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ABSTRACT

The crystallisation kinetics of individual triacylglycerols (TAGs) were studied during the
isothermal fractionation of palm oil. On filtration, entrainment of liquid olein within the stearin
cake was found to significantly affect measured solid stearin compositions. These could be
corrected for entrainment using a mass balance based method along with the assumption that
triunsaturated TAGs did not crystallise. These calculations indicated high olein entrainment
levels of ~57-59% within the stearin cake, with typically only ~10% of the palm oil crystallising.
These values were validated using pulsed NMR solid fat content measurements. The corrected
stearin compositions revealed that diunsaturated TAGs were also virtually absent in the solid
phase. Crystallisation was initially dominated by trisaturated TAGs, and later by the
monounsaturated TAGs once the trisaturates had depleted from the liquid. The time-course of
individual TAG crystallisation rates correlated well with chemical potential driving forces based

on temperature and composition information, assuming ideal behaviour.

KEYWORDS. Triacylglycerol, NMR, filtration, chemical potential, solid-fat-content,

crystallization driving force.

Highlights

e Crystallization behaviour of triacylglycerols (TAGs) in palm oil fractionation was studied
under isothermal conditions.

e Liquid entrainment in stearin cake greatly influenced true stearin composition.

e A method was proposed to quantify entrainment degree and true stearin composition
based on TAG composition.

e C(rystallisation of diunsaturated TAGs became dominant once trisaturated TAGs depleted
from the liquid phase.

e Crystallisation rates of TAGs correlated with chemical potential driving forces based on
temperature and composition.



1.  Introduction

Palm oil (PO) is the most produced and consumed vegetable oil in the world (Kushairi et
al., 2018; Oil World, 2019). The use of PO can be enhanced by a number of modification
processes, the most widely practiced and environmentally-friendly of which is through the
fractionation of the constituent triacylglycerols (TAGs). Fractionation improves the functionality
and characteristics of oils and fats, extending their utilisation to many edible and non-edible
applications which may not have been possible in their original form. Since the late 19" century,
fractionation has been widely applied to edible oils and fats for the production of feedstocks for
margarine, shortenings, frying oils and salad oils, amongst others (Omar et al., 2015). PO has
been established in the last four decades as the world’s most extensively industrially fractionated
vegetable oil.

The fractionation of PO typically produces two distinct fractions; a liquid olein (OL) with
enhanced cold stability and a solid stearin (ST) fraction with improved melting properties
(Kellens et al., 2007). This is achieved by controlled cooling and agitation of melted oil or fat to
induce crystallisation of the higher melting TAGs followed by separation of the ST crystals from
the liquid OL (Deffense, 2000). The basis of fractionation is the ability of different TAGs to
selectively crystallise owing to the differences in their underlying melting points. During the
crystallisation stage, the fat melt undergoes supercooling to below its melting point and the
highest melting TAG components begin to crystallise (Hartel, 2013). Previous studies on PO
fractionation have shown that in addition to the type, origin and quality of the feed oil, the
quality of the OL fraction depends on the separation temperature and holding time at that
temperature, whilst the quality of the ST fraction and the yields of both fractions depend on the

crystallisation conditions and type of separation process in use (Timms, 2005; Deffense, 2009).



Until now only a limited number of studies have investigated the effect of different
fractionation temperatures on the physicochemical properties of the sub-products derived from
the fractionation of palm oil (Deffense, 1985; Hasmadi et al., 2002; Zaliha et al., 2004) and
blends of palm oil with other liquid oils, i.e. blends of palm oil and sunflower oil (Mamat et al.,
2005). The effects of employing different operating temperatures on other oils and fats such as
milk fat (Breitschuh and Windhab, 1998; Vanhoutte et al., 2003), butter oil (Fatouh et al., 2003),
palm olein (Calliauw et al. 2007), superolein (Huang et al., 2015) and chicken fat (Arnaud and
Collignan, 2008) have been studied. These studies have shown that the fractionation conditions,
in particular the operating temperature, play an important role in determining the quality of the
resultant fractions and their end usage.

The second stage of the fractionation process is the separation of solid TAG crystals from
the liquid OL at the fractionation temperature. However, some of the liquid OL remains trapped
within the solid TAG crystal network, and this is known as entrainment. The degree of
entrainment depends on the crystal morphology, which in turn is affected by the process
conditions during crystallisation and the design of the crystalliser, but entrainment levels also
depend on the type of separation technique used after the crystallisation stage (Hamm, 1995;
Deftense, 1998). Different types of separation processes have been commercially applied over
the last couple of decades, ranging from centrifugation, vacuum rotary drum and belt filtration,
decanting, and the membrane filter press. However, the membrane filter press remains the
preferred technique for the fractionation of PO as higher OL yields can be achieved and
entrainment levels are significantly reduced with the increase in squeezing pressures (Timms,

2007). The separation stage is thus as important as the crystallisation stage, since the end product



quality depends significantly on minimising the entrainment of the liquid phase within the solid
fraction.

