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ABSTRACT: Blends of fully and partial hydrogenated soybean oil, with 50/50
and 80/20 wt %, were chemically interesterified. The composition—texture
relationships were investigated and established for the set of investigated

materials. The raw materials, the original and interesterified blends, were .
analyzed in terms of their fatty acid and triacylglycerol compositions by gas - ' H
chromatography. All materials were characterized by differential scanning / ) )
calorimetry (DSC), polymorphic forms were characterized by X-ray diffraction ! ‘CﬂagNa

(XRD), crystalline structures were characterized by polarized light microscopy
(PLM), and textures were characterized by penetration testing. Interesterification
caused a rearrangement of triacylglycerol species, reducing the concentration of
trisaturated, triunsaturated, and diunsaturated triacylglycerols, increasing the
amount of monounsaturated triacylglycerol, and resulting in a lowering of
melting points as compared with the original blends. This modification in the chemical composition clearly changed the
crystallization behavior, producing reductions in crystal size, alterations in crystalline polymorphism, and increases in plasticity in the
blends. Interesterified materials displayed melting and textural characteristics suited for potential mineral wax substitutes.
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1. INTRODUCTION Bio-paraffins based on vegetable oil TAGs are typically
obtained by modifying the composition of fatty acids through
hydrogenation reaction, in order to raise their melting points.
However, complete hydrogenation produces a rigid and bright

Paraffins, also known as mineral waxes, are natural waxes
traditionally derived from petroleum which contain a mixture
of different alkanes with a broad range of chain lengths

between 18 and 60 carbon atoms. They present solid material. Thus, some additional chemical modifications must
consistency at room temperature and are classified by their be performed to match the desired properties, such as
degrees according to their melting points, commonly between plasticity.'" Wang et al.'* incorporated, in partially hydro-
40 and 90 °C.' The most characteristic properties of paraffins genated soybean oil, hydroxyl groups and branched chains of
are melting profile, heat stability, hardness, consistency at room short-chain fatty acids by epoxidation, ring opening, and
temperature, and clarity.2 These properties make them esterification to improve cohesion, but the obtained materials
products with high demand for many applications such as have significantly lower hardness values and melting points
manufacture of matches, candles, papers, adhesives, paints, than commercial paraffins. Yao et al.'® incorporated acetyl and
pharmaceuticals, and cosmetics.” However, as a petroleum- hydroxy groups and long-chain fatty alcohol in fully hydro-
based material, paraffins are not sustainable or biodegradable. genated soybean oil (FH) and identified possible paraffin
For these reasons, continuous searches for green-produced, substitutes for its use in packaging and coating products. More
biodegradable, and sustainable substitutes for fossil paraffins recently, Fei et al.” synthesized, from saturated free fatty acids
are performed. In this regard, vegetable oils appear as good raw derived from FH, monoesters and diesters with alcohols of
materials to meet these requirements. As a commodity, some different chain lengths and functional groups. Two possible

vegetable oils are accessible worldwide and produced in
millions of tons. Thus, modified vegetable oils have been
studied for the production of bio-paraffins to substitute for
fossil waxes. Vegetable oils are mainly triacylglycerols (TAGs)
that possess several highly reactive sites from which a wide
variety of products with different structures and functionalities
can be originated.” In particular, soybean and palm oils, the
most abundant vegetable oils in the world, are widely used for
the production of biodiesel and further have been used as
starting materials for the production of surfactants,’
lubricants,® coatings,7 and resins.*’

paraffin substitutes for coatings were identified, through
improving their properties by mixing with mineral paraffin.
The above strategies involve multiple stages, making it difficult
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to scale up and, more importantly, with a low atom efliciency
and low green manufacture, due to only a partial substitution
of mineral waxes was it achieved. Thus, additional efforts are
needed to improve the performance of synthetic bio-paraffins
to be employed in specific applications and to optimize the
production process, that is, increase energy efficiency to
achieve a sustainable process.

Nowadays, no ideal biorenewable material has been
identified as replacement of petroleum-based paraffin, and
therefore, there is a need to determine and evaluate more
practical methods for lipid modification. A simpler strategy
involves interestification reaction of mixed TAGs from
different sources. The manufacture of “trans-free margarine”
is commercially performed by interesterification of blends fats
and oils from different sources.'*™"” However, to the best of
our knowledge, no studies have been reported in the literature
that use interesterification of (partially) hydrogenated
vegetable oils to obtain green substitutes to mineral waxes.
Moreover, the understanding of the relationships between
structure and property is still very limited, resulting in the
study of these interactions being of high importance to obtain
bio-paraffins with prespecified characteristics that the industrial
sector demands.

