1933 -1.2174
00264 00333 -1.0000 -1.0014 -1.0288 -1.0331 -1.03%6 -1.0480 -1.0594

04826 | 04946 | 05108 | 03227 | 03411 | 03508 | 03676

presents somewhat higher errors, in this case the average
relative deviation values fall between 1.18 - 1.3 %.

Table 7 shows the result of the temperature-density
correlation with eq.(4) for biodiesel + diesel fuel +
isopropanol ternary system. Eq.(4) shows AAD errors
between 0.1 and 1.5 %.

REV.CHIM.(Bucharest)¢ 69¢ No. 12 ¢ 2018

Egs.(1)-(4) can be practically used to calculate the
density of the ternary studied fuels blends at different
compositions and temperatures with average errors of

0.0021-1.7 %.

Figure 3 shows the density values calculated with the
predictive eq.(1) and eq.(2) and the correlative equation,
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Table 6
PARAMETERS VALUES FROM EQ.(3) AND AVERAGE ABSOLUTE PERCENTAGE DEVIATION (AAD, %) FOR DENSITY
CORRELATION WITH COMPOSITION AT DIFFERENT TEMPERATURES

Temperature (K)
T 29315 2195.1% RIEB L 03515 R) KB L R)ERE IIITE
a 08664 08627 08590 08555 08517 08481 0.2445
b 0.8242 0.8204 08167 08129 0.8093 0.8054 0.2015
Parameters |~ 0.8204 08162 08120 08079 0.8037 0.7993 07043
d 02327 02349 02373 -0.2410 02434 02467 | 02300
B 0.1049 0.1066 0.1087 01110 0.1132 0.1159 01176
T 0.0631 0.0644 0.0644 0.0630 0.0614 0.0611 0.0619
AAD (%) 11877 12033 12205 1.2407 12393 12814 13001
Correlation parameters | AAD (%0)
w1 w1 a b
00566 00918 -0.0007 10801 05515
02082 0.00090 -0.0008 1.0796 10104
01560 01564 -0.0008 10702 10312
0.0585 02809 -0.0008 1.0800 10573
03921 00937 | 00008 0TS 0770 Table 7
LEN TT83T 0008 10663 11770 AVERAGE ABSOLUTE PERCENTAGE DEVIATION
015900 03802 00008 10725 02107 (AAD, %) FOR DENSITY CORRELATION WITH
01005 E Y] 00008 10677 0104 TEMPERATURE AT DIFFERENT COMPOSITIONS
0.1025 06822 -0.0009 10621 15555
02040 U318 00008 10823 13710
EDEY 03540 -0.0008 10647 IEEEY
0.5000 01901 -0.0008 1.0630 13324
03540 0094 -0.0008 10632 03580
0.7955 0.0951 -0.0008 1.0540 0.7562
06030 07820 -0.0008 10608 17320
04080 04849 -0.0008 1.0607 03580
03073 05848 -0.0008 10579 13716
0.1036 07877 -0.0009 1.0367 T3373
0.875 n B Eq (1) ConCIUSi.OnS . . . .
® Eq Experimental densities of biodiesel+diesel fuel+
) ¢ °E® isopropanol system for temperature ranging from 293.15
- on ? to 323.15 K have been reported.
& o ' The density of the biodiesel + diesel fuel + isopropanol
z J o ternary system varies monotonously with mixture
5 h. o 4 ° composition, without extreme points, with values within
g o the range limited by the densities of the pure components.
3 o ., o The predictive equations ((eq.(1) and (2)) which calculate
= % .l % the density of the mixtures from the density of the pure
© oms & BQ components, allow a good estimation, the errors being
= - within 0.6 - 0.7 and 0.48 - 0.56 %, respectively. The
°o correlative equation with six parameters (eq.(3)) also
0.795 B represents well the experimental data, with errors between
0.795 0.815 0.835 0.855 0.875

Experimental density, glem3
Fig.3. Calculated density with different equations versus
experimental density at 293.15 K for biodiesel(1) + diesel fuel(2)
+ isopropanol(3) ternary system

eq.(3) as compared to the experimental values. It can be
seen that the predictive equations present the best results,
the dependency points are arranged near the bisector.
These equations are accurate and give errors between 0.6
- 0.7 % (eq.(1)), and 0.48 - 0.56 % (eq.(2)). The low error
values recommend them to be used for predictive
computation. Correlative Eg.3 also shows small error
values, which recommends it for estimating the density of
the studied ternary system.

The accurate results obtained with predictive equations
(egs.(1)and (2)) indicate an almost ideal behavior of the
studied system. The pseudo-ternary system is probably a
mixture of components molecules without or with very
weak interactions between them.

3414
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1.18 and 1.3 %, being slightly higher than the errors
corresponding to eq.(1) and eq.(2). The dependence of
density on temperature is well represented by Eq.(4), the
corresponding errors ranging from 0.10 % to 1.53 %.

All equations used in this study to calculate the density
of biodiesel + diesel fuel + isopropanol system can be
utilized in practice to estimate the density of this ternary
system at different compositions and temperatures.
Biodiesel + diesel fuel + isopropanol ternary system is of
practical interest because isopropanol addition decreases
system density, making it more close to that of diesel fuel
and thus permitting more biofuels to be added to fossil
fuel. Isopropanol as a product of some more competitive
biotechnologies that have been recently developed is a
possible additive or substitute for fossil fuels.
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