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Abstract

Monoacylglycerol (MAG), diacylglycerol (DAG), and triacylglycerol (TAG) are impurities in biodiesel and a
major cause of precipitation at low temperatures owing to their high melting points. Understanding the
behavior of such acylglycerols is essential for predicting biodiesel cold flow properties (CFPs). Our previous
study on MAG/MAG binary mixtures showed that they tend to solidify by forming molecular compounds,
causing complex liquidus curves. In contrast, TAG/TAG mixtures, which have been studied extensively, are
commonly eutectic or monotectic systems, in which each component solidifies separately as a pure
substance. The present study focuses on binary mixtures of DAG/DAG and different acylglycerol pairs
(MAG/DAG, TAG/MAG, and DAG/TAG), and determination of their solid—liquid phase behavior by
differential scanning calorimetry. As a result, these mixtures were found to behave as eutectic or
monotectic systems with no sign of compound formation, and a simple thermodynamic model called the
non-solid-solution model could represent their liquidus curves. As DAG and TAG have lower contents than
MAG in biodiesel and they are unlikely to form molecular compounds with MAG, it is suggested that DAG
and TAG have little effect on the biodiesel CFPs. Therefore, understanding MAG behavior, especially
molecular compound formation, will probably be important for predicting biodiesel CFPs.

Practical applications

Biodiesel has attracted much interest because its blending with conventional fossil diesel has become more standard
with biofuel mandates. Saturated acylglycerols, such as monopalmitin and monostearin, found in biodiesel as
impurities are considered the main cause of biodiesel solidification. From an energy perspective, the solid-liquid
phase behavior of acylglycerols will contribute to building prediction models for biodiesel cold flow properties. As



the current specification standards for cold flow properties are based on fossil diesel and do not consider the
characteristics of acylglycerols, this study might lead to a reevaluation of conventional standards.



1 Introduction

Biodiesel (fatty acid methyl esters, FAMEs) is
produced by the transesterification of plant oils
with methanol. In this reaction, one molecule of
triacylglycerol (TAG) is  converted into
diacylglycerol (DAG), monoacylglycerol (MAG), and
free glycerol, producing one FAME molecule in
each step (three molecules in total). After the
catalyst and glycerol are removed by washing with
water, unreacted TAG, and intermediates DAG and
MAG, can remain in biodiesel as minor
components.

Such acylglycerols, especially those bonded to
saturated fatty acids, deteriorate the cold flow
properties (CFPs) of biodiesel owing to their high
melting points and ready solidification in
biodiesel™2l. These CFPs, such as the cloud point
and cold filter plugging point, are indices of liquid
fuel fluidity at low temperatures and fuel
performance in cold weather.

The polymorphs of acylglycerols also affect CFPs3-
3. According to a review by Foubert et al.lf],
acylglycerols have several crystal arrangements
with different thermal properties and, in general,
metastable arrangements are formed by
crystallization from the melt, while the most stable
arrangement is produced via crystallization in a
solvent or crystal transition from the metastable
forms. The more stable forms have higher melting
points. MAGs have three prominent crystal forms,
denoted a, B', and B (melting point (Tm), o < B' <
B)®. DAGs have two B-types, denoted B1 and B.
(Tm, B1 > PB2), with slightly different thermal
propertiesl®’., TAG polymorphs are the most
complex, but monoacid TAGs are reported to have
a, B', and B-type crystals (Tm, a < B' < B), the
same as MAGs.

Chupka et al. and Yoshidomi et al. reported that
MAGs solidify as metastable o-form crystals in
biodiesel when cooled rapidly, but transform into
the PB-form during slow heating or long-term
storage®°l. Furthermore, biodiesel precipitation
can occur even at temperatures above the cloud
point*7l, as the MAG melting point differs
depending on its crystal form. The prediction of
such complex solidification behavior is essential for
biodiesel use.

Efforts to predict CFPs using thermodynamic
models have been reported®%, Imahara et al. and
Dunn have reported thermodynamic models that
correlate well with the experimentally determined
cloud point®'1, However, their models were
developed for biodiesel containing only FAMEs
(very pure biodiesel) and did not consider the
effects of acylglycerols.

