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Abstract

The purpose of this study was to improve some physical and chemical characteristics
of tallow through enzymatic interesterification process with corn oil and to investi-
gate effects of process parameters on chemical and physical properties of obtained
products. Full factorial design was constructed using blend ratio and reaction time as
process parameters. Enzymatic interesterification was catalyzed with sn-1,3-specific
lipase. Interesterified lipids have higher free fatty acid content and lower oxidative
stability compared to initial blends. Interesterification did not cause trans-fatty acid
formation and products mostly contained p crystals. Solid fat content and slip melting
point decreased up to 6 hr of interesterification; however, longer reaction times have
negative effects on these parameters. Statistical analyses’ results confirmed that re-

action time is highly important for enzymatic interesterification.

Practical applications
Some of interesterified lipids can be utilized as alternatives to margarines or butterfat

1 | INTRODUCTION

Beef tallow is considered as both a by-product of meat industry
and an ingredient for meat products. It has relatively a high melting
point range (40-60°C); therefore, it is classified as a hard fat. Beef
tallow contains low levels of polyunsaturated fatty acids (PUFA),
which limits its use in food industry as well as in direct human
consumption (Kowalski, Tarnowska, Gruczynska, & Bekas, 2004).
Thus, tallow needs to be modified in order to obtain a product
with desirable properties. One of the possible methods for tallow
modification is interesterification with vegetable oils (Kowalski,
Tarnowska, & Gruczynska, 2005). Both chemical and enzymatic in-
teresterification reactions are able to alter the physical and chem-
ical properties of fats. Chemical interesterification provides new
properties to the modified lipids by the random incorporation or
the restructuring of acyl residues of triacylglycerols (TAG) by the
help of a chemical catalyst. However, enzymatic interesterification
(El) leads to the attachment of specific fatty acids to specific posi-

tions of TAG structure to produce novel products by lipase enzyme

due to their lower trans-fatty acid content and crystal morphology.

(Martin, Reglero, & Sefiorans, 2010). In an interesterification reac-
tion with a 1,3-specific lipase, initially a mixture of TAGs, 1,2- and
2,3-diacylglycerols, and free fatty acids is produced. Then, acyl mi-
gration takes place due to prolonged reaction periods that cause
the formation of 1,3-diacylglycerols and this reaction also allows
some randomization of the fatty acids existing at the sn-2 posi-
tion of the TAGs (Xu, 2000; Rajendran, Palanisamy, & Thangavelu,
2009).

There are several studies using this process in the modifica-
tion of tallow. In a previous study, enzymatic interesterification of
tallow with sunflower and soybean oils did not cause formation of
trans-fatty acids (Foglia, Petruso, & Feairheller, 1993). The enzy-
matic interesterification of beef tallow and rapeseed oil resulted in
lower melting properties with respect to the nonesterified tallow
(Kowalska, Gruczynska, & Kowalska, 2015). Another study of inter-
esterification of tallow and sunflower oil showed that the physical
properties of tallow could be improved as a result of this process
(Rodriguez, Castro, Salinas, Lépez, & Miranda, 2001). Lipids pro-

duced by enzymatic interesterification of beef tallow with soybean
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and palm oils were classified as low trans-fat margarines due to
their desirable physico-chemical properties and polymorphs (Li
et al., 2018). In general, interesterified products have more desir-
able properties due to their lower melting temperature, wider range
solid-to-fat ratio, and modified crystallization behavior and they
could have different applications in areas such as bakery products
(Rohm, Schaper, & Zahn, 2018). It was not encountered any study
in the literature regarding the production of structured lipids using
enzymatic interesterification of beef tallow with corn oil having high
polyunsaturated fatty acid content although it is a readily available
and economical type of edible oil. Although plant oils used in inter-
esterification processes are mostly rich in terms of unsaturated fatty
acids their minor components might also affect the properties of
manufactured fats.

