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Abstract

The utilization and popularization of biodiesel are always limited by its poor cold flow properties. Both bio-based alcohol and
diesel from direct coal liquefaction (DDCL) has potential to enhance the cold flow properties of biodiesel. Ternary blends of
waste cooking oil biodiesel (BWCO) with DDCL and bio-based ethanol (ET) or 1-butanol (BT) for improving the cold flow
properties of biodiesel. The pour point (PP), cold filter plugging point (CFPP), and cloud point (CP) of BWCO-ET, BWCO-BT,
and BWCO-DDCL binary blends, and BWCO-ET-DDCL and BWCO-BT-DDCL ternary blends were comparatively assessed.
Ternary phase diagrams were also applied into analyze the blending effect of the three components on the cold flow properties
of biodiesel. Results showed that both DDCL, ET and BT can remarkably enhance the cold flow properties of BWCO. BT
and DDCL presented a better synergistic depression effect. For ternary blends in 20:10:70 blending ratio, BWCO-BT-DDCL
exhibited the lowest PP, CFPP, and CP of -23 °C, -19 degC, and -17 degC, respectively. The crystallization behavior and
crystal morphology of blended fuels are also observed via a polarizing optical microscope, and find that DDCL together with

BT in biodiesel can effectively retard the aggregation of large crystals and inhibit crystals growth.
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Abstract:The utilization and popularization of biodiesel are always limited by its poor cold flow properties.
Both bio-based alcohol and diesel from direct coal liquefaction (DDCL) has potential to enhance the cold
flow properties of biodiesel. Ternary blends of waste cooking oil biodiesel (BWCO) with DDCL and bio-based
ethanol (ET) or 1-butanol (BT) for improving the cold flow properties of biodiesel. The pour point (PP),
cold filter plugging point (CFPP), and cloud point (CP) of BWCO-ET, BWCO-BT, and BWCO-DDCL



binary blends, and BWCO-ET-DDCL and BWCO-BT-DDCL ternary blends were comparatively assessed.
Ternary phase diagrams were also applied into analyze the blending effect of the three components on the
cold flow properties of biodiesel. Results showed that both DDCL, ET and BT can remarkably enhance the
cold flow properties of BWCO. BT and DDCL presented a better synergistic depression effect. For ternary
blends in 20:10:70 blending ratio, BWCO-BT-DDCL exhibited the lowest PP, CFPP, and CP of -23 °C, -19
degC, and -17 degC, respectively. The crystallization behavior and crystal morphology of blended fuels are
also observed via a polarizing optical microscope, and find that DDCL together with BT in biodiesel can
effectively retard the aggregation of large crystals and inhibit crystals growth.
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1. Introduction

With the rapid growth of the population and the economy, the worsening environmental pollution and the
growing energy deficit have become a major concern in the world. The existing petrodiesel is always limited
by its diminishing reserves and environmental hazards [1]. Among the proposed alternatives, biodiesel for
diesel engines has attracted the increasing attention of scholars over the past decade because of the advantages
of renewability, biodegradability, nonflammability, nontoxicity, and environmental friendliness [2, 3]. One
of the major technical obstacles that hinders the developments and application of biodiesel fuels is their
poor low-temperature flow properties, which may cause blockage of the oil pipelines and filter because of
the crystallization of the saturated fatty acid methyl esters with high melting points in biodiesel fuels [4-
7). Nevertheless, many methods can be used to mitigate this problem, such as modifying structures [8, 9],
winterization [10, 11], adding pour point depressants [12-14], and blending with diesel [15, 16].

