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Abstract: The liquid-liquid equilibrium (LLE) phase boundaries were determined experimentally for the ternary systems
containing refined sunflower oil, methanol, and one of ten potential cosolvents at 308.2 K under atmospheric pressure by
using cloud point method. n-Butylamine was found to be one of the best cosolvents, which could substantially enhance
the miscibility between the oil and methanol. The LLE measurements were then extended to the ternary systems of
methanol + refined sunflower oil, soybean oil, or canola oil in the presence of the auxiliary cosolvent n-butylamine at
temperatures from 298.2 K to 318.2 K. The LLE data were utilized for estimating the model parameters of the NRTL and
the UNIQUAC, respectively. In general, these two models can reasonably represent the LLE phase boundaries.
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1. INTRODUCTION

In recent years, biodiesel has been recognized as one of
cleaner fuels produced from renewable resources [1-3]. The
major compounds of the biodiesel are fatty acid methyl es-
ters (FAME), which typically can be obtained via transesteri-
fication of oils or fats with methanol. In the transesterifica-
tion, the reactants (oils and methanol) are partially miscible.
To promote the reaction rate by means of reducing the mass-
transfer resistance between the reacting constituents, several
auxiliary cosolvents have been suggested. Those potential
cosolvents include tetrahydrofuran, ethyl acetate, dimethyl
ether, diethyl ether, 1,4-dioxane, 4-methylpiperidine, N,N-
dimethyltrimethylenediamine, diethylamine, tetramethyldi-
aminoethane, dimethylethanolamine, and tetramethylammo-
nium hydroxide as 25 % solution in methanol [4-8]. Boocock
et al. [6] found that the methanolysis of oil was dramatically
enhanced in a single phase by adding cosolvent tetrahydro-
furan. Similar results were also disclosed by Cerce et al. [7]
who used tetramethylammonium hydroxide as a cosolvent
and a basic catalyst, simultaneously.

In the present study, ten organic solvents, including ace-
tone, methyl ethyl ketone, methyl acetate, ethyl acetate,
methyl propionate, propylene glycol monomethyl ether ace-
tate, dimethyl carbonate, tetrahydrofuran, methyl tert-butyl
ether, and n-butylamine, were selected to test their capability
for improving the miscibility between refined sunflower oil
and methanol via a series of LLE measurements at 308.2 K
under atmospheric pressure. The effects of the presence of n-
butylamine on the LLE behavior were further investigated
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for refined soybean oil/methanol and refined canola
oil/methanol systems. These new LLE data are useful in the
determination of the parameters of activity coefficient mod-
els, the NRTL [9] and the UNIQUAC [10], for properly de-
scribing the non-ideality of the constituent compounds in the
liqguid phases. Those model parameters are essentially
needed for the development of biodiesel production proc-
€sses.

2. EXPERIMENTAL SECTION
2.1. Materials

Methanol (99.9 %), acetone (99.5 %), dimethyl carbonate
(DMC, 99 %), ethyl acetate (99.5 %), methyl acetate (99.5
%), methyl ethyl ketone (MEK, 99 %), methyl propionate
(98 %), n-butylamine (99 %), tetrahydrofuran (THF, 99.5
%), and glycerol (99 %) were purchased from Acros, USA.
Propylene glycol monomethyl ether acetate (98+ %) was
supplied by Aldrich, USA. Methyl tert-butyl ether (99 %)
was provided from Fluka, USA and the refined vegetable
oils were from domestic edible oil companies. These chemi-
cals were used without further purification. The purity levels
of the organic solvents have been confirmed with chroma-
tographic analysis.

2.2. Apparatus and Procedures

A glass-made titration-type LLE apparatus with an inter-
nal volume of about 20 cm® was used in the present study. Its
schematic diagram is shown in Fig. (1). Thermostatic water
was circulated through the jacket of the equilibrium cell to
control the cell’s temperature to within 0.1 K. The cell’s
temperature was measured with a precision mercury ther-
mometer (2) with an uncertainty of +0.1 K. About 10 cm® of
a liquid mixture, at a given total composition, was loaded in
the equilibrium cell (1) from the top sampling port, and the
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Fig. (1). Schematic diagram of LLE apparatus.

port was then sealed by a screw open top cap with a Teflon
septum. A magnetic stirrer (5) vigorously agitated the liquid
contents in the cell. While a syringe needle (3) was inserted
through the septum to maintain the cell at atmospheric pres-
sure during the titration process, a precision syringe (4) filled
with a selected cosolvent injected the cosolvent drop by drop
from the top of the cell. The volume of one drop is estimated
as small as 0.02 cm®. When the cloud point was observed,
the amount of the injected cosolvent was determined from
the mass change of the syringe before and after the titration
by a precision electronic balance, with an uncertainty of
+0.1 mg. The composition of the cloud point (i.e., a point on
the LLE phase boundary or the binodal curve) thus can be
determined. The uncertainty of composition analysis is esti-
mated to be better than =0.001 in weight fraction.

