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Abstract: There is growing research on developing new and sustainable lubricants. Sustainable
lubricants with adequate cold-flow properties are of particular interest for many applications.
One limitation of the established methods for measuring cold flow properties is the large volume
needed to test samples. This makes initial screening of many hard-to-synthesize samples difficult.
In the current study, we compared the results of the older, widely accepted ASTM methods D97
(pour point, PP) and D2500 (cloud point, CP) to the newer, smaller-volume, and easier-to-perform
methods D5949 and D5773 for bio-based base oils (estolides and iso-estolides). The CP results
were in good agreement for less colored samples, but D5773 gave lower values for some darker
(Gardner color >8) samples, especially esters. The D5949 showed a tendency to report slightly
higher PP, especially for the lower values. Viscosities and densities in a wide temperature range
(15 to 120 ◦C) were also measured. The surface tensions were estimated by a literature group method.
Viscosity and density effects can only partially explain the differences in the PP values from the
two methods. In conclusion, the newer mini-methods are an acceptable substitution when larger
volumes are not accessible, unless the sample is too dark.

Keywords: bio-based lubricants; temperature-property dependence; biolubricant; green lubricant;
group-contribution method

1. Introduction

The use of petroleum-based products is associated with undesirable climate change, [1]
pollution [2], and depletion of petroleum [3]. The desire to mitigate these effects and to stimu-
late the farm economy motivates the search for novel bio-based fuels, lubricants, and polymers.

The development of bio-based lubricants is under active research (Scopus returned
>250 articles when searching for ((bio-based or bio-based or soybean or palm or corn or
cooking) and lubricant) in 2023 vs. 126 in 2013). We excluded the term “biolubricants”,
often used with a similar meaning to “bio-based lubricants” [4–7]. The “biolubricant”
term can be confusing, since it is used to describe lubricants in biological systems [8] or
environmentally acceptable lubricants (EAL) [9] both of which may be totally petroleum-
based. While the bio-based lubricants are often assumed to be EAL, actual testing and
evaluation is needed. Vegetable oils exhibit better lubricity (lower coefficient of friction
and lower wear), better biodegradability, and lower carbon dioxide emission profile than
mineral oils. On the other hand, they either have high melting points or low oxidative
stability [5–7,10,11]. As esters, vegetable oils have lower hydrolytic stability than mineral
oils [5–7,10,11]. Good biodegradability is a disadvantage for recirculated emulsion-based
metalworking fluid applications, where microbial growth is a major issue [12].

The vegetable oils from the most available sources contain 16- and 18-carbon atoms
fatty acids. The saturated fatty acids are the main contributor to the poor low-temperature
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properties, while unsaturated fatty acids with one or more double bonds are prone to
oxidation [13]. The oleic acid with one double bond is the best “compromise” fatty acid,
which leads to the interest in high-oleic oils [14–17]. Nevertheless, even these oils lack
sufficient performance for most of the applications. Transesterifications of the glycerol
moiety with methanol, diol, or polyol are some of the simplest chemical transformations
on vegetable oils. They were utilized to broaden the viscosity range and improve the
cold-flow properties and oxidation stability [4]. Still, transesterifications have limited effect
on the cold-flow properties and oxidative stability of vegetable oil. Due to this, reacting
of the double bonds is often included as part of bio-based lubricant synthesis [5–7,15–34].
The bio-based lubricants and related materials are used to some extent in almost every
application [5–7,24,35,36].

Chemical transformations of vegetable oils are investigated to find novel bio-based
lubricant candidates, but many new structures lack the needed cold-flow properties [20].
The development of a new product is a complicated process, requiring screening of many
candidates. The initial (bio-)chemical process for the synthesis of a new compound is
usually carried out on a small scale and is not well optimized. This requires that the tests for
evaluation of their properties for practical use be conducted on the smallest possible scale.

Important characteristics of a lubricant are its cold-flow properties. Usually, it is
characterized by the cloud point (CP) and the pour point (PP) [37]. Widely accepted
methods for their determinations are the ASTM (American Society for Testing and Materials)
method D97 for PP [38] and D2500 for CP [39]. The CP is defined as the first temperature at
which haziness or crystals appear. The PP is the temperature at which the lubricant stops
moving when tilted. Since most lubricants are mixtures of flexible molecules, initially only
a fraction of the lubricant crystalizes. Typically, the PP is due to the growing 3D crystal
network trapping the rest of the lubricant [40], but in some cases the flow can stop due to the
increase in viscosity with the decrease of temperature [37]. The chemical transformations
often have hard-to-predict effects on the cold-flow properties—for example, longer chain
lengths worsen the cold-flow properties of polyol esters but improve the one of products of
ring-opened epoxidized VO [41].