In this scenario, this work pursues the development of a
facile synthesis route of bio-paraffins from (partially) hydro-
genated soybean oil, with properties suitable for their use in a
variety of industrial applications. Binary mixtures of fully and
partially hydrogenated soybean oil were chemically interesteri-
fied using sodium methoxide. The obtained bio-paraffins were
characterized in composition by gas chromatography, and in
physical properties by differential scanning calorimetry, X-ray
diffraction, polarized light microscopy, and penetration testing.
The synthesized biomaterials are compared with two
commercial paraffins as reference.

2. MATERIALS AND METHODS

2.1. Materials. Refined soybean oil (SO) was kindly
donated from Colibri Soybean Qil Producer (Santa Fe,
Argentina). Hydrogenation of SO samples was carried out
with a commercial nickel-based catalyst (Pricat 9910) on a
“dead-end” batch reactor (Parr model 4522) with a total
volume of 2000 mL. The reaction was carried out at 140 °C
with pure H, (99.999%) at a constant pressure of 4 bar with
stirring at 1500 rpm, and 0.15 wt % catalyst was used.'® A mass
flow controller was employed to register the amount of
hydrogen consumed.

Fully and partially hydrogenated soybean oil materials are
named FH and PH, respectively. Blended samples were
prepared by melting different fractions of each original material
at 100 °C and maintained at this temperature for 10 min to
eliminate any crystalline history; then they were cooled to
room temperature and stored in the dark at 5 °C. The
prepared blends were FH/PH = 50/50 and 80/20 wt %. Mixed
samples were submitted to a chemical interesterification
reaction using sodium methoxide."> Reaction was performed
with a three-necked spherical Pyrex glass reactor, magnetically
stirred, and heated with an electric jacket connected to a
temperature controller. The glass reactor was connected to a
vacuum pump with a condensation trap. In a typical reaction,
300 g of a blended sample was dried in situ at 90 °C under
dynamic vacuum. Next, the interesterification reaction was
carried out at 90 °C for 30 min using a 0.4 wt % sodium
methoxide—30 wt % methanol solution (Evonik Degussa
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GmbH). The reactor was continually purged with pure
nitrogen (25 mL/min) to avoid the inlet of atmospheric
moisture. To finish the reaction, 5% v/v citric acid solution was
added and then washed with water. The residual water was
removed by drying under vacuum at 80 °C. Both raw and
blend materials were conserved under nitrogen atmosphere in
darkness at 5 °C.

Two commercial paraffins were employed as reference
materials; they are identified as paraffin 62 and paraffin 72
according to their melting points of 62 and 72 °C, respectively.

2.2. Characterization. The degree of hydrogenation of the
investigated materials was determined by iodine value (IV)
according to AOCS Official Method Cd 1-25."”

Analyses of fatty acid (FA) compositions of the obtained
samples were performed in a Clarus 500 (PerkinElmer, USA)
gas chromatograph (GC), after their methyl ester formation
(FAME), by AOCS Official Method Ce 2-66."" The
identification and quantification of FAME was performed by
using a capillary column Chrompack CP Sil 88 (50 m X 0.25
mm internal diameter and 0.1 um film thickness). For this
purpose, the injector was used in split mode with a ratio of
1:50, 1 pL of solution was injected, the oven temperature was
200 °C, the temperature of the injector and the FID was 220
°C, and the carrier H, gas flow was 1 mL/min. The
quantitative composition was obtained by area normalization
and was expressed as a percentage of mass, according to AOCS
Official Method Ce 1£-96."° Palmitic acid (P) C16:0, stearic
acid (S) 18:0, oleic acid (O) C18:1, linoleic acid (L) C18:2,
and linolenic acid (Ln) C18:3, were quantified.

Triacylglycerol (TAG) composition was also analyzed by
GC with an Agilent WCOT UltiMetal CP-TAP CB column
(25 m X 0.25 mm X 0.1 gm), which provides a resolution that
depends on the number of carbons and the degree of
unsaturation. The injector was used in split mode with a
ratio of 1:25; 1 uL of solution was injected. The oven
temperature was programmed using a temperature ramp of S
°C/min from 250 to 345 °C and held for 20 min. The injector
temperature was 340 °C, and the FID temperature was 370 °C.
The carrier H, gas flow of 1 mL/min. Triacylglycerol species
were quantified by their relative response factors of available
standards and following the procedure described by Pacheco
and co-workers:** PPP, tripalmitoyl-glycerol (tripalmitin); SSS,
tristearoyl-glycerol (tristearin); OOO, trioleoyl-glycerol (tri-
olein); LLL, trilinoleoyl-glycerol (trilinolein). The TAGs
quantified were the following: SSS, OOO, and PPS, 1,2-
dipalmitoyl-3-stearoyl-glycerol; POP, 1,3-dipalmitoyl-2-oleoyl-
glycerol; PSS, 1-palmitoyl-2,3-distearoyl-glycerol; POS, 1-
palmitoyl-2-oleoyl-3-stearoyl-glycerol; POO, 1-palmitoyl-2,3-
dioleoyl-glycerol; SOS, 2-oleoyl-1,3-distearoyl-glycerol; SSO,
1-oleoyl-2,3-distearoyl-glycerol; SOO, 1-stearoyl-2,3-dioleoyl-
glycerol.