In one of the earliest studies on the determination of entrainment levels in PO
crystallisation, entrainment was described as a result of intra-particle (between individual
crystals within agglomerates) and inter-particle (between crystal agglomerates) liquid trapped in
the filter cake (Bemer and Smits, 1982). The authors proposed a method for calculating
entrainment levels based on measurements of the radio-activity of the liquid and slurry
concentrations using a liquid scintillation spectrometer. Their study concluded that about 50% of
intra-particle liquid remained within PO agglomerates after cake washing with an organic
solvent. Since then, many researchers have further proposed various approaches for determining
the entrainment level in the solid fraction by using the composition of the OL fractions obtained
from filtration (Hamm, 1986), incorporating the iodine value (IV) of the liquid and solid
fractions in the mass balance equation of the ST cake (Timms, 1994), and equating entrainment
to the degree of porosity in the filter cake produced (Hamm, 2005). It is also possible to use
pulsed NMR to provide a direct measurement of the solid fat content (SFC) of either the ST cake
(Arnaud and Collignan, 2008) or the crystallising suspension from which it was taken, from
which entrainment levels can be deduced (Vanhoutte et al., 2003; Calliauw et al., 2007). Despite
the many improvements implemented in the PO fractionation process over the last three decades,
entrainment still remains an issue when pursuing a high purity of the solid phase. These studies
have repeatedly shown that the filtration stage cannot be regarded as clean and complete. In this
aspect, the composition of the solid cake formed will always incorporate an entrainment element

and will not represent the true solid crystal composition.



When investigating and optimising fractionation processes, it is obviously necessary to
consider the partitioning of TAGs between the solid and liquid phases during the crystallisation
process itself. Thermodynamic theories in solid-liquid separation systems have shown that the
transformation of liquid to solid is principally governed by the differences in the chemical

potential driving forces of the crystallising components between these two phases. The

thermodynamic driving force for crystallisation of a TAG species i, Ay, is fundamentally
defined as the difference in chemical potential of the TAG species between the liquid ( ;) and

solid () phases. This is defined as follows (neglecting minor correction terms involving

specific heat capacity) (Himawan et al., 2006):
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where 4Hnm,i is the molar enthalpy of melting of the pure TAG component i at the pure
component melting temperature T, and yi* and y:° are the activity coefficients of the TAG
component 7 in the liquid and solid phases at the temperature, 7" at which crystallisation is taking
place.

In fat systems the driving force for crystallisation is usually more simply expressed in
terms of either the supersaturation of a component (Van Putte and Bakker, 1987) or the degree of
supercooling, AT = T — T (Marangoni and Wesdorp, 2013). Strictly speaking the supercooling
should be based on the actual melting point of the component in the solution/mixture concerned,
but more often the pure component melting point is used. A recent study on the crystallisation
behaviour of PO from different geographic origins using DSC reported that when a low
supercooling was applied, the higher melting TAGs were first to crystallise from the melt as the

supercooling of the higher melting TAGs are larger than that of lower melting TAGs (Hubbes et



al., 2018). Whilst this is useful in providing a quick, rough guide to behaviour, it should be
pointed out that such an approach ignores the reduction in melting point (and hence driving
force) that occurs when a species is dissolved in a liquid or melt. This is taken into account in the
fuller expression for driving force (Eq. 1) which includes the correction for composition. It is
also taken into account with supersaturation, but this requires a solubility curve to be available.
While the concept of supercooling has long been established with respect to the crystallisation of
oils and fats, very few studies have used the fundamental expression for chemical potential
driving force (Eq. 1), and its application in a dynamic palm oil crystallisation system is still
lacking.

The aims of this study are therefore to investigate the effect of different isothermal
temperatures on the crystallisation behaviour of palm oil TAGs during fractionation in a stirred
system and to explore how the observed behaviour relates to chemical potential driving forces
for crystallisation that will be quantified using Eq. 1 (assuming ideality). A new method for
determining the level of entrainment within the filtered solid phase is proposed and compared
with the existing pPNMR method based upon SFC measurement. The effects of correcting for
entrainment on calculating the true solid composition and the thermodynamic driving forces for

crystallisation of PO TAGs are also elucidated.

2.  Materials and methods
2.1. Materials

Refined, bleached and deodorised (RBD) PO was obtained from Golden Jomalina Sdn.
Bhd. (Selangor, Malaysia) and used as raw material for the fractionation experiments. The oil

was melted at 70 °C for 1 hour until it was completely melted prior to fractionation. This sample



preparation procedure was standardised for all fractionation experiments carried out in this study.
Acetone and acetonitrile used for the TAG compositional analyses were of HPLC-grade (Fisher

Scientific, Loughborough, U.K.).

2.2. Fractionation experiments

Fractionation experiments were carried out in a stirred jacketed glass vessel. PO was
crystallised at isothermal temperatures (7iso) of 24, 26, 28, 30 and 32 °C. Further details on the
experimental set-up, cooling programme and filtration method are described elsewhere
(Hishamuddin et al., 2011). The filtered products were subsequently analysed further for their
TAG composition. The concentrations of the first five samples of the ST fractions collected at
32°C are not reported as there were insufficient amounts of samples to allow TAG compositional

analysis to be performed.