In all these methods, blending biodiesel with fossil diesel is the simplest, most efficient, and indispensable
technique used by manufacturers and researchers to enhance the low-temperature flow properties of biodiesel,
and maximize the profits from various fuel products. In China, the coals are the major source of energy
fuels, and occupy approximately 92.4% of the total fossil energy reserves of the country [17, 18]. Diesel from
direct coal liquefaction (DDCL) is a value-added diesel fuel that is directly transformed from solid coal via
hydrogenation liquefaction reaction under high temperature, high pressure, and suitable catalyst [15, 18]. In
comparison, DDCL has more excellent low-temperature flow properties than petroleum diesel (PD), and it
is a good substitute for enhancing the low-temperature performance of biodiesel in coal-rich countries like
China [15, 19, 20].

In our previous study [15], 0# PD and DDCL blended together with the waste cooking oil biodiesel (BWCO),
and exhibited positive effects on improving the pour point (PP), cold filter plugging point (CFPP), and
cloud point (CP) of BWCO. For ternary blends of BWCO-PD-DDCL containing 20 vol.% BWCO and
10 vol.% to 40 vol.% PD, the CFPP was relatively lower than those of binary biodiesel blends (20 vol.%
BWCO). Nevertheless, the limited petroleum resources and the environmental pollution always restrict the
concoctions of petrodiesel and biodiesel. Alcohols, such as ethanol (ET) and 1-butanol (BT), are primarily
bio-based renewable energy because they are derived from the fermentation of renewable biomass [21-23].
Many researchers have investigated the effect of blending alcohols with biodiesel or diesel on the cold flow
properties because of their relatively lower freezing points [14, 24]. Hence, replacing the petrodiesel with bio-
based alcohols in ternary blends with biodiesel and DDCL to enhance the low-temperature flow properties
of biodiesel is extremely possible. However, there is a paucity of technical data in previous reports regarding
the effect of ternary bends of biodiesel with bio-based alcohols and DDCL on the low-temperature flow
properties of BWCO.

Waste cooking oil (WCO) is one of the potential raw materials for producing biodiesel because of its low-cost,
extensive source and environmental friendliness [25-27]. In this work, BWCO was produced and compared
with ASTM D6751 standard [28] and EN 14214. The bio-based ET and BT were first introduced into BWCO
together with DDCL to improve the low-temperature flow properties of biodiesel. New data presenting the
blending effect of those three components on the PP, CFPP and CP of BWCO-ET-DDCL and BWCO-



BT-DDCL ternary blends were comparatively reported by ternary phase diagrams. In particular crystal
morphology and crystallization behavior were explored by using polarized optical microscope (POM).

2. Experimental
2.1. Materials

The refined WCO was obtained from Shanghai Zhongqi Environment Technology Co., Ltd. DDCL was
obtained from Shanghai Institute of China SH Coal to Liquid and Chemical Co., Ltd. Ethanol (ET) and
1-butanol (BT) with purity of [?]99.7% was purchased from Shanghai Titan Technology Co., Ltd. (China).
All other chemicals and reagents were analytical grade and obtained from Adamas-beta® Reagent Co., Ltd.
(Shanghai).

In addition, BWCO used in this paper was produced by the alkali-catalyzed transesterification of WCO with
methanol in our laboratory [12].

2.2 Methods
2.2.1 GC-MS analysis

Shimadzu QP 2010/Plus GC-MS were conducted on the composition analysis of BWCO and DDCL on the
basis of the MS data to the NIST library. The GC operating conditions are as follows: RXi-5Sil MS (30 m x
0.25 mm x 0.25 um); capillary column temperature of BWCO was first increased by 5 °C/min from 80 to 160
°C, followed by 3 °C/min from 160 to 240 °C; capillary column temperature of DDCL was first increased by
0.5 °C/min from 50 to 70 °C, and followed by 5 °C/min from 70 to 250 °C; interface temperature of BWCO
and DDCL were set to be 300 and 270 °C, respectively; injection temperatures and volume were 270 °C and
1.0 pL; and the gas flow rates (99.9% helium) were 1.0 mL/min. The GC-MS analysis results of BWCO and
DDCL are presented in Table 1 and Table 2, respectively.