Thermal analysis of the samples was performed with
differential scanning calorimetry (DSC) according to AOCS
Official Method Cj 1-94."” A DSC Q2000 (TA Instruments)
instrument was employed. Samples of 5—8 mg were weighed
and placed in aluminum capsules (TZero). Nitrogen was used
as a purging gas at a flow rate of 50 mL/min. Analysis was
performed using the following temperature program: (i)
heating to 80 °C and held for 10 min; (ii) cooling from 80
to —60 °C at 10 °C/min and held at 60 °C for 30 min; (iii)
heating from —60 to 80 °C at 5 °C/min.

The X-ray diffraction patterns were determined according to
AOCS Official Method Cj 2-95." The analyses were

https://doi.org/10.1021/acs.iecr.1c00322
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performed on an XD-D1 diffractometer (Shimadzu), with Cu
Ka radiation (4 = 1.54 A, at 40 kV and 30 mA). Measurements
were performed at 25 °C, from 15 to 30° (20 scale) with a
scanning speed of 1°/min. The samples were melted at
approximately 80 °C and stabilized at 25 °C for 24 h before
being analyzed. Polymorphic forms were identified from
characteristic crystal spacings."’

The microstructure was analyzed by polarized light
microscopy (PLM). The samples were melted at 70 °C, and
with the help of a capillary tube, a drop was placed on a glass
slide at the same temperature; then the covered slide was
placed on the drop of sample to remove air and spread. The
slides were kept at the analysis temperature (25 °C) for 24 h.”!
The crystal morphology was examined with a polarized light
microscope (Zeiss Universal M) with an objective lens of 40X.
Each sample was prepared in duplicate, and at least five images
were captured for each one.

The hardness and cohesiveness of the materials were
determined by the penetration test by using a universal testing
machine (INSTRON 3344) with a 2 mm flat-tip cylindrical
indenter. Samples were prepared by melting them at 80 °C for
10 min and crystallizing them in molds (2.5 X 2.5 X 2 cm) at
25 °C for 3 h. The tests were performed at a speed of 10 mm/
min with a 1000 N load cell under controlled conditions of
temperature and humidity (25 °C and 50%, respectively).

3. RESULTS

3.1. Chemical Composition. Table 1 shows the iodine
values (IV) and the fatty acid compositions of the investigated

Table 1. Iodine Value and Fatty Acid Composition of the
Investigated Materials®

sample

SO PH FH 50/50 80/20
IV (g of ,/100 g) 129 33.1 3.5 183 9.4
16:0 (%) 10.6 11.0 10.3 10.7 10.4
18:0 (%) 4.5 49.5 88.2 68.9 80.5
18:1 (%) 24.0 39.4 Ls 204 9.1
18:2 (%) 55.8 - - - -
18:3 (%) 52 - - - -

?16:0 = palmitic acid (P), 18:0 = stearic acid (S), 18:1 = oleic acid
(0), 18:2 = linoleic acid (L), and 18:3 = linolenic acid (Ln).

materials. Soybean oil, SO, presented an IV of 129, with
predominant unsaturated fatty acids, e.g, linoleic acid (56%)
and oleic acid (24%). The partially hydrogenated SO (PH)
presents an IV of 33.1. As reported in Table 1, partial
hydrogenation of soybean oil produces the total loss of C18:3
(linolenic) and C18:2 (linoleic). As a consequence, the
amount of C18:1 (oleic) increases from 24.0 to 39.4% and
the amount of C18:0 (stearic) increases from 4.5 to 49.5%.
Fully hydrogenated oil (FH) has an IV of 3.5, and it is mainly
composed, as expected, of stearic acid moieties (88%), in
agreement with that reported elsewhere.”””” The IV of the
blends are linear combinations of the original values of their
constituents, 18.3 for 50/50 and 9.4 for 80/20, respectively.
The chemical interesterification (CI) process does not affect
the degree of saturation or cause the isomerization of the
double bonds of the fatty acids; therefore, alterations in the IV
and the fatty acid compositions of the mixtures are not
expected.z‘?"24 Then, in order to investigate the effect of CI, a
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comparison of the TAG profile in each sample was performed
by GC.