2.3. Triacylglycerols compositional analysis

The TAG compositions of the PO, OL and ST samples from the fractionation experiments
were analysed according to the AOCS Official Method Ce 5¢-93 (AOCS, 2011) using a HPLC
instrument (Model HP 1100 Series, Hewlett Packard, Waldbronn, Germany) with refractive
index detection (Agilent 1100 Series, Waldbronn, Germany). TAGs were separated on two
identical Waters Nova-Pak© Cis columns connected in series (3.9 mm i.d. x 300 mm length,
particle size 4 um) (Waters Corp., Darmstadt, Germany). Minor adjustments were made to the
mobile phase composition and injection volume to improve TAG separation. The mobile phase
consisted of a mixture of acetone and acetonitrile at a ratio of 63.5:36.5 vol% with a fixed

flowrate of 1 mL/min. The injection volume was 10 uL and the columns were maintained at



25°C. TAG peak identification was made based on the retention time of TAG standards and by
comparison with literature (Ghazali et al., 1995; Swe et al., 1995; Sulaiman et al., 1997; Haryati
et al., 1998). TAG and minor component concentrations were quantified based on peak area
normalisation and expressed as weight percentages (wt%). The concentrations of
monoacylglycerols and diacylglycerols were not individually quantified and their total
concentration was expressed as ‘Others’. Reproducibility was assessed by taking triplicate
determinations of selected samples, and these showed standard deviations in the range 0.1-0.3
wt% across all TAGs. With this high reproducibility, it was felt to be sufficient to make single
HPLC determinations for each sample only. Throughout this entire paper, the major fatty acid
moieties present in PO and their abbreviations are denoted as P for palmitic acid (saturated), S
for stearic acid (saturated), O for oleic acid (unsaturated) and L for linoleic acid (unsaturated). It
should be noted that the HPLC method cannot distinguish or resolve positional isomers.
Compositional data are hence labelled with the isomer that is generally accepted as the most
abundant, but it should be understood that the data also include contributions from the other

isomers. So, for example, data for POP will also include a contribution from PPO.

2.4. Validation of proposed entrainment correction method by pulsed NMR

For the NMR validation experiments, palm oil was isothermally fractionated at nominal
fractionation temperatures of 22 °C and 24 °C in a 10 kg stainless steel jacketed crystalliser
equipped with a PC controller (Desmet Ballestra, Zaventem, Belgium). In practice, this was
achieved on this different system by setting the jacket temperature to 23°C and 25°C respectively
which resulted in steady state oil temperatures of 22.4°C and 24.3°C. Samples were taken 260

minutes after crystals were first observed, and analysed as follows:



1. Direct NMR determination of the SFC of the crystallising slurry (no prior filtration).

2. Direct NMR determination of the SFC of the STcake following vacuum filtration.

3. HPLC analysis of the ST cake following vacuum filtration.

4. HPLC of the OL filtrate following vacuum filtration.

5. Relative masses of the ST cake (including entrained OL) and the OL filtrate.

NMR SFC analysis was performed using the direct method by the use of a low-field pulsed
NMR (Bruker Minispec mq20, Bruker, Germany) calibrated with three supplied standards (0%,

31.1%, 74.02%). SFC determinations were performed in triplicate.

3. Results and discussion
3.1.  TAG compositions of palm oil fractions

The TAG compositions of the final OL and ST fractions obtained from PO crystallisation
at all Tiso are shown in Table 1. Only the trisaturated (S3) TAGs are substantially enriched in the
ST fraction, with a greater effect at higher Tis. This is expected as the saturated TAG species are
more likely to crystallise due to their higher pure component melting temperatures. The
disaturated-monounsaturated (S2U) TAG levels are slightly reduced in the ST, with the other
more highly unsaturated TAGs more reduced, showing a lower tendency to crystallise due to
their lower pure component melting points and thus lower supercooling of these TAGs at the
higher temperatures (Breitschuh and Windhab, 1998). The reductions are less at lower values of
Tiso which allow more TAGs to be supercooled, increasing the crystallisation of the more
unsaturated TAG species (Hubbes et al., 2018).

The S3 TAGs also show a dramatic decrease in the OL. The compositions of the S2U,

diunsaturated-monosaturated (SU2) and polyunsaturated (U3s) TAGs in the OL fraction show very
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little change for any Tiso. The levels of S2U TAGs appear to be similar to that in the original PO
while the SU2 and Us TAGs are slightly higher in the OL, which is in agreement with values
reported by previous studies (Deffense, 1985; Kellens et al., 2007). Because of their lower
melting points compared to S3 and S2U TAGs, SU2 and Us TAG groups remain in a liquid state
and are mostly retained in the OL fraction at the temperature range employed in this study.
However, a comparable observation with past literature is the presence of an appreciable amount
of the SU2 TAGs, mainly POO and PLO, present in the ST fractions at all temperatures. The
presence of SUz and U3 TAGs in the ST is likely due to the entrainment of liquid OL within and

between the crystals in the ST cake (Timms, 2005).