Figure 1. Total ion chromatograms of BWCO.
Table 1 Compositions of BWCO.

Name of fatty acid

Retention time methyl ester

No. (min) (FAME) Corresponding acid ~ Total (wt.%)

1 26.233 Methyl C14:0 0.81
tetradecanoate

2 32.548 Methyl C16:1 1.00
9-hexadecenoate

3 33.556 Methyl C16:0 17.44
hexadecanoate

4 39.040 Methyl linoleate C18:2 35.97

5 39.515 Methyl oleate C18:1 36.44

6 40.127 Methyl C18:0 7.52
octadecanoate

Figure 2. Total ion chromatograms of DDCL
Table 2 Compositions of DDCL

No. Retention time (min) Component Total (wt.%) No. Retention time (min) Component Total (wt.%)

1 6.230 0.67 2 6.763 0.47
3 7.079 0.87 4 7.710 0.41
5 8.279 2.32 6 9.805 1.65



No. Retention time (min) Component Total (wt.%) No. Retention time (min) Component Total (wt.%)

7 11.937 0.94 8 12.202 3.77
9 12.581 0.68 10 12.861 0.59
11 13.343 0.45 12 13.627 2.16
13 13.979 0.95 14 14.377 0.49
15 14.661 1.01 16 16.089 0.72
17 16.427 2.11 18 16.989 2.84
19 17.241 1.23 20 17.696 0.80
21 18.570 7.24 22 18.945 0.94
23 20.007 0.86 24 22941 0.77
25 24.169 2.20 26 26.181 14.33
27 28.395 3.74 28 29.690 2.90
29  44.230 1.91 30 46.445 1.43
31 52.072 1.37 32 52.995 0.79
33 53.992 1.45 34 54.715 3.41
35  55.366 1.95 36 55.521 0.53
37 55.646 0.37 38  56.501 2.97
39  57.024 0.48 40  57.644 0.41
41 58.346 0.99 42 58.799 0.56
43 59.112 2.82 44 59.594 0.77
45  59.961 1.44 46  61.188 0.94
47 61.586 0.91 48  62.371 2.03
49  65.136 1.18 50  67.622 0.58

2.2.2 Preparation of biodiesel blends

Multicomponent biodiesel blends, such as BWCO-DDCL, BWCO-ET, BWCO-BT, BWCO-ET-DDCL and
BWCO-BT-DDCL, were blended using the homogenizer (500rpm, 15 minutes) at a room temperature to
ensure that the mixtures were mixed homogeneously. Finally, the fuel blends were stored in plastic bottles
for the following determination.

2.2.3 Fuel properties determination

CP, CFPP, and PP are used to characterize the low-temperature flow properties of biodiesel fuels [19]. CP
refers to the highest temperature where the cloudy crystals appeared in the sample fuel. PP corresponds
to the lowest temperature where the sample fuels lose their fluid ability after cooling at a prescribed rate.
CFPP is termed as the lowest temperature where a prescribed volume (20 mL) of sample fuel is no longer
passing safely through the wire mesh filter within one minute. The PP, CFPP and CP of sample fuels were
measured by using the SYP1022-2 multi-functional low-temperature tester (Shanghai Boli Instrument Co.,
Ltd., China) in accordance with the standard methods of ASTM D6371, ASTM D2500, and ASTM D97
[29-31], respectively. Additionally, other fuel properties, such as acid value (AV), oxidation stability (OS),
flash point (FP), density (p) and kinematic viscosity (u), were determined according to the standard methods
that listed in Table 3.

Table 3 The selected standards and physico-chemical properties of BWCO and DDCL.