The aim of this research was to modify chemical and physical
characteristics of beef tallow by enzymatic interesterification with
corn oil in order to widen its spectrum of usage in food industry.
Another purpose was to determine the effects of process param-
eters (i.e., blend ratio and reaction time) on various chemical (free
fatty acids, fatty acid profile, and oxidative stability) and physical
(slip melting point, solid fat content, and polymorphic behavior)

properties of the obtained interesterified products.

2 | MATERIALS AND METHODS
2.1 | Fatsamples and reagents

Two different breeds of 2-year-old calves (Montafon and Holstein)
were the sources of beef tallow used in interesterification reac-
tions and it was obtained immediately after slaughter and stored at
-20°C. Corn oil was obtained from a local market. Lipase enzyme
from Thermomyces lanuginosus (Lipozyme TL IM) was obtained from
Sigma-Aldrich (St. Louis, MO). All other reagents and solvents are of
analytical or chromatographic grade and were obtained from Sigma

(Sigma-Aldrich, Germany).

2.2 | Enzymatic interesterification process

A full factorial experimental design was employed to evaluate the ef-
fects of reaction time (0, 3, 6, 9, and 12 hr) and tallow-to-corn oil blend
ratio (60:40, 70:30, and 80:20) on the chemical and physical properties
of structured lipids (Tables 1-2), as a result 18 different blends includ-
ing 3 central points were prepared. The tallow liquified in a microwave
oven was mixed with corn oil at given ratios. The reaction was initi-
ated by adding 10% (wt/wt) enzyme (Lipozyme TL IM) at 55°C (Rgnne,
Yang, Mu, Jacobsen, & Xu, 2005). Enzymatic interesterification was
performed in a shaking incubator with stirring at 120 rpm (Sartorious,
Certomat B5-1, Germany). The reaction was stopped through dena-
turation of lipase enzyme by keeping the samples in a shaking water
bath at 80°C for 30 min. The denatured enzyme was removed by vac-

uum filtration.
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2.3 | Chemical property analyses
2.3.1 | Free fatty acid content

Titrimetric method specified in AOCS standard official method Ca
5a-40 was used in free fatty acid (FFA) determination of the prod-
ucts (AOCS, 1989b). The analyses were performed twice. Acidity
was expressed as percentage of oleic acid.

2.3.2 | Mono-, di-, and triacylglycerol content
determination

Mono- (MAG), di- (DAG), and triacylglycerol (TAG) contents of struc-
tured lipids were analyzed according to the AOCS Cd11C-93 method
using column chromatography (AOCS, 2002).

2.3.3 | Oxidative stability

Rancimat apparatus was used in the measurement of the oxidation
induction time (873 Biodiesel, Metrohm, Switzerland). Sample was
placed inside the glass reaction vessel for the measurement. Carrier
medium was deionized water and reaction temperature was set to
120°C for both columns with a constant 20-L/h air flow. Stability was
expressed as the oxidation induction time (hr) (Uncu & Ozen, 2015).

2.3.4 | Fatty acid composition

Fatty acid composition of the samples was determined after convert-
ing them into the corresponding fatty acid methyl esters (FAME).
Chromatographic analyses were performed with a GC (Agilent 6890)
equipped with an auto-sampler, a split/splitless (1:50) injector, and a
FID detector. An HP 88 capillary column (100 m x 0.25 mm ID x 0.2 pm)
was used in the analyses. Conditions for GC analysis were described
in a previous paper (Meng, Liu, Shan, Jin, & Wang, 2010). Supelco 37
Component Mix was used as standard (Sigma-Aldrich, Germany).

2.4 | Physical property analyses

2.4.1 | Determination of slip melting points

Slip melting point (SMP) was determined according to AOCS Official
method Cc 3-25 (AOCS, 1989a). The analyses were replicated twice.
2.4.2 | Determination of solid fat content