Accordingly, we have previously studied the effect
of MAGs on biodiesel CFPs using differential
scanning calorimetry (DSC)®2. For mixtures of
FAMEs containing one type of MAG, MAG
solidification was accurately predicted using the
non-solid-solution model®], in which one solid
phase is formed from one chemical component.
However, this model was inaccurate for mixtures
containing multiple types of MAG, suggesting the
formation of a single-phase crystal consisting of
multiple MAGs!?, denoted the molecular
compound. For such mixtures, the compound
formation model was effectivel!2. Therefore,
whether one solid phase consists of a single
component or multiple components is important
for predicting biodiesel CFPs.

As compound formation behavior has often been
observed in binary MAG/MAG mixtures,
confirming whether the same behavior occurs in
binary mixtures of other combinations is of interest.
TAG/TAG mixtures have been extensively studied
and reported to not tend to produce molecular
compounds®3, with some exceptions!**. However,
studies on other combinations, such as DAG/DAG,
DAG/MAG, TAG/MAG, and DAG/TAG, are limited.
In this study, DSC analysis was performed on binary
mixtures of acylglycerols mixed in the above
combinations to determine whether the
components solidify separately or form molecular
compounds. Three thermodynamic models were
used for prediction and compared with the
experimental results to aid this discussion.

2 Materials and methods

2.1 Materials and analytical method

High-purity MAG, DAG, and TAG samples in Table 1
were purchased and used as received without
purification. These acylglycerols were mixed in
various combinations and ratios to prepare binary
mixtures.



DSC (DSC-60, Shimadzu Corp., Kyoto, Japan)
analysis was performed to evaluate liquidus and
solidus temperatures (liquidus > solidus) of the
binary mixtures. A mixture becomes completely
liquid above the liquidus and fully solid below the
solidus. The liquidus is particularly essential for
CFPs because a slight solid phase can even form
slightly below the liquidus to clog fuel filters.

For each DSC analysis, approximately 10 mg of the
sample was placed in an aluminum-based crimping
cell and exposed to a dry nitrogen flow (50
mL/min). The sample was heated until fully melted
and then cooled rapidly (=10 °C/min) until the first
exothermic peak had ended. This peak indicates
the formation of the first solid phase, and fast
cooling wusually forms metastable acylglycerol
crystals: a-type for MAG and TAG, and [3>-type for
DAG. The sample was then heated immediately (10
°C/min) and the DSC profile recorded. The liquidus
temperature was determined from the peak
temperature of the highest endothermic peak,
while the solidus was determined from that of the
lowest endothermic peak, if observed.

This DSC procedure was intended to prevent the
crystal transition of acylglycerols and determine
the liquidus temperature of a-type MAG in our
previous studies!>'®l, Heating after complete
solidification or slower heating causes crystal
transitions owing to long heating time,
complicating the DSC profiles. Contrary to the
intention, DAG and TAG seemed to have
transitioned to B:1 and B types during the
measurement, respectively, as explained later.
Nonetheless, we adopted this procedure to unify
the analysis conditions with our previous studies
for comparison>15],

Each pure material was also measured in the same
manner to determine thermal properties. The
melting point and enthalpy of fusion were
determined from the onset temperature and peak
area of the endothermic peak, respectively, and
used to calculate thermodynamic models.

For DSC analysis, indium and zinc were used for
temperature calibration of the instrument, with o-
alumina was used as the reference material during
experiments. DSC analysis was conducted three

times for each sample, and the mean values were
used.

2.2 Thermodynamic models

2.2.1 Solid-liquid equilibrium

The liquidus temperature of the mixture was
predicted based on the solid-liquid equilibrium
theory. This theory can represent the relationship
between the liquidus temperature (7) and the
properties of the pure componentl,

L
iX; AHp i (T=Tpmi

y—‘s - = exp [—m’l (—m’l)] (1)
Yi°z; RTp i T

where x; and z are the mole fractions of
component i in the liquid and solid phases,
respectively. The activity coefficients of
component i in liquid and solid phases, yi and y?,
respectively, represented the non-ideality of the
solution. yt‘ was estimated using a modified
universal quasi-chemical functional group activity
coefficient model, known as the UNIFAC
(Dortmund) model™”, while the solid phase was
assumed to be ideal (y# = 1), as in our previous
studies®'. T,; and AHn,; represent the melting
point and enthalpy of fusion of pure component j,
respectively.