2.3. Experimental Results

The LLE apparatus was used to measure the cloud points
(i.e., LLE phase boundaries) for the ternary systems of sun-
flower + methanol with one of ten potential cosolvents, in-
cluding acetone, methyl ethyl ketone, methyl acetate, ethyl
acetate, methyl propionate, propylene glycol monomethyl
ether acetate, dimethyl carbonate, tetrahydrofuran, methyl
tert-butyl ether, and n-butylamine at 308.2 K under atmos-
pheric pressure. Fig. (2). presents the LLE phase diagram for
five selected ternary systems where the composition scales
are in weight fractions. The experimental results show that
all the systems behave as type-l1 LLE and the area of immis-
cibility regions decreases with the order of DMC > acetone >
propylene glycol monomethyl ether acetate > methyl acetate
> ethyl acetate > methyl propionate > MEK > methyl tert-
butyl ether >THF > n-butylamine. Among these investigated
cosolvents, n-butylamine appears to be the most powerful
cosolvent for enhancing the miscibility between the refined
sunflower oil and methanol.
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Fig. (2). LLE phase boundaries of refined sunflower oil + methanol
+ cosolvent at 308.2 K under atmospheric pressure (®, DMC; A,
ethyl acetate; ¢, MEK; O, THF; B, n-butylamine).

The temperature effects on the LLE behavior were sub-
sequently investigated for the mixtures containing n-
butylamine, methanol, and one of refined vegetable oils
(sunflower oil, soybean oil, and canola oil) at temperatures
ranging from 298.2 K to 318.2 K over atmospheric pressure.
Table 1 reports the experimental results where w; is the
weight fraction of component i. Fig. (3). illustrates the LLE
phase boundaries of canola oil + methanol + n-butylamine
system at different temperatures. The area of LLE regions
decreases with an increase of temperature. Fig. (4). compares
the binodal curves of the systems containing different refined
vegetable oils at 298.2 K, indicating that these three phase
envelopes are very close.

3. LIQUID-LIQUID PHASE EQUILIBRIUM CALCU-
LATIONS

The LLE calculations were made with the aid of the
process simulation package Aspen Property. Correlative ac-
tivity coefficient models were adopted to quantitatively rep-
resent the phase behavior of these investigated systems. Our
experimental results of the LLE measurements were applied
to determine the model parameters of two correlative solu-
tion models, the NRTL and the UNIQUAC, respectively.
The definition of the NRTL is given as following:
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Table1. Experimental LLE Phase Boundaries of Sunflower Oil, Soybean Oil, or Canola Oil (1) + Methanol (2) + n-Butylamine (3)
at Atmospheric Pressure

T (K) Wy Wy W3

oil: sunflower oil (1)

298.2 0.141 0.598 0.261
0.167 0.568 0.265
0.189 0.542 0.269*
0.264 0.473 0.263
0.303 0.439 0.258
0.363 0.390 0.247
0.438 0.336 0.226
0.494 0.288 0.218
0.567 0.254 0.179
0.659 0.193 0.148
0.752 0.148 0.100

308.2 0.087 0.758 0.155
0.118 0.676 0.206
0.160 0.635 0.205
0.191 0.583 0.226*
0.231 0.549 0.220
0.270 0.509 0.221
0.331 0.450 0.219
0.396 0.424 0.180
0.551 0.295 0.154
0.575 0.282 0.143
0.598 0.269 0.133
0.647 0.234 0.119
0.711 0.188 0.101

318.2 0.118 0.728 0.154
0.128 0.702 0.170
0.191 0.623 0.186
0.272 0.530 0.198
0.302 0.506 0.192
0.312 0.483 0.205*
0.389 0.417 0.194
0.453 0.361 0.186
0.527 0.314 0.159
0.655 0.230 0.115
0.707 0.200 0.093
0.816 0.133 0.051
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Table 1. contd....

T (K) Wy W, W3
oil: soybean oil (1)

298.2 0.056 0.776 0.168
0.122 0.676 0.202
0.174 0.589 0.237
0.187 0.575 0.238
0.221 0.541 0.238
0.230 0.525 0.245*
0.300 0.475 0.225
0.390 0.382 0.228
0.539 0.283 0.178
0.573 0.264 0.163
0.648 0.224 0.128

308.2 0.109 0.723 0.168
0.174 0.632 0.194
0.221 0.571 0.208
0.291 0.491 0.218*
0.400 0.398 0.202
0.462 0.347 0.191
0.547 0.307 0.146
0.583 0.282 0.135
0.638 0.246 0.116
0.661 0.225 0.114
0.740 0.177 0.083
0.816 0.134 0.050