Solid fat content (SFC) was determined using a nuclear magnetic

resonance (NMR) spectrometer (Bruker, USA) according to AOCS
Official Method Cd 16b-93 (AOCS, 1999). Samples were melted at
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TABLE 2 ANOVA table showing the effect of process parameters on some chemical and physical properties of structured lipids produced

by enzymatic interesterification of beef tallow with corn oil

ANOVA Table

oS FFA TAG DAG MAG MUFA
p value-model 002 014 005 0.20 0.01 0.81
p-value-lack 0.00 0.01 0.13 0.08 0.93 0.06

of fit

R? 048 032 042 0.28 0.54 0.07
R, 037 017 030 012 044 -0.14
p value-factors
Blend ratio 0.53 046 045 098 0.27 0.41
Reaction time 0.00 0.04 001 0.04 0.00 0.64
BRxRT 0.41 0.35 0.50 0.56 0.86 0.87

SFC SFC SFC SFC
PUFA  SFA TFA (10°C) (20°C) (30°C) (35°C) SMP
0.00 0.00 0.84 0.12 0.06 0.40 0.02 0.05
0.02 0.06 0.72 0.01 0.05 0.08 0.00 0.21
0.81 0.62 0.46 0.33 0.40 0.19 0.52 0.42
0.77 0.54 0.34 0.19 0.28 0.01 0.41 0.29
0.00 0.00 0.54 0.02 0.01 0.18 0.78 0.29
0.51 0.89 0.77 0.63 0.87 0.36 0.01 0.01
0.38 0.46  0.63 0.84 0.98 0.58 0.05 0.89

Abbreviations: DAG, diacylglycerol; FFA, free fatty acidity; MAG, monoacylglycerol; MUFA, monounsaturated fatty acids; OS, oxidative stability; PUFA,
polyunsaturated fatty acids; SFA, saturated fatty acids; SFC, solid fat content; SMP, slip melting point; TAG, triacylglycerol; TFA, trans-fatty acids.

Bold values indicate significant parameters at p <0.05.

80°C and recrystallized at 0°C for 30 min. Then, they were stabilized
for 30 min at various temperatures (10°C, 20°C, 30°C, and 35°C)

before measuring the liquid signal.

2.4.3 | Crystal morphology

Polymorphic structures of structured lipids were determined using
X-ray diffraction (Philips, Holland) using Cu as anode material
(k = 1.54056 A, voltage 45 kV, tube current 40 mA, fixed 1.0-, 1.0-,
and 0.76-mm divergence, anti-scatter and receiving slits). Samples
were scanned from 4° to 50° (20 scale) at a rate of 2.0°/min at ambi-
ent temperature. The analyses were replicated twice.

2.5 | Statistical analyses

Analytical data were analyzed using analysis of variance (ANOVA)
in order to investigate the effect of blend ratio, reaction time, and
their interaction (p < 0.05) on the chemical and physical properties
of the structured lipids (MODDE 11 software, MKS Umetrics, Umea,
Sweden). To investigate the effects of processing parameters on the in-
teresterification process, the principal components analysis (PCA) was
also used (SIMCA 14.1, MKS Umetrics, Umea, Sweden). Constructed
models were defined in terms of number of principal components (PC),

R?, and Q2 (a measure showing predictive ability of the model).