3.2.  Entrainment Correction Method

Previous research has shown that the occurrence of entrainment during filtration in PO
fractionation is the main cause of the considerable amounts of SUz and U3 TAGs still present in
the ST (Kellens et al., 2007). Assuming that the majority of SU2 and Us TAGs within PO
crystallise in the B’ polymorph at the conditions of the experiments, the pure component melting
temperatures of these TAGs all lie below 20 °C (De Man and De Man, 2001). In theory, this
implies that TAGs containing at least two unsaturated fatty acid components in their structure
will not crystallise to any significant extent and only the S3 and S2U TAGs should crystallise at
the temperatures used in this study.

In order to determine how far entrainment contributes to the error in the TAG
composition of the ST fractions, a correction method needs to be implemented. One way to
evaluate the entrainment of liquid within a filter cake is by subtracting the percentage of the SFC

measured by pulsed NMR from the total fat content (100%) (Arnaud and Collignan, 2008).
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However, NMR equipment is not always available, and the method is also highly dependent on
strict control of sample temperatures to avoid changes in solid fat content during sampling and
transportation of the ST sample to the NMR machine. Here, an alternative method for correcting
the ST composition for entrainment is proposed based on composition data of the filtered
products, in combination with a mass balance. The method assumes that the Us TAGs do not
crystallise at all due to their respective pure melting points being below 0 °C, and thus making it
unlikely (following Eq. 1) that these TAGs will crystallise to any significant extent under the
conditions of the crystallisation experiments. The presence of Us TAGs present in the ST cake is
assumed to be entirely due to entrainment of the OL between the crystals in the ST cake.
The component mass balance for the ST cake is given by:
Mgx; + Mcy; = (Mg + Mc)z; (2)
where Me and Mc are the mass (g) of entrained OL and the mass (g) of crystals within the ST
cake, respectively; x and y are the compositions (g TAG/g OL and g TAG/g crystals) of the TAG
species i in the corresponding OL fraction and crystals, respectively, and z is the composition (g
TAG/g ST) of the corresponding TAG species i in the ST cake (entrained OL plus crystals) after
filtration (determined by HPLC).

If it is assumed that a TAG component does not crystallise at the conditions of the
experiments (i.e. y = 0) and that the TAG composition of the entrained OL is equivalent to that of
the residual OL fraction, the entrainment level (E = Mge/[Me+Mc]) within the ST cake can be

calculated by rearrangement of Eq. 2 to give:

Mg _ z;
ME+MC Xi

=F 3)

where the right-hand side is entirely comprised from experimentally determined mass fractions

for the non-crystallising TAG in the ST cake (z) and OL (x) samples, respectively. In the case of
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palm oil, three U3 TAGs are identified to have melting points below zero, namely OO0, OOL
and OLL having 8’ form melting temperatures (7) of -11.8 °C, -28.3 °C and -30.2 °C,
respectively (De Man, 1999). In this work, the mass fractions used in Eq. 3 were combined
values from all three U3 TAGs, to minimise experimental error.

To avoid confusion to the reader, throughout this work, the term ‘ST’ shall henceforth refer
to the ST cake collected which contains pure crystals with entrained OL, while the term
‘corrected ST composition’ will refer to the composition of ST after entrainment correction (pure
crystals without entrainment of the OL).

Fig. 1 illustrates the changes in entrainment levels in the ST fractions at all 7is as a
function of isothermal time, calculated using Eq. 3. It was observed that the levels of
entrainment at Tiso between 24 and 30 °C were initially high during the early stages of the
experiments, with values ranging from 70% to 90% of entrained liquid per total mass of filter
cake collected. This may be due to the fact that in the early stages of crystallisation, the crystal
sizes will still be very small, with a high surface area to volume ratio and thus occluding a
considerable amount of liquid within the crystal network structure. Intraparticle occlusion of the
liquid phase may also occur within the growing crystal structure as the amount of liquid
gradually increases between dendrites. This is likely a consequence of the uncrystallisable TAG
components which are unable to diffuse away fast enough from the crystal surface to avoid
becoming entrapped within the crystal growth surrounding it (Harrison et al., 2016).

As the isothermal time progresses, there is a gradual reduction in entrainment levels to
between 54% and 65% of the total mass of filter cake, and this remains nearly constant towards
the end for all Tiso. Among the plausible explanations for these findings is that as time proceeds,

crystal growth within the oil bulk causes an overall decrease in the surface area to volume ratio
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of the crystals, subsequently entrapping less liquid within the solid crystals. Final entrainment
levels within the retentate were higher at lower isothermal temperatures. The entrainment values
calculated here were found to be in agreement with values previously reported by several authors
(Hamm, 1986; Timms, 2005; Kellens et al., 2007).

The entrainment values from Fig. 1, along with the measured mass of the ST cake
(including entrained OL) and the measured mass of the OL filtrate allows a true ST yield (total
mass fraction of solid in sample taken from the crystalliser) to be calculated. The results show
that only about 12% of PO crystallised at 24 °C (Fig. 2). This percentage decreased to slightly
less than 9% at higher Tiso, except at 32 °C where the level of solids was higher at nearly 11.6%.
Hence, based on the corrected ST yields in this study, it can be deduced that typically only about
8-12% of PO crystallises, despite forming a thick slurry.