Two assumptions were adopted to calculate
Equation 1, namely, non-solid-solution (NSS) and
solid-solution (SS) models. The NSS model assumed
that different components were immiscible in one
solid phase, consisting of a single component i (zi =
1). For a binary mixture, Equation 1 can be
rearranged to Equations 2 and 3.
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Equations 2 and 3 give two liquidus curves for
components 1 and 2, respectively, with their
intersection denoted as the eutectic point. These
two associate into a V-shaped liquidus curve,
known as a eutectic system. However, when the
melting point difference between components 1
and 2 is large, the equation with the higher melting
point becomes dominant, while the other is almost
negligible, and the liquidus line appears as a
monotonically increasing curve instead of a V-



shape. This case is known as a monotectic system
but essentially the same as eutectic, following the
NSS model.

In contrast, the SS model assumed that multiple
components can produce a mixed crystal (z; # 1) at
any ratio. For a binary mixture (z; + z2 = 1),
Equation 1 can be rearranged to Equation 4.
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This equation produces a monotonically increasing
liquidus curve, similar to a monotectic system.
Therefore, when the melting point difference is
large, the NSS and SS models can hardly be
distinguished using only the liquidus curve shape.

2.2.2 Compound formation

When multiple components form a single-phase
crystal (molecular compound) at a specific molar
ratio, the compound formation (CF) model based
on the reaction equilibrium can be used®?l. When
v1 moles of component C; and v>moles of C;in a
liqguid phase (L) produce one mole of solid
compound Cs in a solid phase (S), the reaction is
described as shown in Equation 5:

v1C1 (L) + 1,0, (L) & C3(S) (5)

The solid compound Cz can be reversibly converted
to liquid components C; and C;. These forward and
backward reactions are in equilibrium, and the
equilibrium constant (K;) is shown in Equation 6:
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where x;and yt are the mole fraction and activity
coefficient of component C;, and z3 (z3 = 1) refers to
the mole fraction of Cs. Another expression for K,
can be derived from the Gibbs—Helmholtz equation,
as shown in Equation 708l

Ko = Kror x exp |t (1) (7)

where Kref and AHcef are the equilibrium constant
and enthalpy of reaction at an arbitrarily chosen
reference temperature, Tr.r. By solving Equations 6

and 7, the liquidus temperature can be determined.
In the CF model, vi and v, were used as fitting
parameters.

A mixture that forms molecular compounds has a
liquidus line with one or more upwardly convex
curves. As demonstrated in our previous study™?,
such complex liquidus curves were found in
MAG/MAG mixtures and could be explained well
using this CF model.

3 Results and Discussion

3.1 Pure component properties

The thermal properties of the pure materials were
evaluated, as shown in Table 2, and used to
calculate the thermodynamic models.
Experimental uncertainties in triplicate
measurements were within —0.8 to +1.3 °C of the
mean melting point and —-2.0% to +1.1% of the
mean enthalpy of fusion.

Metastable a crystal data were used for MAGs
because liquidus temperatures attributed to o-
type MAGs were observed under the given DSC
conditions®12l, as explained in the experimental
section. Stable 31 and 3 crystal data were used for
DAGs and TAGs, respectively, because these
materials seemed to have either transitioned
rapidly during DSC measurement or crystallized
directly to these stable forms while cooling. These
behaviors were the same as reported in our
previous study®>'>13 As an exception, B crystal
data was used for MAG18:1 owing to the fast
transition of unsaturated MAG!!, similar to DAGs
and TAGs.

3.2 DSC profiles of binary mixtures

The binary mixtures exhibited some typical
behaviors in DSC analysis, with examples shown in
Fig. 1. When the melting point difference between
the two components was large, which was the
most common case in this study, a single
endothermic peak was observed, as shown in Fig.
1(a) (DAG18:0/DAG18:1). This peak corresponded
to the liquidus temperature of the mixture, which
shifted gradually to a higher temperature as the
DAG18:0 fraction increased. The solidus peak was
usually not observed in this case because, as
mentioned in the experimental section, the
mixture was reheated immediately after the first



exothermic peak was passed in the cooling cycle,
preventing the mixture from fully solidifying.

When the melting point difference was small,
multiple endothermic peaks were observed, as
shown in Fig. 1(b) (DAG18:0/DAG16:0). This might
be due to the mixture fully solidifying in the cooling
cycle, resulting in multiple melting processes
appearing in the DSC profile. In this case, the
highest (filled triangles) and lowest (open triangles)
endothermic peak temperatures were assigned as
the liquidus and solidus temperatures of the
mixture, respectively. However, the peaks in Fig.
1(b) seem to be broad, containing several
shoulders. This may be because the crystal
transition was not completed during the analysis,
and the endothermic peak attributed to both 1
and 32 crystals overlapped, as discussed later.