Properties (unit)  Test methods ASTM D6751 EN 14214 Diesel fuels  Diesel fuels

BWCO DDCL
CP (°C) ASTM D2500 report - 6 -41
CFPP (°C) ASTM D6371 - ; 5 -49
PP (°C) ASTM D97 - ; 4 .62
OS (110 °C, h) EN 14112 min 3.0 min 6.0 4.8 27



Properties (unit)  Test methods ~ASTM D6751 EN 14214 Diesel fuels  Diesel fuels

FP (°C) ASTM D93 min 93 min 101 153 69
AV(mg, KOH/g) ASTM D445  max 0.50 max 0.50  0.37 0.032
o (15°C, g/em®)  ASTM D664 - 860-890  888.9 865.6
U (40 °C, mm?2/s) ASTM D1298 1.9-6.0 3560  4.06 1.88

BWCO = waste cooking oil biodiesel, DDCL = diesel from direct coal liquefaction, CP = cloud point, CFPP
= cold filter plugging point, PP = pour point, AV = acid value, OS = oxidation stability, FP = flash point,
e = density, v = kinematic viscosity.

& Not specified.
2.2.4 Polarizing optical microscope (POM)

A DM2500P polarizing optical microscope (Leica Microsystems, Wetzlar, Germany) equipped with a Leica
DFC420C digital camera was used for observing the wax crystal morphology and crystallization behavior of
sample fuels. A drop of samples was putted on a slide, and initially hold at 30 °C for 3 min to eliminate all
the crystal memory and subsequently cooled under a fixed cooling rate (0.8 °C/min) down to -60 degC using
the liquid nitrogen, and the micrographs were captured in 1 degC increments under a magnification of 100x.

3. Results and discussion
3.1 Compositions and fuel properties of BWCO, DDCL, ET and BT

The total ion chromatogram and the fatty acid methyl ester (FAME) compositions of the neat BWCO
are shown in Figure 1 and Table 1. The BWCO is composed of FAMEs with different carbon chains and
saturated compositions. As shown in Figure 1 and Table 1, although the unsaturated FAMEs (73.41 wt.%)
in the prepared BWCO are more than saturated FAMEs, the relatively higher content of saturated esters
(25.77 wt.%) always resulted in the weaker low-temperature fluidity of BWCO. Table 3 shows that the PP,
CFPP, and CP of BWCO are 4 degC, 5 degC, and 6 degC, respectively, and other fuel properties, such as
acid value, oxidation stability, flash point, density, and kinematic viscosity are within the ASTM D6751 and
EN 14214 limits.

The compositions and fuel properties of DDCL are differ from that of BWCO. Figure 2 and Table 2 show the
total ion chromatogram and compositions of DDCL. DDCL is a liquid fuel direct obtained from solid coal
liquefaction reaction and mainly consists of hydrocarbons, cycloalkanes, alkanes, and alkenes [15, 18]. Thus,
DDCL exerted better low-temperature flow properties than biodiesel due to their lower melting points. The
CP, CFPP and PP of DDCL reached -41 degC, -49 degC and -62 degC, respectively [15]. These results are
well consistent with the results of previous reports [19, 20]. Similarly, the melting point of ethanol (ET) and
1-butanol (BT) had lower values of -114 degC and -89 degC, respectively. Therefore, blending ET, BT and
DDCL with BWCO can potentially enhance the low-temperature flow properties of biodiesel.

3.2 Low-temperature performance of BWCO blend with ET, BT, and DDCL
3.2.1 Influence of binary blends on the low-temperature flow properties of BWCO

The influences of blending ET or BT, and DDCL on the CP, CFPP and PP of BWCO are presented in
Table 4.

As shown in Table 4, ET and BT exerted a parallel improvement of the cold flow properties of biodiesel. The
PP, CFPP and CP of the binary blends decreased with the increase in the amount of ET and BT. Binary
blends of BWCO-BT presented better cold flow properties than those of BWCO-ET. For BWCO-BT blends
containing no more than 20 vol.% BWCO, the CFPP, CP, and PP decreased rapidly with the decrease in
the biodiesel content from the initial values of -8 degC, -5 degC, and -9 degC, respectively.