In addition, once a value for entrainment is calculated it is possible to calculate the true

crystal compositions via rearrangement of Eq. 2:

Mg Mc
Z; = X +
Mg+M¢ Mg+M¢

yi=Ex;+ (1 - E)y; 4)

which leads to

_zi—Ex;
t 1-E

S))

Table 2 tabulates the TAG composition of the ST crystals calculated after entrainment
correction. It is clear that S3 TAGs showed an overall higher conversion into the solid phase
compared to S2U TAGs. More than 50% of S3 TAGs are present in the crystals at 24 °C and this
increases by about 10% as Tis is increased to 32 °C. S2U TAGs showed a reduction in their
concentration as Tis 1s increased. On the other hand, SU2 TAGS are only present at very low

concentrations (<6%), further suggesting that the majority of TAGs in this group remain
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uncrystallised in the OL. For these TAGs the Tiso value is higher than their pure component 7o,
so are unlikely to crystallise. However, it is important to validate the entrainment correction

method for it to be able to be considered as another general method for predicting entrainment.

3.3.  Validation of proposed entrainment correction method

To validate the entrainment correction method, further experiments were performed at
nominal fractionation temperatures of 22 °C and 24 °C to compare predictions using this method
with those measured directly by pNMR. Two pNMR measurements were made, namely the SFC
of the crystallising slurry (corresponding to Fig. 1) and the liquid content of the ST sample
following vacuum filtration (corresponding to Fig. 2). HPLC data were also obtained to provide
predictions using the proposed entrainment correction method. A summary of the results is
shown in Table 3.

It can be seen that there is good agreement between the values predicted by the proposed
entrainment correction method using HPLC data and those directly determined by pNMR.
Differences in the true solid ST yield predicted by HPLC method and those found with NMR
were within experimental error. Less than 2% difference in OL entrainment values are seen.

Values for corrected true ST composition were compared using either NMR or HPLC
methods. The NMR method is based on a mass balance of filtered products in conjunction with
the NMR SFC content of the crystallliser slurry, following the work of Calliauw et al. (2007).
The second method uses the entrainment value derived from the HPLC method as previously
described (Eq. 5). Values calculated from both methods showed comparable values of S2U and
Us TAGs, although higher values of S3 and lower values of SU2 TAGs were obtained using the

proposed method (Table 4).
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There is also further evidence supporting the proposed entrainment correction method:

(1) The entrainment levels estimated by this method have proven to be similar to those reported
earlier by Timms (2005).

(i1) The entrainment curves (Fig. 1) show a consistent trend which is physically plausible.

(i11) Although the method forces the concentration values of the Us in the ST fraction to zero, it
does not force the values of SUz, S2U and S3 TAGs. The very low values of SU2 TAGs
calculated using this method (Tables 2 and 4) provide credibility to the view that Us levels will
be almost zero (as they would be expected to have lower levels than SU2 TAGs).

The entrainment correction is useful in decoupling the crystallisation from filtration effects
in order to study the two processes independently, and provides a convenient way to estimate the
level of entrained OL and true crystals yield. It can be used in the absence of SFC data, for
example if pPNMR is not available as a technique. It also has a practical advantage over the NMR
SFC method in that the ST and OL samples do not require their temperature to be accurately

maintained post filtration in the way that the NMR ST samples do.

3.4. Crystallisation rates of TAGs based on corrected ST composition

In this work, the crystallisation rates of PO TAGs were observed by monitoring the relative
change in the mass of TAG components in the solid crystal phase as the crystallisation process
progresses with time. With a consistent basis of a fixed mass of PO (solid + liquid), the
crystallisation yields based on the amount of each TAG in each phase can be determined by

multiplying the HPLC mass fraction data by the overall filtration yield of the phase as follows:

M
s f
Y (6)

LM,

f=1
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where m/is the crystallisation yield expressed as the mass fraction of TAG component i in the
fraction, f, x/ is the composition of TAG component i in fraction f, My is the mass of fraction f
collected during filtration and P is the total number of fractions. The amount of an individual
TAG in the OL or ST is expressed in terms of g TAG in OL or ST per 100 g of crystallising PO.
This was quantified for all TAGs at all 7iso and plotted against time. This method allows the
variation of masses of individual TAGs in the ST to be followed as the crystallisation progresses.
The initial concentration of each TAG at the point of nucleation was taken as zero as it can be
presumed that the very first crystal begins appearing at the onset of nucleation and the oil bulk
was in a fully melted state at all times prior to the nucleation point. Greater emphasis is placed
on the major crystallising TAGs, the concentrations of which are known with much greater
percentage accuracy. Hence, the crystallisation rates of individual TAGs were only quantified for
TAGs having a concentration larger than 3% in the solid phase, namely PPP, PPS, MPP, POP,
PLP and POS (see Table 2). Data are presented from the two extremes of temperature tested,
namely 24 °C and 32 °C.