The older methods, D97 and D2500, require 50 mL of lubricant or fuel for evaluation.
Both methods are manual but have automated analogs—for example, D6892 and D5551.
While the automated versions reduce human subjectivity and labor, they still require large
sample volumes. Some researchers [42] have modified the methods by utilizing smaller
test tubes and volumes but have not studied how the change influences the results.

ASTM has approved methods for evaluating PP and CP that require smaller volumes
of tested material. In the current manuscript, we will compare ASTM methods D5949 [43]
and D5773 [44] to D97 and D2500, respectively. In the new methods, a determination of
both PP and CP values requires a 150 µL sample. This is much less compared to the older
D97 and D2500 methods, which also require 50 mL each.

An alternative way to test the could-flow properties is by use of differential scanning
calorimetry (DSC), but there is no ASTM standard method, and no consistent correlation
has been derived. Noel [45] reported the DSC onset temperature to be ~5 ◦C lower than the
CP determined by D2500 for 11 types of petroleum oils and two types of fuels having a
wide CP range (from −60 to +60 ◦C). Dunn demonstrated two different linear relationships
between CP and the onset temperature of soybean biodiesel, depending on whether it is
winterized or not [46]. Despite that, Leggieri et al. [47] assumed the CP to be equivalent
to the onset temperature. The DSC exothermic peak during cooling is associated with the
PP, but for vegetable oils, differences as big as 17 ◦C are reported. Additionally, ambiguity
arises when two or more peaks are detected [48].

Estolides are a wide class of bio-based materials [23]. The estolides can be formed
using different monounsaturated fatty acids, different “capping” acid, alcohol, or degree
of oligomerization (estolide number, or EN). Recently, some estolides were successfully
commercialized as lubricants [24]. Even though some estolide products are superior to
petroleum products, problems exist in their wide adoption, so research on improving their
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synthesis and properties continues [25–33]. While some estolides have excellent cold-flow
properties, other estolides do not [26], which highlights the need to find an optimum
structure. Being able to determine the cold-flow properties from a small-volume sample
will decrease the efforts needed to synthesize and screen novel estolides and select the most
promising candidates.

It is known that the CP and PP values depend on the testing procedure [43,49].
For example, bio-based hydraulic fluid with PP of −20 ◦C froze when kept at −15 ◦C
for 72 h [50]. Similarly, bio-based base oil with 1% PP depressant had a PP of −30 ◦C
but solidified after being stored for 7 days at −25 ◦C [51]. Rheological determination of
the cold-flow properties of petroleum oil is reported to depend on the gap between the
rotating disks [52]. As mentioned above, the correlations between the cold-flow properties
determined by D2500 or D97 and DSC depend on the type of the tested material. The testing
procedure also influences the results [45,46,52]. There is currently a gap in understanding
how to correlate the cold-flow properties results from one method to another and to on-field
exploitation [38,39,43,44].

In the current manuscript, we report a comparison of the automated D97 and
D2500 analogs to the mini-methods D5949 and D5773, where all the samples were estolide-
free acids or estolide 2-ethylhexyl esters. Most of the data from the automated D97 and
D2500 analogs were reported earlier [26], while the data from the D5949 and D5773 meth-
ods, as well the viscosity and density data, have not been reported previously. The aim
is to determine the utility of the mini methods as a substitute for the macro methods in
the evaluations of estolides. The results can be used to find potential sources of deviation
between the methods and better understand the cold-flow measurement.

2. Materials and Methods

The oleic estolides are synthesized by the two-step procedure [34] (See Scheme 1).
In the first step, a mixture of oleic acid, a capping saturated fatty acid, and a catalyst
(perchloric acid) are heated to form oligomeric estolide acids. Afterwards, the estolide acids
are distilled to remove the unreacted fatty acids and lactone by-products. In the second
step, the estolide acids are esterified with 2-ethylhexanol to form estolide 2-ethylhexyl
esters (estolide 2EH esters). The oleic–oleic estolide is synthesized without a saturated fatty
acid. Due to the strong acid catalyst, the double bond migrates along the fatty acid chain
and isomerizes from cis- to trans- [34].