When TAG was a component in the mixture and
solidified during the cooling cycle, as shown in Fig.
1(c) (DAG18:1/TAG16:0), a small exothermic peak
(indicated by arrows) was observed in addition to
the liquidus endothermic peak (filled triangles).
This exothermic peak might be due to the rapid
melt-mediated crystal transition from o to B-type
TAG upon heating(?%,

3.3 Binary mixtures of the same type of
acylglycerol

This section covers binary mixtures of the same

type of acylglycerol, namely, TAG/TAG, DAG/DAG,

and MAG/MAG. As TAG/TAG and MAG/MAG pairs

have been studied by us and other researchers, as

mentioned later, the current study focused on

DAG/DAG mixtures, with the results shown in Fig. 2.

In triplicate trials, the experimental uncertainties
were within —0.6 to +0.7 °C of the mean for
liguidus, and —0.5 to +0.6 °C of the mean for
solidus.

For the DAG18:0/DAG12:0 mixture, the
experimentally determined liquidus increased
monotonically with increasing DAG18:0 content, as
shown in Fig. 2(a). Owing to the relatively large
difference between the melting points of DAG18:0
and DAG12:0, no significant difference was
observed between the NSS and SS models, such
that the experimental liquidus fitted both models
well. However, the measured solidus was almost

constant at around 56 °C, regardless of the mole
fraction. As this is a typical characteristic of
eutectic systems, the actual behavior of this
mixture was considered to follow the NSS model
more closely.

The experimental liquidus of DAG18:0/DAG16:0, as
shown in Fig. 2(b) based on the results of Fig. 1(b),
was closer to the NSS model than the SS model.
Furthermore, as the solidus was constant at
around 63 °C, this mixture appeared to be a
eutectic system, following the NSS model. The
experimental liquidus tended to be slightly lower
than the NSS model, which might be due to the
heating time to the liquidus temperature being
short in this mixture, such that the crystal
transition from 32 to 1 was not complete. The DSC
profiles in Fig. 1(b) were broad, and multiple
crystal types appeared to be involved. Given this
fact, the liquidus temperature, almost constant
around 68 °C in the DAG18:0 content from 0.2 to
0.6, may correspond to the solidus of 1 crystal
rather than the liquidus. In this region, since the
actual liquidus peak was probably small and buried
in the solidus peak, the liquidus temperature could
not be determined correctly from the DSC profile.
The solidus temperature around 63°C could be
attributed to B2 rather than Bi. Note that the
melting point of B2-type DAG18:0 (76.8 °C) was
about 3 °C lower than that of 31 (79.6 °C).

For the DAG18:0/DAG18:1 mixture, the
experimental liquidus was in good agreement with
both models, as shown in Fig. 2(c). As the NSS and
SS models almost overlapped due to the very large
melting point difference, and no solidus was
observed in this case, it was difficult to determine
which model was correct for the real behavior.
However, considering that other DAG/DAG
mixtures follow the NSS model, it seems that
DAG/DAG mixtures can generally be predicted
using the NSS model. The same has also been
shown for some diacid DAGs?Y  and
DAG16:0/DAG18:1 mixtures??,

For TAG/TAG mixtures, a review by Timms
concluded that eutectic behavior is most
commonly observed™ implying that TAG/TAG
mixtures can generally be represented by the NSS
model, in addition to DAG/DAG mixtures. As some
exceptions, specific TAG/TAG combinations can



form molecular compounds at  certain
compositions34, For  example, Engstrom
reported that 2-oleo-1,3-distearin (StOSt) and 1-
oleo-2,3-distearin (OStSt) form a molecular
compound with a composition of approx. 1:113],
Zhang et al. suggested that certain combinations of
fatty acid moieties of TAGs resulted in specific
glycerol conformations that support compound
formation(*¥. However, such cases are rare, and
since the TAG content in biodiesel is generally
smaller than that of MAG, the effect of TAG/TAG
compound formation on biodiesel CFP is
considered limited. The European biodiesel
standard EN14214 restricts the TAG and DAG
contents to < 0.2 wt% each and MAG content to <
0.7 wt%!4,

Meanwhile, our recent report showed that all
MAG/MAG mixtures studied had complex liquidus
curves, represented only by the CF model,
suggesting the formation of molecular compounds
between different types of MAGZ. Compared
with TAG/TAG and DAG/DAG mixtures, MAG/MAG
seems to form molecular compounds readily owing
to the presence of two hydroxyl groups in the MAG
molecule, which form strong intermolecular
hydrogen bonding with carbonyl groups of another
MAG moleculel®],