Table 4 also shows that the cold flow properties of BWCO-ET and BWCO-BT blends are inferior to that
of. BWCO-DDCL blends. As the blending DDCL in binary blends was increased to 70 vol.%, the CFPP
decreased by 15 degC, 8 degC and 6 degC compared to those of pure BWCO, BWCO-ET, and BWCO-BT
blends in 30:70 blending ratio, respectively. Further increase in DDCL in BWCO-DDCL blends led to rapid
decreases in the values of PP, CFPP, and CP. More amounts of BWCO in blends caused more saturated
FAMEs to hinder the low-temperature flow ability of biodiesel blends. However, in the biodiesel blends, the
large dissolving capacity of BT and DDCL for the saturated FAMEs notably inhibited the growth of larger
wax crystals at freezing cold temperatures.

Table 4 Influence of BWCO-DDCL, BWCO-ET and BWCO-BT binary blends on the CP, CFPP, and PP
of BWCO.

Blend BWCO- BWCO- BWCO- BWCO- BWCO- BWCO- BWCO-
ratio ET ET ET BT BT BT DDCL
(vol.%)  blends blends blends blends blends blends blends
15
CP CFPP PP CPp CFPP PP CPp
(°C) (°C) (°C) (°C) (°C) (°C) (*C)
10:90 -5 -7 -12 -12 -14 -16 -20
20:80 -2 -4 -5 -5 -8 -9 -13
30:70 -1 -3 -4 -3 -5 -6 -10
40:60 0 -3 -4 -2 -4 -6 -6
50:50 1 -2 -3 -1 -4 -5 -3
60:40 2 -2 -3 0 -2 -4 -2
70:30 2 -1 -2 2 0 -2 -1
80:20 3 0 -1 3 -1 -2 2
90:10 ) 1 2 4 0 1 4

BWCO-
DDCL
blends
[15]
CFPP
(°C)
-22

-15

-11

-7

-5

-3

-2

3.2.2 Influence of ternary blends on the low-temperature flow properties of BWCO

BWCO-ET-DDCL and BWCO-BT-DDCL ternary blends were mixed in specific volume ratios. The com-
parative results of the PP, CFPP and CP of BWCO-ET-DDCL and BWCO-BT-DDCL ternary blends are
presented in Table 5. The bending ratios of these ternary blends are as follows: 5:5:90, 10:10:80, 20:80:0,
20:70:10, 20:60:20, 20:50:30, 20:40:40, 20:30:50, 20:20:60 and 20:10:70.

Table 5 shows that DDCL and ET or BT exerted synergistic effects on enhancing the low-temperature flow
properties of biodiesel to a certain degree. Thus, the ternary blending of BWCO and DDCL together with
ET or BT resulted in further improvement of the PP, CFPP and CP of BWCO. More importantly, both ET
and BT are bio-based alcohol fuels derived from inexpensive, green, and renewable biomass materials via
fermentation method [21-23], thus making these ternary blends environmentally and financially feasible.

However, ternary blends of BWCO-BT-DDCL presented lower CP, CFPP and PP than those of BWCO-ET-
DDCL. Such result can be attributed to the good intermiscibility of BWCO-BT- DDCL in contrast to that of
BWCO-ET-DDCL with identical proportions. When the ternary blends contain 20 vol.% BWCO, the value
of CFPP decreased with the increase in the amount of DDCL. As BWCO mixed with BT and DDCL in
20:10:70, 20:20:60, 20:30:50, 20:40:40, and 20:50:30 blending ratios, the CP and CFPP were relatively better
than those of BWCO-ET, BWCO-BT and BWCO-DDCL binary blends that contained 20 vol.% BWCO.
PP also stabilized in the range of -19 °C to -23 degC. Notably, BWCO-BT-DDCL ternary blends with the
blending ratio of 20:10:70 presented the lowest CP (-17 degC) and CFPP (-19 degC) among the blends with
20 vol.% biodiesel, PP also decreased to -23 degC. Moreover, the amount of BWCO is still the major factor
depressing the low-temperature performance of biodiesel blends. Ternary blends of BWCO-BT-DDCL with
blending ratios of 10:10:80 and 5:5:90 presented better cold flow properties, and the CEFPP values (-30 degC
and -35 degC) decreased by 11 degC and 16 degC in contrast to those of BWCO-BT-DDCL blends with the