Iso-oleic acid was synthesized by isomerization of oleic acid with a zeolite catalyst [53].
In this process, the main product is a fatty acid where the end methyl group has migrated
to the middle of the carbon chain. Afterwards, the iso-oleic acid was used to form iso-oleic
estolide acids and iso-oleic 2EH esters, following the synthetic procedure analogous to the
one for the oleic estolides [26] (Scheme 2).

The samples are denoted by the same convention, indicating their starting materials, as
in [26]: “I” for “iso-oleic”, “O” for “oleic”, “Cx” for saturated linear fatty acids with a total
of x carbon atoms in the molecule, and “Coco” for a mixture of fatty acids obtained from
coconut oil (containing predominantly C12 saturated fatty acid). If the sample acronym
contains “2EH”, it indicates that the estolide was esterified with 2-ethylhexanol, otherwise
it was an estolide-free acid. Further characterization of the estolides is reported in the
previous publication [26].

The CP according to ASTM D2500, PP according to ASTM D97, Gardner color, and
estolide numbers were taken from the previous publication [26]. The previously unreported
data for the dark-colored I-Coco and I-Coco-2EH before charcoal cleaning (both having
Gardner color of 17) were also used. These samples are labeled with (17) after the acronym.
The CP (D2500) and PP (D97) of I-Coco(17) were −33.3 and −36 ◦C, while for I-Coco-
2EH(17) were −13.0 and −33 ◦C.
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Scheme 1. Synthesis of oleic estolides [34]. R is the aliphatic chain of the capping fatty acid. EN is the
estolide number.

The CP according to ASTM D5773-21 and PP according to ASTM D5949-16 (at 3 ◦C
resolution) were collected in duplicate on a Phase Technologies 70Xi instrument (Phase
Analyzer Company, LTD, Richmond, BC, Canada). The average value and the standard
deviations are reported.

The dynamic viscosity and density data were collected using a SVM3001 viscometer
(Anton-Paar USA Inc, Ashland, VA, USA), following a modification of the ASTM method
D7042 [54]. The modification was that the sample was injected into the measuring cham-
bers at 15 ◦C, and the instrument was programmed to measure viscosities and densities
at 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 100, 110, and 120 ◦C. The injections and the fol-
lowing measurements were carried out in triplicate. Afterwards, the viscosity data were
fitted to three temperature–viscosity models: Avramov–Milchev [55], Mauro–Yue–Ellison–
Gupta–Allan [56], and Vogel–Fulcher–Tammann–Hesse [57] as described previously [58].
The Avramov–Milchev (AM) model fitted the best most of the datasets, despite that the
differences between the models were small. Due to this, AM model parameters are reported
here and were used for further analysis. The AM viscosity–temperature dependence can be
represented as:

ln(η(T)) = A + B
(

100
T

)β

. (1)

In Equation (1), η is the dynamic viscosity in mPa·s, A, B, and β are fitting constants,
and T is the absolute temperature in Kelvins.
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Scheme 2. Synthesis of iso-oleic estolides [26,53]. The dashed line symbolizes that iso-oleic acid is a
mixture of isomers with varying position of the methyl group. R is the aliphatic chain of the capping
fatty acid. EN is the estolide number.

The inverse density data were fitted to a quadratic equation:

1
ρ(t)

= (c(t − t0) + b)(t − t0) + a. (2)

In Equation (2), ρ is the density in g/cm3 as a function of temperature t in ◦C, while
a, b, and c are fitting constants. t0 is a temperature in the middle of the data range,
which makes the fitting more convenient. The dependence in Equation (2) is taken from
Elbro et al. 1991 [59]. Afterwards, the Equations (1) and (2) were used to extrapolate the
viscosities and densities at low temperatures.

Parachor and surface tension were estimated by using the group-contribution methods
described in the book of van Krevelen [60]. The group compositions of the estolides and
estolide esters were calculated using the estolide number from Biresaw et al. [26], assuming
uniform composition of the chemical structures, i.e., most of the groups had non-integer
numbers for participation in the molecules. This assumption is equivalent to an idealized
mixing rule, with no interaction between different-sized molecules in the mixtures.
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3. Results
3.1. CP and PP Results

The summary of the CP and PP results is reported in Table 1. The CP and PP values
are reported ± the standard deviation. Two samples (II and I-C10) failed both attempts of
measurements of the CP values. Two samples out of 32 had a difference >1.3 ◦C between
the two CP ASTM D5773 measurements, which is in line with the repeatability statement
of the method (one result of 20 measurements being >1.3 ◦C) [44]. None of the repeats of
the PP measurements deviated from the first one by more than 3 ◦C, which is the resolution
of the measurements.