Fig. 3 illustrates the progress of crystallisation, m7 of the S3 and S2U TAGs based on the
corrected ST composition at 24 °C and 32 °C. It can be seen that all S3 TAGs generally showed
higher conversion into the solid phase compared to S2U TAGs when the entrainment correction
was taken into account. PPP, in particular, showed a higher rate of transformation into the
crystals compared to POP at both temperatures. This observation forms the major difference
between the original and the corrected data. When the uncorrected ST composition was used in
quantifying m7, at 24 °C both POP and POO appear to have higher conversions into the solid
phase compared to PPP (results not shown). Fig. 3 clearly shows that the crystallisation rate of

PPP begins to slow down after 190 minutes at 24 °C, which is much earlier than at 32 °C (220
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minutes). The higher degree of supercooling when crystallising at 24 °C would cause a faster
depletion of S3 TAGs from the crystallising slurry, and this would be the main reason for the
earlier slowdown with crystallisation rate of S3 TAGs. These results are consistent with the
findings of Harrison ef al. (2016) which showed that a decline in crystal growth rate in palm oil
occurs as a consequence of crystallisable components being consumed from the liquid phase
surrounding it, and hence causing a reduction in concentration with time.

In order to ascertain whether the initial assumption applied in the proposed entrainment
calculation was correct with regards to the Us TAG group not crystallising at all at the conditions
of the experiments, the conversion of TAGs into the OL phase was calculated using Eq. 3. The
only revision in this calculation was that the actual OL mass was taken to be the combined total
of the mass of OL collected from filtration and the mass of entrained OL. This was determined
based on a mass balance of the filter retentate using the entrainment values calculated earlier.

Fig. 4 depicts the content of TAGs in the OL phase at 24 °C and 32 °C, with separate
graphs for major (>5%) and minor (<5%) TAGs for clarity. If the assumption that the Us TAGs
do not crystallise were true, their mass in the OL phase should remain constant throughout the
whole crystallisation. Indeed, the levels of OOO, OOL and OLL remain largely unchanged
throughout the whole course of the isothermal crystallisation experiment at 24 °C, further
supporting the assumption that Us TAGs do not crystallise at this 7iso. The SU2 TAG group,
which is comprised mainly of POO, PLO, PLL and SOO, also showed constant levels in the OL
throughout the experiment (Fig. 4a, b). This finding further suggests that the SU> TAGs also
barely crystallise at 24 °C, which is expected as the pure melting points of these TAGs lie below
24 °C. Only S3 TAGs are seen to decrease significantly with time until they reach nearly zero,

indicating their depletion from the OL and subsequent conversion into the ST phase (Fig. 4a). A
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decreasing trend is also observed for S2U TAGs, but at a more gradual and slower rate compared
to S3 TAGs.

At 32 °C, only the S3 TAGs showed a considerable depletion from the OL (Fig. 4c¢). All
other TAGs with concentrations <5% showed no conversion into the solid phase and remained
unchanged throughout the whole duration of the experiment. POP showed a slight depletion from
the OL (Fig. 4d), suggesting that a very small amount of POP crystallises into the solid phase at
32 °C (this was also observed at 24 °C). PLP, POO and PLO showed constant levels through to
the end, signifying that they do not crystallise into the solid phase. Whilst the S3 TAGs showed
considerable reduction in their concentrations, these were not to zero. The final concentrations of
these TAGs in the OL phase at the end of the experiment were seen to be slightly higher at 32 °C
compared to at 24 °C. This is explained by the lower solubility of the S3 TAGs at the lower
temperature. It can be deduced from these results that among the major TAGs that make up PO,
only PPP and POP/PPO which mainly represent the S3 and S2U TAG groups crystallise in

significant amounts at both 24 °C and 32 °C.

3.5. Crystallisation driving forces of TAGs based on corrected ST composition

Oils and fats generally crystallise from the melt and the driving force in this context is
usually expressed in terms of supercooling (A7), which is the difference between the melting
temperature, 7» and the temperature of the system, 7. Due to the relative similarity in size and
structure of the TAG molecules, it might be assumed that both the liquid and solid phases behave
ideally, thus yielding the activity coefficients in both phases, yi* = 1 and y5 = 1 (Wesdorp et al.,

2005). In some cases the assumption of ideality may possibly be incorrect but this serves as a
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handy approximation nonetheless, in the absence of activity coefficient data. This reduces Eq. 1

to the following expression for calculating the chemical potential driving force of each TAG:

Au;  AHp i (1 1 xk
Sh_TmifZ )+ In — (7
RT R \T Tpny X;

It has been reported that palm oil tends to crystallise in the 4 form below 34°C (Persmark
et al., 1976; Van Putte and Bakker, 1987). For this reason, the assumption that only the f’
polymorph was formed at the conditions of the experiments was applied. It was previously
shown that the only two TAGs which crystallised in significant amounts based on the corrected
ST composition were PPP and POP/PPO. Based on this finding, the crystallisation driving forces
(Au) of PPP and POP shall be considered for comparison purposes. Utilising the corrected ST
composition in Table 2 and values for 7\,;and AHm, for the 5° polymorph of pure TAGs
obtained from literature (Timms, 1978; Wesdorp et al., 2005), the crystallisation driving forces
for PPP and POP were quantified at 24 °C and 32 °C and studied over time.