Table 2 shows the triacylglycerol composition of raw
materials (PH, FH) and the blends, before and after chemical

Table 2. Triacylglycerol Compositions of the Materials

TAG FH PH  80/20 S0/50 80/20 CI  50/50 CI
PSP 32 1.9 2.5 2.5 3.11 311
POP - 1.1 0.3 0.9 0.3= 0.7
PSS 26.5 10.5 23.9 18.1 22.6) 16.6)
POS 1.3 103 37 6.3 441 8.01
POO - 7.0 13 3.1 0.61 2.5
SSS 66.1 187 55.7 492 46.9) 34.9]
SOS 2.8 20.8 6.7 114 17.51 23.61
SSO - - - - 2.01 201
SO0 - 194 37 9.8 2.6 671
000 - 103 22 5.7 n.d. 2.0

interesterification (see SO TAG composition in Table SI).
The main component of starting material FH is SSS with
66.1%, followed by PSS with 26.5%. In the case of the PH
material, nine TAGs were quantified, where SOO, SOS, and
SSS sum approximately 60%, while OOO, POS, and PSS
constitute the minor components with approximately 30% of
the total TAGs. Then, the blends of the starting materials
produce mixtures that are mainly composed by saturated
TAGs, where the predominant species are SSS and PSS with
55.7% and 23.9% for sample 80/20, and 42.2% and 18.1% for
sample 50/50, respectively

As mentioned above, the interesterification reaction
produces the exchange of fatty acid moieties in the TAG,
changing the triacylglycerol profile and, therefore, the physical
properties of the sample.”>*® This randomization resulted in
the formation of the triacylglycerol SSO (not present in the
original mixture), the increase of some TAG species, such as
SOS, POS, and PPS, and the decrease of SSS, PSS, SOO,
POO, and OOO. To facilitate the visualization, the relative
increase/decrease of each TAG in the CI samples, as compared
with the initial blends, is indicated with up and down arrows in
Table 2.

In order to reduce the number of factors that represent the
composition of each sample, a reduced group of variables were
arranged according to their degree of saturation/unsaturation.
Table 3 presents the triacylglycerol composition as follows: S,

Table 3. TAG Composition by S;, S,U, SU,, and U,
Contents

TAG FH PH 80/20  S0/S0  80/20 CI  50/50 CI
S, 95.8 31.1 82.1 62.8 72.6] 54.5)
S,U 42 322 10.7 186 2421 3431
SU, - 264 5.0 129 32) 9.2}

U, - 103 22 5.7 - 2.0}

(trisaturates), S,U (disaturates—monounsaturates), SU,
(monosaturates—diunsaturates), and U, (triunsaturates).ls
This representation will allows a simpler correlation between
composition and physical properties of the samples.

FH possesses a high content in S; (95.8%), while PH
presents a more balanced distribution of S;, S,U, and SU2. For
the blends, a large concentration of S; is observed: 82.1% for
80/20 and 62.8% for 50/50. As expected, after the CI reaction

https://doi.org/10.1021/acs.iecr.1c00322
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Figure 1. DSC (a) crystallization and (b) melting curves of FH and PH materials.
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Figure 2. DSC (a) crystallization and (b) melting curves of blends before and after CI.

a decrease in S; and U; components with the concomitant
increase in intermediate TAGs: S,U and SU, are observed."”
The prepared blends have a low content of TAG U,, as a
consequence of the hydrogenation process; therefore, after CI
S; Us, and SU, decrease and only S,U increases.

3.2. Thermal Analysis. The thermal behavior of the
prepared samples was exhaustively analyzed by DSC. While
TAG crystallization produces a volume contraction associated
with an exothermic transition, melting yields a volume
expansion, characterized by an endothermic process. The
thermal profiles of lipids could be complex due to their
complex TAG compositions, as well as because of their
polymorphism.”” > DSC from soybean oil (Figure S1) is an
example of this complex behavior, which is widely investigated

in the literature.>' ™*
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Figure 1 shows DSC thermograms for the starting materials,
where their crystallization (a) and melting (b) processes are
observed during cooling and heating ramps, respectively. FH
sample presents a crystallization profile that resembles the one
of pure tristearine (SSS) with a peak of crystallization
temperature at 48.5 °C.>* Its single exothermic peak is
associated with the composition of TAG, mainly S,
(trisaturated).