Table 1. CP and PP ± the standard deviation of the values (n = 2) in ◦C. ∆CP = (CP D2500-CP D5773);
∆PP = (PP D97-D5949).

# Estolide CP D5773-21 PP D5949-16 ∆CP ∆PP

1 II N/A 2 −27.0 ± 0.0 N/A −5.0
2 I-C8 −51.2 ± 2.8 −33.0 ± 0.0 16.4 −5.0
3 I-C10 N/A −13.5 ± 2.1 N/A −12.5
4 I-C12 −34.5 ± 0.0 −30.0 ± 0.0 2.3 −8.0
5 I-Coco −18.9 ± 0.7 −27.0 ± 0.0 1.1 −12.0
6 I-C14 −22.8 ± 0.1 −21.0 ± 0.0 1.8 −3.0
7 I-C16 −8.9 ± 0.1 −9.0 ± 0.0 0.9 0.0
8 I-C18 −0.9 ± 0.2 0.0 ± 0.0 0.9 −3.0
9 OO −34.7 ± 0.1 −30 ± 0.0 2.4 0.0

10 O-C8 −41.7 ± 0.2 −37.5 ± 2.1 2.0 −9.2
11 O-C10 −35.4 ± 0.2 −33.0 ± 0.0 1.4 −1.5
12 O-C12 −31.1 ± 0.1 −27.0 ± 0.0 1.9 −5.0
13 O-Coco −8.4 ± 0.3 −9.0 ± 0.0 4.1 −3.0
14 O-C14 −17.9 ± 0.0 −18.0 ± 0.0 1.9 −1.8
15 O-C16 −8.9 ± 0.1 −9.0 ± 0.0 1.9 0.0
16 O-C18 8.3 ± 0.1 7.5 ± 2.1 2.0 −1.5
17 II-2EH −70.1 ± 1.6 −42.0 ± 0.0 28.8 −11.0
18 I-C8-2EH −33.2 ± 1.1 −45.0 ± 0.0 11.2 −16.0
19 I-C10-2EH −55.3 ± 0.1 −49.5 ± 2.1 19.6 −10.5
20 I-C12-2EH −47.4 ± 0.3 −45.0 ± 0.0 22.4 −3.0
21 I-Coco-2EH −43.2 ± 0.1 −42.0 ± 0.0 20.9 −3.0
22 I-C14-2EH −32.2 ± 0.2 −33.0 ± 0.0 2.9 0.0
23 I-C16-2EH −19.9 ± 0.1 −22.5 ± 2.1 1.6 −1.5
24 I-C18-2EH −11.1 ± 0.1 −15.0 ± 0.0 1.1 −5.0
25 OO-2EH −41.2 ± 0.0 −39.0 ± 0.0 3.5 −1.0
26 O-C8-2EH −47.3 ± 0.0 −46.5 ± 2.1 24.3 −4.5
27 O-C10-2EH −43.9 ± 0.1 −43.5 ± 2.1 5.6 1.5
28 O-C12-2EH −31.5 ± 0.1 −33.0 ± 0.0 2.5 −3.0
29 O-Coco-2EH −35.0 ± 0.0 −33.0 ± 0.0 22.0 0.0
30 O-C14-2EH −26.6 ± 0.1 −27.0 ± 0.0 1.6 0.0
31 O-C16-2EH −17.9 ± 0.1 −19.5 ± 2.1 2.9 1.5
32 O-C18-2EH −11.5 ± 0.1 −13.5 ± 2.1 2.2 1.5
33 I-Coco(17) 1 −34.1 ± 0.3 −30.0 ± 0.0 0.8 −7.0

34 I-Coco-
2EH(17) 1 −43.6 ± 0.1 −42.0 ± 0.0 16.8 −7.0

1 The I-Coco and I-Coco-2EH estolides before treatment to reduce the Gardner color. 2 N/A—not available, the
D5773-21 failed to report a value.