Fig. 5 illustrates the evolution of the Au of PPP and POP at 24 °C and 32 °C. The Au of
PPP decreased significantly with time when PO was crystallised at 24 °C, indicating that PPP
depleted almost entirely from the OL. This follows the considerable reduction in the
concentration of PPP in the OL as depicted earlier in Fig. 4b. As crystallisation progresses, the
Ap of PPP is then succeeded by that of POP mid-experiment. The Ay of POP also decreased with
time albeit at a much slower rate compared to PPP. This crossover behaviour implies that after
156 minutes, the Au of PPP becomes lower than that of POP, hence the slowing down of the
crystallisation rate of PPP compared to POP.

At 32 °C, the Au of PPP was seen to similarly decrease with time, although at a faster rate
than that observed at 24 °C (Fig. 5b). This can presumably be attributed to the higher

crystallisation temperature employed at 32 °C, where only the S3 TAGs were likely to crystallise.
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The same ‘crossover’ behaviour between the Au of PPP and POP seen at 24 °C could be also
observed at 32 °C, where the Au of PPP drops to below that of POP at around 216 minutes,
bearing negative driving force values towards the end of the experiment. This is due to the large
difference between the concentrations of PPP in the OL, which decrease to below 1% (Table 1),
and values of 40-50% in the ST crystals (Table 2). POP showed a minor decrease in Ay,
indicating that POP still crystallises at 32 °C but slightly delayed compared to that of PPP. These
findings indicate that regardless of the 7Tis, the sequence in which crystallisation occurs begins
with S3 TAGs due to their higher initial chemical potential driving force which is directly related
to the higher 7 of this TAG group. Only once the driving forces for the S3 TAGs drop below
that of the S2U TAGs, will the crystallisation of the S2U TAGs begin to predominate. These
results further support previous research on TAG behaviour during PO fractionation (Deffense,
1985; Kellens et al., 2007) and fit in with a theoretical framework based on thermodynamic

driving force considerations.

4.  Conclusions

The effect of isothermal temperature on the partitioning behaviour of TAGs during the
crystallisation stage of PO fractionation has been investigated. Liquid entrainment within the ST
cake was shown to have a significant influence on the TAG composition of the cake, which did
not reflect the true crystal composition. A method to quantify the degree of entrainment, and
hence estimate true crystal compositions, was proposed. The basis for the entrainment correction
where U3 TAGs do not crystallise to any significant extent at the conditions of the experiments
appears to be valid and predictions of the overall SFC of the crystallising slurry (pre-filtration)

and SFC content of the ST cake (post-filtration) agrees with direct measurements using pNMR.
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The entrainment correction method proposed here can be used where no NMR facilities exist,
and also has an advantage over the NMR method in that accurate temperature control of samples
is not necessary post-filtration to ensure accurate results.

Crystallisation yields for each species calculated using the corrected compositions confirm
that the crystallisation of S2U TAGs is delayed compared to Sz TAGs, and only become the
dominant crystallising species once the S3 TAGs have depleted from the melt. This study has
demonstrated that the crystallisation rates of PO TAGs are well correlated with a fundamental
expression for chemical potential driving forces based upon both temperature and composition
(Eq. 1). These reflect the real decrease in driving force as components are depleted from the
melt. This is in contrast to the more commonly used concept of supercooling , AT = Tm,i— T
(Marangoni and Wesdorp, 2013) based on pure component melting points which would fail to
describe this drop-off in crystallisation rates, as this quantity would remain constant (by

definition) during the entire isothermal period.
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Table 1. TAG composition of PO feed, the final OL and ST fractionated at different

isothermal temperatures (7iso)

TAG PO OL (final samples) ST (final samples)

(%) 24°C 26°C 28°C 30°C 32°C 24°C 26°C 28°C 30°C 32°C

PPP 4.8 0.4 0.7 1.3 1.0 0.8 144 168 209 226 23.6
POP  28.0 274 280 278 2777 285 293 280 277 273 267
POO  24.0 266 258 254 255 253 182 183 163 151 15.3
000 42 4.8 4.7 5.1 4.6 5.0 3.0 3.0 2.6 2.9 2.6
PPS 0.9 ND ND 0.1 0.1 0.2 2.6 3.0 3.8 4.2 3.7
MPP 0.5 0.1 0.4 0.2 0.2 0.5 1.2 1.7 1.5 1.5 1.7
PLP 9.1 9.8 9.5 94 9.3 9.3 8.1 7.7 7.6 7.5 7.7
POS 45 4.5 4.5 4.5 5.1 4.7 4.6 4.1 4.5 3.9 3.7
MLP 0.7 0.5 0.8 0.7 0.8 0.9 0.4 0.4 0.6 0.5 0.6
SOS 0.5 0.5 0.8 0.9 0.6 0.3 0.4 1.0 0.3 0.3 0.4
PLO 10.6 119 116 114 11.6 11.6 78 7.2 6.3 6.5 6.4
SOO 23 2.5 2.5 2.8 2.6 24 1.9 1.5 1.3 1.3 1.3
PLL 2.1 2.5 24 2.1 2.5 2.2 1.6 1.2 1.2 1.3 1.4
OOL 1.9 2.1 2.0 2.1 2.2 2.0 1.4 1.3 1.3 1.1 1.2
OLL 0.5 0.4 0.5 0.4 0.5 0.5 0.4 0.2 0.3 0.3 0.3