The fusion curve (heating) of the FH sample has a melting
range from 44 to 68 °C; in general, the low temperature peak
(51.5 °C) is ascribed to the fusion of the a polymorph,
transformed via recrystallizations (exothermic peak 54 °C) into
a more stable phase which fully melts at a higher temperature,
close to 68 °C (peak temperature at 62.2 °C). Although FH
has almost 90% of stearic acid moieties, the fusion profile is

https://doi.org/10.1021/acs.iecr.1c00322
Ind. Eng. Chem. Res. 2021, 60, 5364—5373
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different from the profile of pure SSS (nor is a linear
combination of their pure components, e.g, SSS, PSS,
PPS***°). 1t is remarkable that the high temperature peak is
downshifted from 72 °C (pure SSS) to 62.2 °C in the FH
sample. Similarly, the low temperature peak also decreases
from 55 to 51.5 °C. Bouzidi et al.**** investigated the crystal
structures and thermal behaviors of pure SSS, PSS, and PPS
TAGs and of the binary mixture PSS/SSS, suggesting that PSS
has a strong effect on the physical properties of the mixture
due to the chain length mismatch (CLM) between the fatty
acid chains. Clearly, the presence of PSS (26.5%) considerably
lowers the melting point in comparison with pure SSS. Similar
results from fully hydrogenated soybean oil were reported by
Adhikari et al.*

For PH sample, Figure la shows that the main peak
crystallization is located at 38.8 °C. The well-defined peak can
be associated with S; components, and the adjacent shoulders
can be associated with intermediate and fully unsaturated
triglycerides. In the melting profile, PH sample presents a
broad endothermic peak at S4 °C (Figure 1b), which is
ascribed to the presence of a high content of oleic and stearic
acid moieties, 39.4 and 49.5%, respectively, i.e., that are part of
partially unsaturated TAGs (32.2% S,U and 26.4% SU,) which
presented intermediate melting points. Additionally, a very
small peak is registered at 6 °C (observed in the zoom of the
DSC thermogram inserted in Figure 1b for the PH sample)
due to the 10.3% Us, triunsaturated, TAG.

Figure 2 shows the cooling and heating thermograms of the
blend samples before and after CI. Before the CI reaction,
increases in the peak crystallization temperature are observed
when the FH content of blend is augmented, from 44.7 °C for
50/50 to 47 °C for 80/20. Both mixtures present peaks at low
temperatures of about 10 and 25 °C, due to the presence of
unsaturated TAGs.

The heating profiles exhibit some features similar to those of
the starting materials; however, it is important to note that the
DSC profiles are not a mere linear combination thereof. In
general, it can be observed that both blends present a melting
range similar to that of FH sample, between 44 and 68 °C.
This behavior can be assigned to the high content of S;. The
peaks at low temperatures are attributed to their TAGs
composition that possess unsaturated fatty acids. The presence
of unsaturated moieties generates an overall decrease of the
consistency, as will be discussed below.

As mentioned above, fusion behaviors of polymorphs are
highly determined by the intrinsic TAG compositions. Two
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types of transformation processes occur from less stable to
more stable polymorphic forms: melting-mediated and solid
state transformations.>’ In the first case, a less thermostable
polymorph reorganizes when melting and recrystallizes in a
more stable polymorph, generating an exothermic peak (as
pointed out for the FH sample). In the second case, the
transformation can occur without previous melting events,”’
highlighted by an exothermic peak as observed for the blend
80/20 at 50 °C.

DSC thermograms from CI blends present changes
generated by the modification in the TAGs composition
(Tables 2 and 3). The increase of S,U can be verified by the
appearance of new shoulders after the main peak in the
crystallization curves. The main peak shows a slight reduction,
to 41.7 °C for the 50/50 CI and 45.1 °C for the 80/20 CI,
mainly due to the decreased S; content in both samples. For
these same reasons, in the melting curve it is observed that the
CI materials melted completely around 57 °C, that is, about 11
°C lower than the original blends. As expected, the
interesterification produced a decrease in the melting point
by the rearrangement of the TAG composition.'***

For comparison proposes, Figure 3 presents the DSC
profiles of two commercial paraffins widely used in industry.
Paraffin 72 has a melting range between 40 and 72 °C,
characteristic of a microcrystalline wax. Microcrystalline waxes
are mainly composed by n-alkanes between Cs3 and Cg,," with
a wide melting range in a single broad peak. In the case of
lower molecular weight waxes C;;—Cs;, (macrocrystalline
waxes),' in general, two characteristic peaks are observed:
one sharper caused by melting and the other due to a solid—
solid phase transition.””~*" As observed, paraffin 62 presents a
melting range from 30 to 62 °C. The final melting ranges of
these mineral waxes are higher than those of the bio-paraffins
prepared in this work. However, in addition to the melting
point it is important to consider the texture and plasticity of
these materials to determine wax uses. Thus, the degree of
crystallinity has a major influence on the hardness, density, and
transparency of the material,*’ all of which govern the range of
applications.