3.2. CP Correlations

All the values measured with ASTM D5773 were lower than the corresponding values,
measured with D2500 (Figure 1). While most of the differences were less than 5 ◦C, there
were some bigger differences, with the biggest slightly exceeding 28 ◦C. Both methods
measure formation of crystals by optical methods, so the detection can be influenced by the
color of the fluid. This is illustrated in Figure 2, where the difference in the CP tempera-
tures from the two methods (∆CP = CP(D2500)-CP(D5773)) is plotted as a function of the
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Gardner color of the estolide. For Gardner color 8 and below, ∆CP is small (<5 ◦C).
For Gardner colors ≥9, some of the results show big deviations. Here, there is a differ-
ence between estolide-free acids and estolide 2EH esters. Out of twenty-five samples
with Gardner color ≥9, ten had ∆CP >5 ◦C. Nine out of those ten were 2EH esters, and
only one was free acid. For the fifteen samples with Gardner color ≥9 and ∆CP <5 ◦C,
two were 2EH esters, and thirteen were free acids. Using contingency table calculations with
Yates’s adjustment [61], we obtain the probability that the deviation in CP values for esters
to be different than the one for acids by a chance p ≈ 0.0075. This indicates that the estolide
acids and estolide esters form different kinds of crystals upon cooling. The estolide ester
crystals are probably smaller, so a darker Gardner color makes it easier to obscure them.
The estolide acids have a more polar carboxylic acid group, which probably causes the
formation of bigger and easier to detect crystals, even in dark-colored conditions.
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3.3. PP Correlations

Figure 3 illustrates the principles of the two PP methods. In both methods, flow of the
sample is measured, so viscosity should be expected to influence the results. In ASTM D97,
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gravitation is the main driving force—the test method cannot be performed without the
gravitational force. The higher density leads to stronger gravitational pull, thus increasing
the flow and lowering the PP. In D5949, gravitation plays a minor, or even negligible,
role due to the smaller sample. The flow of the sample is caused by air flow. If the
gravitation influences D5949 results, it should increase PP. In both methods, the sample-
air interface is increased when the sample flows, so surface tension can be a factor in
reducing the propensity of the sample to flow. Typically, the surface tension phenomena
are more pronounced at small scales, so we should expect the surface tension effects to be
more important in D5949. The above logic suggests that three simple sample properties
can influence the measured value of PP: viscosity (η), density (ρ) (by its relation to the
gravitational force), and surface tension (γ). In the previous sentence, we used “simple” in
the sense of easy to measure or predict (as demonstrated below). The PP is known typically
to be caused by gelation, or network formation of the wax crystals [23,62], but such events
are more complicated to model or predict.
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3.3.1. ASTM D5949—D97 Correlations

The comparison of the two methods can be seen in Figure 4. Equation (3) shows the
best fit of the data. The tendency was for D97 to report slightly lower PP, as seen by the
>1 coefficient. Introducing an intercept or quadratic term was not statistically significant.
Accounting for acids vs. esters in the Equation (4), using the variable e = 0.5 for esters and
e = −0.5 for acids was statistically significant (p = 0.036 < 0.05). The acid–ester difference of
3.1 ◦C is slightly higher than the resolutions of the methods (3 ◦C).

PP (D97) = 1.138 × PP(D5949) (3)

PP (D97) = 1.150 × PP(D5949) + 1.566e (4)

3.3.2. Viscosity–PP Correlations

The result of the viscosity measurements at 15 to 120 ◦C, summarized by the AM
fitting parameters, are reported in Table 2.

The PP measurements determine when the tested material stops flowing. For lu-
bricants, it is usually because the high-melting components form a 3D-crystal network,
which traps the liquid phase. Rarely, the pour point in lubricants is observed without
crystal network, but because the lubricant viscosity has increased [37]. The theory of
glass materials defines a solid-like glass state as being achieved when the viscosity of
the fluid raises above a high value, such as 1012 Pa·s [56]. Extrapolating the viscos-
ity data (Table 2 and Equation (1)) to the temperatures of the PP values resulted in a
wide range of viscosities, both for D97 (0.7 to 416 Pa·s) and for D5949 (0.8 to 201 Pa·s).
This indicates that the extrapolated viscosity values cannot be used for prediction of PP
obtained by either method.