S3 6.2 0.5 1.1 1.6 1.3 1.5 182 215 262 283 290
SoU 42.8 4277 436 433 435 437 428 412 407 395 39.1
SU2 39.0 435 423  41.7 422 415 295 282 251 242 244
Us 6.6 7.3 7.2 7.6 7.3 7.5 4.8 4.5 4.2 4.3 4.1

Note: TAG concentrations given in wt% of total normalised peak area; ND, not detected; Data
include any positional isomers of quoted TAG.
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Table 2. Calculated TAG composition of ST crystals after entrainment correction
TAG Corrected ST composition (final samples) (wt%)
(%0) 24°C__ 26°C____28°C___30°C___ 32°C
PPP 40.9 442 441 53.2 49.9
POP 32.9 28.0 27.4 26.7 24.6
POO 2.4 5.6 5.5 0.4 3.7
000 -0.4 0.2 -0.3 0.5 -0.2
PPS 7.5 8.2 8.0 9.9 7.8
MPP 3.2 3.8 3.1 3.3 3.1
PLP 5.0 4.5 5.4 4.9 5.7
POS 4.7 3.5 4.4 2.1 2.6
MLP 0.2 -0.4 0.4 0.1 0.3
SOS 0.2 1.2 -0.4 -0.1 0.5
PLO 0.1 -0.3 0.3 -0.7 0.4
SO0 0.3 -0.2 -0.4 -0.6 -0.1
PLL 0.1 -0.6 0.2 -0.4 0.5
OOL 0.1 0.0 0.2 -0.4 0.2
OLL 0.3 -0.2 0.1 -0.1 0.0
S3 51.6 56.2 55.2 66.4 60.8
S:U 43.0 36.8 37.2 33.7 33.7
SU2 29 4.5 5.6 -1.3 4.5
Us 0.0 0.0 0.0 0.0 0.0

Note: Data include any positional isomers of quoted TAG.
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Table 3. Comparison of ST yield (wt% solids in crystalliser) and OL entrainment (wt% liquid in

filter cake) determined from the proposed entrainment correction method (“HPLC method”) and

via direct measurement using the NMR SFC method.

Nominal ST Yield (wt%) OL Entrainment (wt%)
fractionation e chod NMR SEC HPLC method  NMR SFC
temperature (°C) method method

2 12.740.2 12.540.1 58.120.7 59.940.3
24 12.340.1 12.340.3 577403 59.0+0.2
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Table 4. Comparison of true TAG compositions of ST (final samples) corrected for entrainment

using NMR SFC values of the crystalliser slurry (based on Calliauw et al., 2007), and

entrainment values derived from HPLC data

Corrected ST composition (final samples) (wt%)

TAG Using NMR SFC data Using HPLC correction method
22 °C 24 °C 22 °C 24 °C

PPP 43.7 43.9 47.4 473
POP 28.2 27.4 28.3 26.9
POO 4.4 3.9 1.0 1.3
000 0.6 0.0 -0.1 -0.1
PPS 8.3 8.4 8.9 9.1
MPP 3.2 3.1 3.5 3.4
PLP 44 43 4.0 5.1
POS 34 3.9 4.5 4.5
MLP 0.0 0.5 0.1 0.2
SOS 0.6 0.3 0.4 0.2
PLO 0.4 0.7 -0.2 -0.8
SO0 0.5 0.5 0.3 0.5
PLL -0.1 0.3 -0.1 -0.1
OOL 0.2 -0.2 0.1 0.1
OLL 0.1 0.0 0.0 0.0
S3 55.2 554 59.8 59.8
S2U 36.6 36.4 37.3 36.9
SU2 52 54 1.0 0.9
Us 0.9 -0.2 0.0 0.0

Note: Data include any positional isomers of quoted TAG.
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Figure captions

Fig. 1. Entrainment levels in ST fractions at different 7iso as a function of time.

Fig. 2. Corrected ST yield (%) at each Tiso calculated from the proposed entrainment

correction method as a function of time

Fig. 3. Crystallisation rates of TAGs in crystals per 100g palm oil (based on corrected ST

composition) as a function of time at (a) 24 °C and (b) 32 °C

Fig. 4. Crystallisation rates of TAGs in OL (based on corrected ST composition) for (a) TAG

<5% at 24 °C, (b) TAG >5% at 24 °C, (c) TAG <5% at 32 °C and (d) TAG >5% at 32 °C.

Fig. 5. Crystallisation driving force versus temperature for PPP and POP (based on corrected

ST composition) at (a) 24 °C and (b) 32 °C.
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