3.3. Polymorphism. X-ray analysis was used to character-
ize the crystal structures of the investigated materials. TAG
molecules can crystallize into different crystalline polymorphs,
which can exhibit significantly different melting points and
textural properties. The basic polymorphs of lipids are a, f#,
and B, where their chains are packed in hexagonal,
orthorhombic, and triclinic structures, respectively.”” The a
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form shows a characteristic diffraction peak at 4.15 A. The /'
form is characterized by having two main diffraction peaks at
3.8 and 4.2 A, while the 8 form is associated with a series of
diffraction peaks, one prominent at 4.6 A and others of less
intensity at 3.6—3.9 A."°

Figure 4 shows the X-ray diffractograms from each
synthesized material and for the mineral waxes. The XRD

(a) 46A 42A 38A (b)

| P ORI o N0 . N S, PO L0 O ) T T O 400 P
16 17 18 19 20 21 22 23 24 25 26 16 17 18 19 20 21 22 23 24 25 26
20 26

Paraffin 72

Paraffin 62

Figure 4. X-ray diffraction patterns of synthesized materials (a) and
paraffins (b).

pattern of FH shows a peak at 4.15 A corresponding to the a
polymorph as a result of a rapid cooling process, in agreement
with previous reports.*® PH sample shows the characteristic
peaks of the ' form; in addition it presents two peaks at
approximately 4.5 and 4.0 A that are usually associated with a
pseudo-f’ form.*>~**

The binary blends 80/20 and 50/50 present ' crystals
characterized by peaks at 4.2 and 3.8 A and some possible
contributions of @ polymorph around 4.1 A. This last
contribution could be due to the combination of mixed
TAGs with high content of S; TAG.”® Possibly the high
proportion of SSS in the samples produces a faster
crystallization and therefore a rapid increase in viscosity that

limits heat and mass transfer. This makes molecular arrange-
ment difficult”’ and thus leads to other triacylglycerols
crystallizing in the polymorph f', which is less stable form
but more kinetically accessible under these conditions.*’ After
chemical interesterification, the materials present both forms
(' and f). The relative intensities of the peaks at 4.2 and 4.6 A
show that the #’ form prevails in the 50/50 CI sample while
the f polymorph is higher in 80/20 CL It is well-known that
small changes in the composition of TAG can vary the
polymorphic form in which the fat crystallizes. As shown
before, CI increases the amount of S,U components and
decreases S; TAG (Tables 2 and 3); as a consequence it can be
speculated that the decrease in the viscosity of the system
allows the samples to crystallize in the most stable
polymorph.***’

On the other hand, commercial mineral waxes (Figure 4b)
presented the typical orthorhombic structure (f’), which is
characteristic of mixtures of n-alkanes or n-alkanes with other
types of hydrocarbons.***’

3.4. Microstructure. The concept of microstructure
includes information on the state, quantity, shape, size, spatial
relationships, and interaction between all the components of
the crystal lattice; therefore, it greatly influences the macro-
scopic properties of materials. The shape and size of the
crystalline particles depend on several factors, with the most
important being the crystallization conditions (cooling rate,
initial and final temperatures, stirring speed) and composition
(fatty acid profile and TAG composition for plant derivatives
and relationship between linear, branched, and cyclic hydro-
carbons for mineral derivatives). The microstructural level (or
mesoscale) of a fatty crystal network can be defined as
structures with dimensions between approximately 1 and 200
um.*® The growth of this crystal network begins when the
TAG molecules presented in the sample organize and
crystallize from the melt, through a continuous aggregation
process,”’ forming needle-shaped crystals and/or spherulites
with average final sizes of S and 20 um, respectively.
Additionally, spherulite particles often tend to aggregate
(100200 ym).*°

Polarized light microscopy was used to visualize the
microstructural network of the investigated samples.”” Figure

FH 2y

S NN

Paraffin 62 ‘ada

Paraffin 72 ‘mm

25 pum
—

Figure S. PLM of raw materials, mixtures before and after CI, and commercial paraffins.
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Figure 6. Textural profiles obtained during penetration test. The photographs of penetrated samples at the end of the assays are inserted in each

corresponding plot.