The main idea of this study is to find a method to predict D97 values from the
D5949 method. Figure 5 shows the ∆PP = PP(D5949)-PP(D97) values as a function of the
ln(η), where the sample viscosity is calculated at the PP(D5949). While there is a correlation
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between the two values, it is very weak and cannot be used to reliably adjust the values
from the micro- to the macro-method.
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Table 2. Viscosity descriptors and extrapolated viscosities at PP.

# Estolide A 1 B 1 β 1 η @D97 2 η @D5949 2

1 II −1.3354 120.625 2.44909 3.1 × 105 1.5 × 105

2 I-C8 −1.3714 120.249 2.48942 4.2 × 105 2.0 × 105

3 I-C10 −1.3685 133.360 2.46777 4.1 × 105 8.0 × 104

4 I-C12 −1.3025 110.892 2.51037 1.2 × 105 4.1 × 104

5 I-Coco −1.4422 93.463 2.44228 2.9 × 104 7.4 × 103

6 I-C14 −1.2788 112.005 2.49754 2.6 × 104 1.9 × 104

7 I-C16 −1.3031 113.672 2.47245 8.0 × 103 8.0 × 103

8 I-C18 −1.3921 126.289 2.45442 1.5 × 104 1.1 × 104

9 OO −1.0688 105.020 2.40368 8.4 × 104 4.1 × 103

10 O-C8 −1.3253 102.086 2.44957 2.6 × 105 7.2 × 104

11 O-C10 −1.4102 99.826 2.42697 4.3 × 104 3.6 × 104

12 O-C12 −1.3390 101.374 2.42637 4.2 × 104 2.3 × 104

13 O-Coco −1.3877 96.290 2.41640 3.2 × 103 2.5 × 103

14 O-C14 −1.3513 99.189 2.42102 8.9 × 103 7.5 × 103

15 O-C16 −1.3590 97.412 2.41126 3.0 × 103 3.0 × 103

16 O-C18 −1.1424 109.987 2.52974 1.2 × 103 1.0 × 103

17 II-2EH −0.6125 124.540 2.82254 3.7 × 105 6.5 × 104

18 I-C8-2EH −0.7917 117.352 2.87283 3.4 × 105 2.6 × 104

19 I-C10-2EH −0.7661 119.492 2.86565 4.0 × 105 6.9 × 104
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Table 2. Cont.

# Estolide A 1 B 1 β 1 η @D97 2 η @D5949 2

20 I-C12-2EH −0.7951 115.409 2.86214 3.7 × 104 2.4 × 104

21 I-Coco-
2EH −0.7992 110.963 2.81811 2.3 × 104 1.6 × 104

22 I-C14-2EH −0.7670 115.659 2.86472 5.6 × 103 5.6 × 103

23 I-C16-2EH −0.7489 115.710 2.82070 3.2 × 103 2.7 × 103

24 I-C18-2EH −0.7663 116.903 2.79272 2.9 × 103 1.8 × 103

25 OO-2EH −0.5535 110.547 2.70694 4.1 × 104 3.6 × 104

26 O-C8-2EH −0.7871 108.930 2.78823 5.9 × 104 3.1 × 104

27 O-C10-
2EH −0.8400 106.214 2.80580 1.1 × 104 1.3 × 104

28 O-C12-
2EH −0.8592 103.273 2.80339 4.1 × 103 3.0 × 103

29 O-Coco-
2EH −0.7918 106.959 2.78660 5.0 × 103 5.0 × 103

30 O-C14-
2EH −0.8385 102.842 2.79330 1.8 × 103 1.8 × 103

31 O-C16-
2EH −0.7878 104.983 2.77360 1.1 × 103 1.3 × 103

32 O-C18-
2EH −0.7776 104.025 2.75936 7.2 × 102 8.1 × 102

33 I-Coco(17) −1.4220 96.128 2.42924 3.6 × 104 1.6 × 104

34 I-Coco-
2EH(17) −0.8662 101.653 2.78441 1.9 × 104 8.1 × 103

1 Fitting parameters, see Equation (1). 2 Extrapolated values (in mPa·s), using Equation (1).
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3.3.3. Density and Surface Tension–PP Correlations

Table 3 shows the density descriptors (Equation (2)) and calculated molecular weight
(MW), parachor (P), and surface tension (γ). P was calculated (Equation (5)) with the group
contribution method of Mumford and Philips (Table 8.1 in Ref. [60]):

P = 9.2NC + 15.4NH + 60NO2 + 19NC=C. (5)
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Table 3. Density descriptors (Equation (2)), and estimated MW, parachor (P), and surface tensions (γ)
at PP D5949.