3 | RESULTS AND DISCUSSION
3.1 | Chemical properties

The fatty acid compositions of the interesterified samples, tallow,

and corn oil during the process are given in Table 1. The major

fatty acids in all interesterified lipids are oleic, palmitic, stearic,
and linoleic acids. In general, El did not cause dramatic changes
in the amounts of fatty acids of the structured lipids during the
reaction period and similar results were also observed in previ-
ous studies (Pang, Ge, Cao, Cheng, & Jiang, 2019; Rgnne, Yang,
Mu, Jacobsen, & Xu, 2005; Segura & Jachmanian, 2020; Silva
et al., 2009; Svensson & Adlercreutz, 2008;). As in the previous re-
searches, enzymatic interesterification of tallow with corn oil did
not cause formation of trans-fatty acids (TFA) (Foglia et al., 1993;
Forssell et al., 1992). Tallow-corn oil blends had 0.6%-0.7%
trans-fat content before interesterification. The range of trans-
fatty acids for lipids during interesterification varied from 0.1%
to 1.3%. Only three out of 15 interesterified products had 1% or
higher concentrations of trans-fatty acids. These results indicate
that produced structured lipids are mostly suitable for the manu-
facturing of low-trans-containing shortenings, margarines, and
frying fats. Saturated fatty acid content (SFA) of tallow (57.8%)
decreased through El with corn oil. Moreover, there were small
fluctuations in monounsaturated fatty acid (MUFA) percentages
of enzymatically interesterified lipids during the process. These
changes can be associated with the activity of the sn-1,3 lipase
enzyme. In general, tallow has SFAs located in the sn-2 position
(Forssell et al., 1992). Therefore, while SFAs were kept at the sn-2
position, the MUFA and PUFA were presumably released from
their positions throughout the El, thus causing increases in MUFA
or PUFA of the samples. The Food and Agricultural Organization/
World Health Organization (FAO/WHO) and the European Union
Committee advise that the minimum PUFA/SFA ratio should be
1 for controlling the saturated fat consumption and encouraging
the intake of MUFA and PUFA. While the PUFA/SFA ratio of the
enzymatically interesterified lipids ranged between 0.3 and 0.9,
tallow had a ratio of 0.1. This result indicated that PUFA content of
tallow was increased by both blend ratio and El reaction. ANOVA

results (Table 2) indicated that while the models constructed for
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PUFA% and SFA% were significant with significant lack of fit at
95% confidence interval, the models for MUFA% and TFA% were
found not significant. Reaction time did not have any prominent
effect on the fatty acid contents of the samples. The ANOVA table
reveals that blend ratio has an important effect on SFA and PUFA
content of the structured lipids (Table 2). While the increase in
blend ratio of tallow led to a decrease in PUFA content of the in-
teresterified fats, SFA content of the enzymatically interesterified
lipids increased as expected.

Enzymatically interesterified samples had lower oxidative sta-
bilities (0.6-3.9 hr) in comparison to initial nonesterified blends.
Oxidation induction times of lipids decreased regardless of blend
ratio especially after 6 hr of reaction time (Table 3). In previous
studies, the decrease in oxidative stability of interesterified fats
compared to the initial mixture was also generally observed (Brys,
Wirkowska, Gorska, Ostrowska-Ligeza, & Brys, 2014; Kowalska,
Zbikowska, & Kowalski, 2014; Li et al., 2018; Martin et al., 2010;
Pang et al., 2019). The methods that are used in the production or
purification of structured lipids, the oil sources, and the presence
of antioxidants during the manufacturing are among the main fac-
tors that affect the oxidative stability of structured lipids. Moreover,
the structure of the TAGs, including fatty acid composition and po-
sitional distribution on the glycerol backbone as well as the inter-
action of these factors, has an important impact on the oxidative
stability of the structured products. In the present study, since the
enzyme used in the interesterification reaction (Lipozyme TL IM) has
regiospecificity on sn-1,3 bonds of TAG molecules, reaction prod-
ucts would not be glycerol but sn-2 MAGs. Since tallow has SFAs
located in the sn-2 position, MUFAs and PUFAs were presumably
the ones that were released from their positions throughout the en-
zymatic interesterification, causing a decrease in the oxidation in-
duction time of structured lipids. This decrease is more remarkable
between 3 and 6 hr of reaction. However, after 6 hr of reaction,
there were some increases in the oxidation induction time of the
samples, which can be associated with the rearrangement of PUFAs
in DAG and TAG molecules. It can be suggested that 3 hr of reac-
tion time could be more suitable for El of tallow if sole consideration
would be the oxidative stability of interesterified products. ANOVA
results for oxidative stability indicated that the constructed model
was significant with significant lack of fit; however, it still reveals the
significance of reaction time on the oxidative stabilities of the sam-
ples and causes a decrease in the oxidation induction time (Table 2).