S shows the crystal morphology of all investigated samples at
25 °C. According to Shi et al,”* crystal morphology in a
mixture is dominated by the TAG species with the highest
melting point. The differences between the microstructures can
be attributed to the different content of S; in each sample (see
Table 3). The modification in the aggregation of fat crystals
cannot be readily explained by the polymorphic crystal
structure,” since a single crystal polymorph can exhibit
multiple morphologies.*”

The samples with the highest content of S;, FH and 80/20,
present large crystals and a compact lattice density;*” the
contours of the spherulite aggregates are barely distinguishable.
These structures frequently form hard and fragile materials,” as
will be discussed later. On the other hand, the samples that
contain higher amounts of unsaturated fatty acids, PH and 50/
50, formed poorly defined aggregates with voids (dark contrast
lines in the images). The presence of voids results from the
contraction of the solid phase during crystallization to a more
stable polymorphic form.>*

Interesterification reaction produces important changes in
the crystal sizes, as compared with the original mixtures, but
not in the overall morphology. Both interesterificated samples,
50/50 CI and 80/20 CI, present smaller spherulite crystals
(about 25 and 65 ym respectively), generating a greater space
between them, voids, which could influence the hardness and
plasticity of the material.

Mineral paraffins are generally classified as plaques, needles,
and so-called malformations.”> Rapid cooling generally creates
many imperfections: bent and twisted plates, needles, and
other imperfections.*® It is generally accepted that constituents
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with higher melting points crystallize in plates, while
components with low melting points crystallize in needles.
Paraffin 72 has observed platelike crystals, with well-defined
borders about 25 um, and malformations, while paraffin 62
also presents needlelike crystals and a less compact structure.
This microstructure is related to the cohesiveness shown by
both commercial samples (section 3.5).

3.5. Texture. The polymorphism, size distribution, and
shape of the TAG crystals, as well as, the network formed
between the crystals, play a key role in determining the textural
characteristics of lipid-based materials. The nature and
intensity of bonding forces in the microstructure determine
the material’'s brittleness and cohesiveness.'” Penetration
testing was used to investigate the texture profiles of the
samples. Figure 6 shows the load—distance curve obtained
from the penetration test. Inserted pictures in Figure 6 show
the corresponding images of the penetrated sample at the end
of the assay. The first slope of the textural profile indicates the
resistance of the material to be penetrated, arriving at the
maximum value of load, which represents the hardness (and
the firmness) of a material. Figure S2 compares the maxima of
texture profiles with those obtained with a Shore durometer
type A. It is observed that both values present an equivalent
variation among the samples, evidencing that the maximum
value of the texture profile is directly related to the material
hardness. Once the sample is penetrated, the shape of the
textural curve is a consequence of cohesion and brittleness
features of the sample. Yao et al.*” states that the shape of a
negative slope (after its maximum) and the ratio between the
valley and peak values (VTP) of the texture profile provided
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good information on the material’'s cohesiveness and
brittleness. A curve with a constant penetration load after its
maximum shows a homogeneous resistance throughout the
test, indicating a highly cohesive material. On the other
extreme, a low VIP with a sharp maximum and noticeable
slope evidences a low cohesive material, where the
penetration/compression resistance is different in its surface
than in its bulk.

The commercial mineral paraffins selected as reference
materials present a good example of cohesion, where they
undergo a practically stable plastic deformation with their
maximum load conserved throughout the textural test. This
mechanical feature of commercial mineral waxes 72 and 62,
their melting range, and their brightness are some of the
desired properties for industrial applications of this kind of
material. Both samples present a high degree of refinement and
a slightly white to transparent hue.' Specifically, the
penetration curve of paraffin 72 shows an increase up to 20
N at 0.2 mm, followed by a smooth and almost constant load
through the test. In turn, paraffin 62 shows a very sharp
increase in the loading, up to a peak at 20 N (0.05 mm),
followed by a valley and slight increase in the applied force
through the test. These curves are characteristic of a
homogeneous and cohesive material. The small variation
observed in the curves may be due to the difference in
crystalline structures as observed in PLM.

The synthesized materials investigated in this work will be
compared with the penetration profiles of mineral waxes, as an
objective function, to obtain bio-paraffins with a possible
technological value. FH sample presents the highest hardness,
with a peak value of 80 N at 0.3 mm, followed by a decrease to
zero load indicative of the formation of a crack in the sample
(see inserted picture in Figure 6). The absence of a valley
indicates a low capability of flowing under compression; i.e.,, no
plastic deformation is observed which corresponds to a brittle
material. This behavior is related to the very high content of
trisaturate TAG (S;), with its fast crystallization into «
polymorph, producing a network of highly compact spherulite
aggregates, which restrict the material capability of deform-
ing.47

Very interestingly, the PH sample presents a gradual increase
of loading up to approximately 10 N at 0.3 mm, followed by an
almost constant load through the test. This behavior is
characteristic of a soft solid material. It is worth noticing that
this sample presents a smooth surface, without greasiness in
spite of its high content of unsaturated fatty acids. The PH
microstructure shows large spherulites that could retain the oil;
i.e,, the oil is enclosed in the network.