# a b (×104) c (×107) t0 P MW ρ 1 γ

1 1.1187 7.97160 4.2313 62.31 1532 570 0.9547 43.5
2 1.1100 8.03781 4.5781 62.31 2193 826 0.9677 43.5
3 1.1055 7.78824 3.8748 62.31 1958 736 0.9556 41.8
4 1.1243 8.29619 4.9382 63.29 1491 558 0.9553 42.5
5 1.1243 8.56121 5.8704 61.05 1373 513 0.9534 42.5
6 1.1254 8.25076 4.7046 62.31 1512 564 0.9464 41.5
7 1.1255 8.19048 4.4426 62.31 1562 580 0.9371 40.4
8 1.1169 7.96174 3.7581 62.31 1544 572 0.9370 41.0
9 1.1206 8.06205 4.1153 62.31 2207 823 N/A N/A

10 1.1142 8.25100 4.7752 62.31 2320 874 0.9692 43.8
11 1.1202 8.30260 4.8274 63.42 1876 705 0.9614 42.8
12 1.1214 8.27309 4.5125 62.31 1761 660 0.9547 42.2
13 1.1248 8.37190 4.9172 62.31 1365 510 0.9389 40.0
14 1.1273 8.34030 4.4361 62.31 1631 609 0.9431 40.8
15 1.1313 8.37134 4.4698 61.32 1539 572 0.9325 39.7
16 1.1327 8.47382 2.7545 61.32 1567 580 0.9199 38.1
17 1.1457 8.49367 4.9090 60.27 2242 828 0.9445 42.7
18 1.1528 8.81344 5.7650 62.31 1966 733 0.9450 41.4
19 1.1480 8.69534 5.5415 58.33 2151 800 0.9486 42.3
20 1.1548 8.82528 5.6352 62.31 1864 690 0.9434 42.2
21 1.1493 8.80091 5.5780 62.31 1850 684 0.9457 42.8
22 1.1559 8.81267 5.4968 61.32 1921 709 0.9322 40.6
23 1.1560 8.72107 5.2494 62.31 1777 653 0.9242 40.0
24 1.1546 8.63772 5.4454 62.31 1857 681 0.9193 39.5
25 1.1416 8.45149 4.8747 62.31 2557 947 0.9471 42.8
26 1.1437 8.71584 5.5041 62.31 2708 1012 0.9535 42.4
27 1.1500 8.83747 5.5966 62.31 2159 803 0.9466 41.9
28 1.1570 8.92684 5.6970 62.31 1841 681 0.9329 40.4
29 1.1493 8.75573 5.5001 62.31 2008 743 0.9383 41.3
30 1.1592 8.93221 5.6568 62.31 1697 625 0.9264 40.1
31 1.1570 8.80172 5.2380 62.31 1882 692 0.9217 39.4
32 1.1591 8.80713 5.1295 62.31 1872 686 0.9155 38.8
33 1.1242 8.48572 5.2812 62.31 1564 585 0.9562 42.8
34 1.1518 9.00052 5.9866 62.31 1839 680 0.9453 42.8

1 Estimated at PP from D5949.

In Equation (5), NC, NH , NO2 , and NC=C are the number of the carbon atoms, hydrogen
atoms, carboxylic groups, and carbon–carbon double bonds in the molecules, respectively.
According to the group-contribution model for the parachor, the surface tension then can
be calculated as a function of temperature, t.

γ(t) = (ρ(t)P/MW)4. (6)

Combining Equations (2), (5), and (6), we can estimate the surface tension as a function
of temperature. Table 3 includes the surface tension values at the PP, determined by D5949.

Figure 6 shows the ∆PP = PP(D97)-PP(D5949) presented as a function of the estimated
density at the PP from D5949. Most values from D5949 agree with D97 to within 3 ◦C
(the precision with which the PP values are reported) if the density is below 0.944 g/cm3.
For higher densities, the discrepancies grow. As discussed above, the higher densities
should be expected to decrease the PP determined by D97 compared to D5949 by increasing
the gravitational pull. Figure 6 indicates this to be the case.
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The other option is surface tension. Figure 7 displays the ∆PP = PP(D97)-PP(D5949)
as a function of the estimated surface tension. The deviations should be expected to grow
more positive with the increase in surface tension due to the stronger suppression of surface
motion in D5949. Figure 7 shows that this is not the case, ruling out the surface tension as a
strong contributor to discrepancies in the two methods. The observed correlation between
the surface tension and the ∆PP is probably due to the strong correlation between surface
tension and the density (Equation (6)).
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4. Discussion