Free fatty acid percentages (FFA%) of the samples are listed
in Table 3. FFA% of tallow was 1.2% while blends without inter-
esterification have a FFA range of 0.6%-0.8%. Generally, FFA%
of interesterified lipids (5.7%-24.4%) increased sharply compared
to starting blends. This indicates that neutralization should be ap-
plied to samples after enzymatic interesterification. There was a
drastic increase in FFA% up to 6 hr regardless of blend ratio; how-
ever, fluctuations for this value was observed after 6 hr depending
on the blend ratio. The fluctuations can be associated with the

activity of the enzyme. Throughout interesterification reactions,

asifst I-wiLey- 1>

enzyme acts on fatty acids of the TAG molecules and leads to
the formation of DAG and MAG molecules. Therefore, increases
and fluctuations in FFA% could be observed during reaction time.
Increasing trend was also observed in previous studies (Kowalska
et al., 2014, Li et al., 2018; Ranne et al., 2005). According to the
ANOVA table, the model constructed for FFA% is not significant,
even if reaction time resulted to have an important effect on FFA
content (Table 2).

MAG, DAG, and TAG contents of the structured lipids were de-
termined to examine changes in the glycerol backbone that occurred
by the action of Lipozyme TL IM during interesterification. MAG,
DAG, and TAG contents are expressed in relative percentages of the
overall content (Table 3). The results are in accordance with previous
studies that observed a decrease in TAG% after interesterification
(Kowalski, Tarnowska, & Gruczynska, 2005; Kowalska et al., 2014;
Ledéchowska & Wilczynska, 1998; Pang et al., 2019; Segura &
Jachmanian, 2020). Generally, TAG% of enzymatically interesterified
lipids were lower than their starting blends. There was a drastic de-
crease in TAG% up to 6 hr of El process. After that point, fluctuations
in TAG% were observed with respect to the blend ratio. Although
DAG content of the samples increased up to 9 hr of reaction time,
later on DAG% decreased (Table 3). The same trend was also ob-
served for the MAG content of the samples up to 6 hr of reaction
time and MAG% decreased after that point (Table 3). These changes
in TAG, DAG, and MAG contents of the interesterified lipids could be
explained again with the activity of Lipozyme TL IM. The decrease in
TAG content and the increase of DAGs and MAGs up to 6 hr of reac-
tion confirms that the enzyme works effectively, attacking the fatty
acids located at sn1,3 positions of TAGs and providing the formation
of MAGs and DAGs. With the increase in reaction time, a decrease
in DAG and MAG contents revealed that the fatty acids are snatched
from their positions by the enzyme and they participate in the pro-
duction of new TAG molecules. Moreover, the fluctuations in TAGs
after 6 hr of reaction support this explanation.

For a better evaluation of El reaction, a correlation between
FFA% and DAG + MAG contents of interesterified lipids was also
evaluated (Figure 1). The Pearson correlation coefficient, r was
0.90, thus indicating a linearly increasing trend between FFA con-
tent and DAG + MAG% of the samples during El reaction. An in-
crease in both FFA% and DAG + MAG% is also an indication of
the activity of the enzyme. The enzyme released the fatty acids
from their specific positions and caused an increase in both FFA%
and DAG + MAG% (Figure 1). A similar trend was also observed
in another study (Kowalski et al., 2004) and the increase in FFA
and MAG + DAG contents was correlated with the reaction tem-
perature and time, and the enzyme concentration. Moreover, it
was commented that the decrease in TAG% was inversely propor-
tional with the same factors. ANOVA results indicated that while
the models constructed for TAG% and MAG% were significant, the
model for DAG% was not significant. The ANOVA table reveals
that only reaction time was a significant factor for the models
(Table 2).



AKTAS ET AL.

ifst

Institute of
Food Science
+Technology

60f9 ournal of
590 | wiLEy- #me

2w} uoljoeal (s)3uasaidal (s)HSIp J2Yliny 2Y3 pue oljes pud|q syuasaidal H8IP 3414 YL .,
‘julod |ejuad ‘403,
(sdo3

woJy paje|ndied) G IF = dINS LT°0F = DoGEDHS ‘8E°0F = Do0ED4S T8 0F = Do0ZIHS ‘T9'0F = Do0TD4S ‘80 TF = DVIN :6£°0F = DVA ‘G6'TF = OVL ‘TO'TF = V44 *LT°0F = SO 10} S3N|eA UOIIBIASP pIepuels,
"loJadA|3[Adcel ‘DY ‘uiod Suijjaw dis ‘dINS JUSIUOD Je) PIjOS ‘D4S AJ|IGEIS DAIJEPIXO ‘SO (|0120A|S|AdE0UOW ‘OY|A (PIoE AJJe) 93U} ‘Y4 {|0JadA|S[AdEIp ‘DY :SuollelIAIqqy