The 50/50 sample shows a loading peak (18 N) at 0.26 mm
and then falls and remains almost constant around 15 N. The
low VTP value and its sharp trasition from peak to valley
evidence some lack of cohesion. The blend possess an
increased hardness to compare with the PH material, ascribed
to the increased content of saturated TAG in the 50/50
material (see Table 3). In turn, this is in agreement with the
higher separation between spherulite aggregates, that is, low
connection between microcrystals as shown in the PLM
irnage.47 However, small oscillations can be observed from the
peak, which can be ascribed to some instability during the
compression assays and/or microcracking formation along the
material.

As mentioned above, one of the effects of the CI is the
decrease of the S; content while increasing the S,U TAG.
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Although the 50/50 CI sample conserves a qualitatively similar
penetration curve of its original blend, some performance
improvements are observed. This material presents a peak
value of 14.6 N at 0.27 mm, followed by a smoother and less
pronounced slope, indicating cohesiveness improvement. Also,
the observed instability registered in the original 50/50 mixture
is no longer noticed in that of CI sample, indicating an
enhancement in the penetration resistance. The microstructure
showed a higher space between the spherulite aggregates
(voids) as compared with the original 50/50 sample (Figure
S). However, this material presents a good oil-binding
capacity; i.e., oil loss is not observed, as can be appreciated
in the inserted picture (Figure 6).

In the 80/20 blend, an almost linear increase of the applied
force is observed up to 0.4 mm (30 N; this value is the highest
among the mixtures due to its high S; content). Then, some
substantial oscillations are observed, which indicate some
microcracking or possibly the presence of grains with different
hardness. Finally, after 0.8 mm of penetration is reached, a
sharp load decrease is registered with a new linear increase.
This behavior may be related to the formation of shavings
(visually observed), which could be associated with a hard
material and the formation of microcracks inside the sample
(ie., low plastic deformation capability). The PLM image
showed the presence of large crystals and a compact network.

In the case of the 80/20 CI sample, a remarkable change in
the penetration curve is observed as compared with the
original mixture. The initial increase of the loading reached a
peak at 0.22 mm (approximately 22 N). The reduction of TAG
of high melting temperature decreased the bio-paraffin
hardness. After the peak, the curve looks smooth and without
instabilities; ie., cohesiveness is improved. The penetration
curve displayed by 80/20 CI sample presents the typical shape
of a highly cohesive material with a significant plastic
deformation when it reaches a load of around 20 N. This
response is related to the microstructure, where large
spherulites but with a less compact network than the original
blend was observed (Figure S). XRD analysis showed that the
f polymorph dominates in this material. However, the
characteristic grainy texture of this polymorph®” is not
observed (see inserted picture in Figure 6). This could be
due to the presence of #’ polymorph, which could hamper the
growth of 3 crystals. Nevertheless, this is not clear at this point.

In summary, it can be concluded that the chemical
interesterification reaction improves the texture and rheo-
logical behavior of the investigated samples. The penetration
test curves of the CI mixtures are comparable with the curves
of the commercial paraffins; the hardness values as well the
cohesiveness are close. The synthesized materials present
thermal behaviors in the range of many industrial applications,
which makes them good candidates as replacements for
mineral paraffin.

4. CONCLUSIONS

This study shows a simple process to produce bio-paraffins,
using only soybean oil as raw substance, with wanted thermal
and textural properties for industrial applications with potential
for mineral wax substitution. Totally and partially (IV 33.1)
hydrogenated soybean oils were blended at two levels and
subsequently chemically interesterified (CI) with sodium
methoxide. The resulting materials were characterized and
compared with two commercial mineral waxes.
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The chemical composition determined by gas chromatog-
raphy showed that CI significantly modified the distribution of
triacylglycerols, decreasing trisaturated and increasing mono-
unsaturated TAGs. This modification alters the thermal
behavior as shown by differential scanning calorimetry. An
overall decrease of the crystallization and melting profile was
observed after CI. In turn, the polymorph crystallization and
microstructure are also affected by the interesterification
process;  and B’ crystals and small spherulites are observed
by X-ray diffraction and polarized light microscopy, respec-
tively.

Finally, the textural performances of the synthesized
materials are compared with the two commercial mineral
waxes by the penetration test. CI produces substantial
improvement of the loading curves as compared with those
of the initial materials and blends. Particularly, both CI blends
improve in hardness, cohesiveness, and plasticity. Moreover,
they show loading curves comparable to the commercial waxes
with useful temperature melting ranges. Therefore, the
vegetable oil based bio-paraffins have shown great potential
as a sustainable replacement for mineral waxes in industrial
applications.
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