Coutinho and Daridon [63] discussed different methods for measuring the CP of crude
petroleum oils and the possible sources of variation. Their opinion was that the presence of
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small amounts of long-chain paraffins is the leading source of discrepancies between the
results of the different methods. One of their conclusions was that the CP of petroleum fuels
should be consistent across the different methods, due to the lack of high-molecular weight
components. Dunn et al. [46,64–67] had previously compared the automatic to manual
methods for CP (D5773 vs. D2500) and PP (D5949 vs. D97) for biodiesel (fatty acid alkyl
esters) and biodiesel in petroleum diesel samples from different sources. The CP by D5773
on average was higher than the CP by D2500 by ~2 ◦C. The largest reported deviation of
9 ◦C was observed for an opaque sample, corroborating the present data. The CP values of
the estolides in the current study were very well correlated for samples with low Gardner
color. The discrepancies arose for darker samples, most probably due to differences in the
thickness of the oil that was monitored in the two methods. The differences between the
mini- and macro-methods for CP and PP in the current study depended on the chemistry
(esters vs. free acids), so the results should not be generalized for all types of lubricants.

Another possibility for discrepancies is surface or confinement effects. n-Alkanes
are reported to freeze at air-alkanes surfaces at temperatures below the bulk freezing
temperature [68]. Deposition of solid materials on the surface and interfaces is mentioned
in ASTM methods D5773 and D5949 for one kerosene sample. Hammami et al. [69] also
mentioned the possibility of surface depositions for crude petroleum oils. Surface-induced
freezing of alkanes and fatty acid is a topic of active research [70]. Paiva et al. [52] reported
that in rheological measurements of petroleum, if the gap between disks is 2 mm or larger,
the reported wax precipitation temperature (WPT) is very close to the PP, while for gaps
less than 2 mm, WPT is higher than PP. Since the depth of the lubricant in the D5949 method
is very close to 2 mm, confinement effects may be expected to lead to elevated PP values
from the D5949 method. Since this is not the case (Figure 4), we can conclude that estolides
do not experience confinement effects on the length scales that distort the mini-method.

The PP values showed a systematic trend for D97 values being lower than D5949 values.
To some extent, this could be due to the viscosity or density effect on the measurements.
The deviations are in the opposite direction than expected if the surface tension had a
major effect. The density, viscosity, and surface tension, despite being weakly correlated
to the deviations, cannot reliably predict them. Regardless of that, D5949 can be used
for screening estolide samples—the correlation with D97 for relatively high-PP (>−20 ◦C)
samples is good. Since most non-synthetic mineral base oils have PP > −20 ◦C [71], a
bio-based candidate with PP < −20 ◦C, should be considered for larger-scale evaluations,
irrespective of the exact PP value.

5. Conclusions

We correlated the cloud point (CP) and pour point (PP) of estolides as determined by
macro- (ASTM D2500 and D97) and micro- (D5773 and D5949) methods.

We investigated the effect of several parameters: viscosity, density, estimated surface
tension type of end group (acid vs. ester), and Gardner color on the differences between
the results from the micro- and macro-methods.

The poor correlation between PP and extrapolated viscosity suggests that the PP for es-
tolides is due to a 3D-crystal network, as opposed to a spatially uniform viscosity increase.

The extrapolated viscosity and density had a low predictive power for the differences
in the results by the different methods.

As a conclusion, the small-volume CP method (D5773) can be used instead of D2500
for estolide samples with low (<9) Gardner color. Higher Gardner color can lead to lower
CP values, especially for estolide esters. The small-volume PP method (D5949) tends to
yield slightly higher values than D97 for estolides, but the agreement is sufficiently good
enough to be used as a screening tool when larger volumes are not available.

We speculate that the different sensitivities of the macro- and micro- CP methods to-
wards esters vs. acids stems from the different affinity towards aggregation. At the current
stage, we lack sufficient data for a firm conclusion, but this seems like an important venue
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to investigate further. Further testing is needed to see how the results correlate for other
classes of (prospective) lubricants, as well as for oil treated with pour-point depressants.
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