blending ratio of 20:10:70 (-19 degC), and were also superior to the corresponding binary blends. In other
word, the neat BWCO may be unsuitable for using in a low-temperature climate because of the deficiencies of
its cold flow properties. Nevertheless, blending DDCL and BT together with BWCO can obviously improve
the low-temperature flow properties of biodiesel and widen its temperature ranges for application.

Table 5 Influence of BWCO-ET-DDCL and BWCO-BT-DDCL ternary blends on CP, CFPP, and PP of
BWCO.

Blend ratio BWCO-ET- BWCO-ET- BWCO-ET- BWCO-BT- BWCO-BT-
(vol.%) DDCL DDCL DDCL DDCL DDCL
blends blends blends blends blends
CP (°C) CFPP PP (°C) CP (°C) CFPP
("C) (°C)
20:10:70 -15 -17 -21 -17 -19
20:20:60 -13 -16 -20 -16 -18
20:30:50 -13 -15 -19 -15 -17
20:40:40 -12 -15 -18 -14 -16
20:50:30 -7 -14 -15 -13 -16
20:60:20 -6 -12 -13 -11 -14
20:70:10 -5 -10 -11 -10 -13
10:10:80 -26 -28 -30 =27 -30
5:5:90 -30 -33 -53 -33 -35

BWCO-BT-
DDCL
blends

PP (°C)

-23
-22
-20
-20
-19
-18
-14
-48
-99

3.2.3 Ternary phase diagrams of ternary blends on PP, CFPP, and CP

Ternary phase diagrams were cleverly used to visualize the relationship of PP, CFPP, and CP with the
blending ratios of BWCO-ET-DDCL and BWCO-BT-DDCL ternary blends. Isotherms of CFPP, PP and
CP of BWCO-ET-DDCL and BWCO-BT-DDCL systems at temperatures of 0 °C, -10 degC, and -20 degC
in the ternary phase diagrams were comparatively investigated and are presented in Figure 3.

Comparative results of BWCO-BT-DDCL (Figs.3B, 3D, and 3F) and BWCO-ET-DDCL (Figs. 3A, 3C, and
3E) blends show that BT together with DDCL more effectively improve the PP, CFPP, and CP of biodiesel
than ET. The data depicted in Figure 3B show that, when ternary blends contain at least 75 vol.% BWCO
and less than 15 vol.% BT, their CFPP values are greater than 0 degC. Similarly, blends containing 30 vol.%
t0 90 vol.% BWCO and less than 70 vol.% DDCL have an excellent CFPP ranging from 0 degC to -10 degC.
Both of them occupy relatively narrow ranges of temperature compared with that of BWCO-ET-DDCL.
Blends containing 7 vol.% to 50 vol.% BWCO and no more than 88 vol.% DDCL with an excellent CFPP
can be used in low temperature areas (-10 degC to -20 degC). Otherwise, better CFPP below -20 degC can
be possibly reached for ternary blends containing up to 15 vol.% BWCO, and such fuels can be used in
extremely cold regions of China.

However, Figure 3 also shows that isotherms of PP, CFPP, and CP of BWCO-ET-DDCL and BWCO-BT-
DDCL ternary blends have similarly varying tendencies. The areas of ternary blends with PP of -20 degC
and below are wider than those of CP and CFPP, whereas the range of CP (greater than 0 degC) is the
widest. Furthermore, the ranges of CP, CFPP, and PP between -10 degC and 0 degC constitute the largest
areas in the ternary phase diagrams.