A+

QA O QA Q QO QQ @

g
J+9
g+4
g+4

ASojoydioy
1e1sA1d

0Ly
6'9¢
£9¢
9°ce
66€
zee
v9g
£8¢
1'9€
0ov
¥'8¢
T'ee
9ve
oy
A1
17'8¢
09
T'Sh
ey
(30) «dINS

€11
0
80
L0
S0
v'0
z’s
Te
90
8¢
L0
zT
10
6
8'C
|4
9zl
T0T
z9
(205€)
«J4S

(Oh74
vy
4]
¢S
o€t
oot
68
VL
9'C
8'9
9V
60
(A
'8
s
9's
8T
0'SsT
'é
(200€) +24S

0 X4 x4 70 6 |lo wilo)

Ly T'18 60 S0 6L6 [ 8y MojjeL
061 €6¢C A Lice €09 G314 €1 ++€dD3 9 0L
8'0¢ 6/LC 8Tl 9'¢cc c'19 v've 7 xx¢dD3 9 0L
(A 1'8¢ 0TT €ve £99 6'1¢C 60 »x1dD3 9 0L
9'8¢ L6E €/L1 L9T ce9 £0¢C 61 ¢183 ¢l 08
L'SC ¢ee €L1 1'9¢ €99 9'Ct 8T AV cl 0L
0Z1 6'S¢C TET 96T 9'0L Sct 8'C 193 ¢l 09
951504 £L'S€ LLT T'1¢ 0'8¥ §'0c 87T 683 6 08
¢St €ve L81 7'1€ G'95 0'0¢C 1 X4 6/3 6 0L
Lect 0'1¢ x4" ovl 7’89 LS 71 691 6 09
6LT §'6C ST1 8¢ ce9 4°1 61 983 9 08
v91 L'ST gice ¥'0¢€ 86 9'q¢C 80 9.3 9 0L
[ 9'0¢C 6'ST 1'9¢ 'S 061 90 993 9 09
L9T [A4 8¢l V6t 8'19 (A" '€ €83 € 08
§91 0'se 8L (OR14 069 8/1 8T €/3 € (074
1x4% |44 61T L'1C 0,9 8'CT '€ €93 € 09
'ce 89V S8 90 G'68 80 [0X0)? 083 0 08
9'9¢ Tov 19% /L 8'98 90 S8 0/3 0 (074
S/T 8¢ €0 6'G G'68 90 L9 093 0 09
(20,02) «24S (2.07) (%) .OVIN (%) (%) .9Vl (%) (C)} *+x2P0D (y) swn (%) oze.
xJ4S «*2Vvd «vdd xSO s|dwes uoljdedy |10 U103-03-MojjeL

|10 UI0D pue ‘Moj|e} ‘spidi| paljlI1a)SsaJa)ul Aj|edI3eWAZUD ‘SpuUd|q a3 JO sasAjeue [edisAyd pue [ediwayd Jo s3nsay € 319V.L



AKTAS ET AL. Journal of
60
r=0.90 .
S ¢ .
g 40 . °
P °
= 30 e .
2 °
A 20
10 o
0
0 5 10 15 20 25 30
FFA%

FIGURE 1 Correlation of free fatty acid content (FFA%) and
mono- and diacylglycerol content (DAG + MAG%) of the structured
lipids obtained by enzymatic interesterification of tallow and corn oil
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FIGURE 2 Correlation of slip melting points (SMP) and
triacylglycerol contents (TAG%) of the structured lipids obtained by
enzymatic interesterification of tallow and corn oil