3.4 Binary mixtures of different types of
acylglycerol

The solid-liquid phase behaviors of binary
DAG/MAG, TAG/MAG, and DAG/TAG mixtures are
shown in Figs. 3-5, respectively. The experimental
uncertainties in triplicate trials were within —0.9 to
+0.8 °C (liquidus) and —0.9 to +0.7 °C (solidus) of
the means in Fig. 3, —0.6 to +0.9 °C (liquidus) in Fig.
4, and —0.6 to +0.7 °C (liquidus) in Fig. 5.

Among the DAG/MAG mixtures, the experimental
liquidus temperatures for DAG12:0/MAG12:0 (Fig.
3(a)), DAG18:0/MAG18:0 (Fig. 3(b)), and
DAG18:0/MAG18:1 (Fig. 3(c)) were clearly on the
V-shape curve, in good agreement with values
calculated by the NSS model. Solidus temperatures
were also observed in these mixtures, with no
significant change observed with different
compositions. These behaviors were typical of
eutectic systems.

The behavior of DAG18:0/MAG18:1, as shown in
Fig. 3(d), was similar to that shown in Fig. 2(c), and
the experimental liquidus values were well
explained by the NSS model, despite the large
difference in melting points making distinguishing
between the NSS and SS models difficult.

As shown in Fig. 3(e), the DAG18:1/MAG16:0
mixture was an exception. In the region where the
DAG18:1 fraction was more than 0.6, the
experimental liquidus deviated to a higher
temperature than the NSS model, suggesting
molecular compound formation, which can be
reasonably explained by the CF model. The
parameters of the CF model were determined as
follows: vi (MAG16:0) = 5.1, v; (DAG18:1) = 14.6,
Kret = 0.00016, and AHref= 74.4 kl/mol. Note that
these values are only the result of data fitting and
do not necessarily reflect the actual values.
However, even if compound formation occurs
when the DAG fraction is high, its effect on the
CFPs of actual biodiesel (generally, MAG content >
DAG content) might not be significant. The NSS
model seems to be sufficient for predicting the
solidification behavior of biodiesel.

For the TAG/MAG mixtures, the experimental
liquidus temperatures were on the V-shape curve
for TAG18:0/MAG18:0 (small melting point
difference; Fig. 4(a)), and monotonically increased
for TAG18:0/MAG12:0 (Fig. 4(b)) and TAG16:0/
MAG18:1 (large melting point differences; Fig. 4(c)),
with no sign of compound formation. These results
indicated that the TAG/MAG mixtures were also
essentially eutectic or monotectic, which should be
explained by the NSS model, similar to DAG/MAG
mixtures. However, deviations between the NSS
model and experimental values were observed,
especially in the low TAG content region of Fig.
4(b). When the difference in fatty acid chain length
between TAG and MAG was large, the UNIFAC
(Dortmund) model tended to estimate a very large
activity coefficient (y;%) at low TAG contents. For
example, in Fig. 4(b), the y;! value was about 60
when the TAG18:0 fraction was 0.01, resulting in
higher predicted liquidus temperature. The reason
for this is unclear, but UNIFAC (Dortmund) might
not be able to sufficiently evaluate the TAG/MAG
mixtures.



For the DAG/TAG mixtures in Fig. 5, the
experimental liquidus showed a slight V-shaped
trend or monotonic change. Relatively good
agreement with the NSS model was observed,
allowing explanation by the eutectic or monotectic
system, similar to other mixtures. However, as
shown in Fig. 5(b), when the difference in fatty acid
chain length between TAG and DAG was large, the
NSS model results tended to be higher than the
experimental results in the low TAG content region
(high DAG content). This was also due to the y;t
value being quite large (y;X = 2.5 when TAG18:0
fraction was 0.01), but not noticeable compared
with that of Fig. 4(b). The evaluation of activity
coefficients by UNIFAC (Dortmund) appears able to
express the experimental results quite well for
TAG/DAG mixtures.