Figure 3. Isotherms of CFPP, PP and CP of BWCO-ET-DDCL (A, C and E) and BWCO-BT-DDCL (B,
D and F) systems at temperatures of 0 degC, -10 degC, and -20 degC.

3.3 Crystallization behavior and crystal morphology observation

Polarizing optical microscope (POM) has been proven to be an effective technique for observing the crystal-
lization behavior and crystal morphology of sample fuels at low temperature [32-35]. In the POM images, the



crystals exert polarized reflective light and present bright white images, as well as the amorphous substances
absorbed light to form black images [34-36]. The POM images of neat BWCO (100 vol.% BWCO), BWCO+
DDCL (20 vol.% BWCO + 80 vol.% DDCL), BWCO+ET+DDCL (20 vol.% BWCO + 10 vol.% ET + 70
vol.% DDCL) and BWCO+ET+DDCL (20 vol.% BWCO + 10 vol.% BT + 70 vol.% DDCL) blends at -15
degC and -20 degC are shown in Figure 4.

As shown in Figure 4, the amounts, sizes, and shapes of wax crystals were varied in neat BWCO, and its
blends. In the neat BWCO, the wax crystals have its unique characteristics of large particle sizes, large
number and concentrated distribution at the low temperature of -15 degC and -20 degC. The strip-shaped
wax crystal were formed in a 3D net structure through cross-linking, and both of them lost their flowability
due to the poor low temperature performance (Ajand Az ). In the binary blends of BWCO+DDCL,
some smaller sized particle-shaped crystals were formed, and the quantity and size of crystals grew as the
temperature decreased from -15 degC to -20 degC (B; and Bz ). After blending ET or BT together DDCL
with BWCO, distinct differences in the amounts, sizes, and shapes of crystals were noticed (Figs.4C and 4D),
and there was an obvious growth in Figure 4(Cz ) and Figure 4(D5 ). Also, the crystals amounts and sizes
in BWCO+ET+DDCL and BWCO+BT+DDCL significantly decreased, as well as the distributions of the
crystals were more orderly compared to the neat BWCO and BWCO+DDCL blends. As shown in Figure
4D, the morphology of crystals in BWCO+BT+DDC blends were observed in smaller number and sizes than
those of BWCO+ET+DDC blends. Such result can be attributed to the large dissolving capacity of BT for
alkenes, hydrocarbons, alkanes, cycloalkanes, and aromatic hydrocarbon in DDCL, and different FAMEs are
presented in BWCO in contrast to those of ET. In addition, DDCL together with BT acted as an excellent
diluent for the high melting compositions of saturated FAMEs that retarded the aggregation and growth of
large wax crystals. Thus, the size and number of wax crystal in the BWCO+BT+DDC ternary system were
smaller, and could filter through filters easily, providing such ternary blends with better low-temperature
flow properties (Figure 4D).
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Figure 4. Polarizing optical microscopy images of crystal morphology of neat BWCO, BWCO+ DDCL,
BWCO+ET+DDCL and BWCO+BT+DDCL blends at -15°C and -20degC.

4. Conclusions

DDCL, ET and BT can significantly enhance the low-temperature flow properties of BWCO. The PP,
CFPP and CP of BWCO-ET-DDCL and BWCO-BT-DDCL ternary blends were superior to those of binary
biodiesel blends. BT and DDCL present better improvement of the low temperature performance of BWCO
as the large dissolving capacity of DDCL and BT for saturated FAMEs in biodiesel retarded the aggregation
and growth of large crystals. For ternary blends containing 20 vol.% BWCO, BWCO-BT-DDCL (20:10:70)



ternary blends presented the lowest PP, CFPP, and CP with values of -23 degC, -19 degC, and -17 degC,
respectively. Lower CFPP below -20 degC was possibly reached by BWCO-BT-DDCL blends containing no
more than 15 vol.% BWCO, and such blend fuels can be used in extremely cold regions of China.
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