318.2 0.103 0.777 0.120
0.144 0.698 0.158
0.189 0.627 0.184
0.211 0.605 0.184
0.294 0.512 0.194*
0.315 0.499 0.186
0.374 0.441 0.185
0.405 0.416 0.179
0.435 0.401 0.164
0.474 0.379 0.147
0.562 0.311 0.127
0.715 0.199 0.086
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Table 1. contd.....
T (K) Wy Wy W3
oil: canola oil (1)
298.2 0.123 0.667 0.210
0.159 0.612 0.229
0.185 0.558 0.257*
0.192 0.554 0.254
0.268 0.482 0.250
0.287 0.462 0.251
0.458 0.326 0.216
0.488 0.294 0.218
0.587 0.238 0.175
0.616 0.219 0.165
0.684 0.189 0.127
0.741 0.157 0.102
308.2 0.122 0.681 0.197
0.156 0.636 0.208
0.165 0.612 0.223*
0.238 0.545 0.217
0.314 0.455 0.231
0.350 0.417 0.233
0.574 0.258 0.168
0.684 0.196 0.120
3182 0.224 0.588 0.188
0.258 0.544 0.198*
0.274 0.532 0.194
0.351 0.456 0.193
0.456 0.369 0.175
0.585 0.283 0.132
0.715 0.203 0.082
* The maximum content of a specific cosolvent (3) in the mixture.
o = @  h=5(n-q)+1-7 (7)
Er,x, where rj, g;, and q; are segment parameter and surface area
g parameters of component i, respectively. These structural
g.x parameters of the constituent compounds were estimated
0, =—— (4) from the group-contribution method [11]. According to the
qux/. typical fatty acid compositions of vegetable oils [12], the
= parameters of both sunflower oil and soybean oil were esti-
: mated by assuming that each oil molecule contains one oleic
g = 4% (5) acid functional group and two linoleic acid groups, while
i (4 - - - -
Eq‘ N each canola oil molecule contains two oleic acid groups and
& " one linoleic acid group. Since temperature-dependent pa-
' rameter 7; was considered in both two models for represent-
R 6 ing the LLE phase behavior over the entire experimental
t,=>» 0,1, (6)

temperature range, 7; of the NRTL is given by
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Fig. (4). LLE phase boundaries of ternary systems of methanol and
n-butylamine plus one of three different vegetable oils at 298.2 K
(m, sunflower oil; O, soybean oil;, <, canola oil).

Ty =aij+ b /T (®)
and that of the UNIQUAC is defined as
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Tij = exp (a;j + by / T) 9)

There are three adjustable parameters (a;j, bjj;, and o) for
each binary pair in the NRTL model and two adjustable pa-
rameters (a; and bj) in the UNIQUAC model. Because no
experimental compositions of coexistent phases were deter-
mined simultaneously from the cloud-point measurements,
the model parameters were thus adjusted manually during
the parameter estimation process. The iteration trials were
continued until the calculated LLE phase boundaries ap-
proached to the experimental results. Table 2 reports the de-
termined values of the model parameters for the constituent
binary pairs. A single set of model parameters appears to be
sufficient for the three different vegetable oils investigated in
the present study. The smoothed curves in Fig. (5). are the
calculated results from the NRTL and the UNIQUAC mod-
els for sunflower oil (1) + methanol (2) + n-butylamine (3).
Both two models reasonably describe the LLE phase behav-
ior for this ternary system.

n-butylamine
0.00

1.00

0.50

100
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Fig. (5). Comparison of the calculated results from the NRTL and
the UNIQUAC models with the experimental values of sunflower
oil + methanol + n-butylamine at 308.2 K (@, experimental data; —
—, calculated from the NRTL; - - -, calculated from the UNIQUAC;

. O, calculated end points of tie line).

Table2. Parameters of the NRTL and the UNIQUAC Models for the Constituent Binaries®
system i-j aj a’ a’ by (K) b;® (K)
NRTL
oil (1) + methanol (2) + 1-2° 0.30 -0.4609 -0.35 -111.8072 2824.3631
n-butylamine (3) 1-3 0.30 -4.2496 -0.55 -999.2197 1766.7037
3-2 0.47 -0.3074 -0.35 -607.7037 131.5529
UNIQUAC

oil (1) + methanol (2) + 1-22 - -0.4500 -0.01 -418.6907 1.6813
n-butylamine (3) 1-3 - -0.2312 -0.01 -90.8075 34.4796
3-2 B -0.7227 -0.01 476.7736 -241.0775

®The values of parameters for the binaries containing any one of the studied refined vegetable oils are assigned to be identical, regardless of species of oils.

b

® 7 =a;; +— for the NRTL model; 7;; = exp

T

b
(aij +#) for the UNIQUAC model
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CONCLUSIONS

Ten potential cosolvents have been tested to enhance the
mutual solubilities between refined sunflower oil and metha-
nol with cloud point method. n-Butylamine was found to be
a preferable cosolvent to homogenize the mixtures of the oil
and methanol. The temperature effects on the LLE phase
boundaries have also been investigated for ternary mixtures
containing n-butylamine, methanol, and one of three refined
vegetable oils (sunflower oil, soybean oil, and canola oil) at
temperatures ranging from 298.2 K to 318.2 K over atmos-
pheric pressure. The experimental results have been used to
determine the model parameters of the NRTL and the
UNIQUAC models for the constituent binaries. The results
obtained from this study are useful in the process develop-
ment for producing biodiesel from a diversity of plant oils
and methanol in the presence of selected cosolvents.
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