As an additional discussion, enthalpy analysis was
performed based on the DSC profile to determine
whether the mixture with monotonically varying
liquidus curve would follow the NSS or SS model.
Fig. 6 shows the liquidus temperature and enthalpy
of melting at liquidus of various mixtures. For
DAG18:0/DAG18:1 (Fig. 6a), the enthalpy increased
linearly with the DAG18:0 content. Therefore, only
pure DAG18:0 crystal appeared to be melted at the
liguidus temperature, meaning that this mixture is
eutectic and follows the NSS model. Similarly, the
enthalpy curves of the other mixtures (Figs. 6b-d)
varied linearly, suggesting that they are also
eutectic systems.

4 Conclusions

This study showed that the liquidus temperatures
of DAG/DAG mixtures either follow a simple V-
shape curve or change monotonically, both of
which fit well with values predicted by the NSS
model. The formation of molecular compounds
between different types of DAG was not observed.
According to previous studies, such eutectic or
monotectic behavior has also been commonly
observed in TAG/TAG mixtures. Similarly, the
liguidus curves of binary mixtures of different
types of acylglycerol, namely, DAG/MAG,
TAG/MAG, and DAG/TAG, were in good agreement
with the NSS model, with a few exceptions.
However, for TAG/MAG mixtures, concerns
remained regarding the reliability of the UNIFAC
(Dortmund) model for estimating the activity
coefficient. These results implied that each

component solidified independently as a pure
substance in the above mixtures. This contrasted
with the results of our previous study on
MAG/MAG mixtures, whose liquidus curves were
very complex, showing a strong tendency to form
molecular compounds described only by the CF
model. As the MAG content in biodiesel is
generally higher than that of DAG and TAG, and
MAG is less likely to form molecular compounds
with TAG and DAG, it can be assumed that the
effect of DAG and TAG on biodiesel CFPs is limited.
Therefore, to accurately predict the biodiesel CFPs,
understanding the behavior of MAG, especially its

molecular compound formation, is probably
important.
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Fig. 1. DSC profiles at a heating rate of 10 °C/min for mixtures of (a) DAG18:0/DAG18:1, (b) DAG18:0/DAG16:0, and (c)

DAG18:1/TAG16:0 at various mole fractions. Filled and open triangles indicate the liquidus and solidus peaks, respectively.
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Fig. 2. Experimentally determined liquidus (filled circles) and solidus (open circles) temperatures of various DAG/DAG binary mixtures,

and theoretical liquidus curves calculated using the NSS (solid line) and SS (dashed line) models.
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mixtures, and theoretical liquidus curves calculated using the NSS (solid line), SS (dashed line), and CF (dashed-dotted line) models.
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Table 1. Pure materials used in this study and their supplier-guaranteed purities.

Name Abbreviations Manufacturer Purity, % (GC)
1-monolaurin MAG12:0 Nu-Chek Prep, Inc., Elysian, Ml 99
1-monopalmitin MAG16:0 ) 99
] Olbracht Serdary Research Laboratories, Toronto, Canada
1-monostearin MAG18:0 99
1-monoolein MAG18:1 99
1,3-dilaurin DAG12:0 ] 99
) - Nu-Chek Prep, Inc., Elysian, Ml
1,3-dipalmitin DAG16:0 99
1,3-distearin DAG18:0 99
1,3-diolein DAG18:1 Larodan Fine Chemicals AB, Solna, Sweden 99
Tripalmitin TAG16:0 ) 99
] ] Olbracht Serdary Research Laboratories, Toronto, Canada
Tristearin TAG18:0 99




Table 2. Thermal properties of pure materials determined by DSC (10 °C/min) and the number of UNIFAC functional groups.

Crystal Number of UNIFAC functional groups Melting Enthalpy
Component  “wpe "~ CHs  CHs CH  CH=CH OH()  OH@E CHCO0 point(‘C) o'l
MAG12:0 o 1 11 1 - 1 1 1 44.8 224
MAG16:0 o 1 15 1 - 1 1 1 66.4 34.1
MAG18:0 o 1 17 1 - 1 1 1 74.2 39.2
MAG18:1 1 15 1 1 1 1 1 35.0 49.4
DAG12:.0 B1 2 20 1 - 1 - 2 56.7 79.2
DAG16:0 B1 2 28 1 - 1 - 2 73.4 1114
DAG18.0 B1 2 32 1 - 1 - 2 79.6 130.0
DAG18:1 B1 2 28 1 2 1 - 2 25.8 88.4
TAG16:0 3 41 1 - - - 3 63.3 132.4
TAG18:0 3 47 1 - - - 3 73.8 181.1




	Manuscript-R2(clear version) 
	Figures(High resolution)
	Tables