3.2 | Physical properties

Slip melting point, solid fat content, and crystal morphology of initial
blends and structured lipids with various tallow-to-corn oil blend ra-
tios and El reaction times were determined. Results are presented in
Table 3. El caused a decline in SMPs of structured lipids compared
to initial blends and tallow (Table 3). The same decline has also been
observed in previous researches (Bhattacharyya, Bhattacharyya,
& De, 2000; Kowalska et al., 2014, 2015, 2019). While SMP of tal-
low was 47.0°C, SMP range of enzymatically interesterified samples
was 33.1°C -45.9°C and for the nonesterified blends this range was
43.2°C-45.9°C. SMP of the enzymatically interesterified samples de-
creased up to 6 hr of reaction time regardless of blend ratio. After that
point, there are some fluctuations in SMP of the samples. In the first
6 hr of interesterification, a decrease in TAG content and an increase
in DAG + MAG content were observed along with a rise in SMP of
the samples. The correlation between SMPs and TAGs (r = 0.87) was
satisfactory. As TAG content of the interesterified samples decreased,
SMP of the samples decreased too (Figure 2). Therefore, SMP of the
samples could be associated with TAGs that were restructured dur-
ing enzymatic interesterification reactions. ANOVA results indicated a
significant (p < .05) model for SMP, with nonsignificant lack of fit and a

significant effect of reaction time (Table 2).
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Solid fat content (SFC) is a measure of the percentage of fat in
crystalline (solid) phase to total fat across a temperature gradient
and is an important parameter to decide on the appropriateness
of lipids for a possible application. SFC data of both interesterified
lipids and noninteresterified blends over the temperature range of
10°C-35°C are listed in Table 3. As expected, raising temperature
caused a marked decrease in the SFC values regardless of the re-
action parameters. SFC profiles of noninteresterified blends had an
increasing trend with the increasing amounts of tallow in the blends.
Interesterified lipids tended to have lower SFC values compared to
their physical blends. Similar trends were also observed in previous
studies (Chang, Lai, Zhang, Sgndergaard, & Xu, 2005; Jin, Zhang,
Shan, Liu, & Wang, 2008; Kowalska et al., 2015; Li et al., 2018; Pang
etal.,, 2019; Segura & Jachmanian, 2020). The decrease in the SFC of
interesterified lipids could be attributed to decreased proportion of
the high-melting and medium chain TAGs in the structure of lipids.
In addition, lower SFC of structured lipids compared to both tallow
and noninteresterified blends can be associated with the alteration
of TAG structure and the melting temperature of different crystals.
SFC of structured lipids slightly decreased throughout the El pro-
cess. However, there was a sharp increase in SFC of structured lipids
at all temperatures after 12 hr of reaction time. ANOVA results in-
dicated that only the constructed model for SFC at 35°C was signif-
icant even if with a significant lack of fit. Although model is not that
good, it still indicates that reaction time and the interaction of time
x blend ratio were the significant factors meaning that time highly
affects the SFC of structured lipids at 35°C (Table 2).

The polymorphic forms of the structured lipids and blends are
provided in Table 3. The same crystal types were also observed in
previous studies (Jin et al., 2008; Li et al., 2018; Meng et al., 2011;
Zhang, Lee, Zhou, & Wang, 2019). Tallow contains mixtures of f and
B’ forms dominated by p’ form. o forms were only observed in the
enzymatically structured lipids E712 and E812, which are the sam-
ples having long reaction times. The noninteresterified blends also
contain both B and p’ forms, but dominated by p form. However,
after El only p form existed in most of the samples. However, long re-
action times resulted in different polymorphs: sample having 60:40
blend ratio after 12 hr of reaction time had p + B’ forms, while 70:30
and 80:20 blend ratios with the same reaction time had p + o and
a polymorphs, respectively. The B’ form of the crystals had a high
melting point, between 17 and 69°C, whereas the melting point of
the p form was 32°C-78°C depending on the chain length of the
fatty acids (Akoh, 2017). Generally, the p and B’ crystal types were
formed throughout the reaction and the SMPs of the samples were
linked to the melting points of these crystal types.

3.3 | Principal components analysis

Principal components analysis (PCA) was applied to whole data in-
cluding all measured physical and chemical properties. The model was
constructed with 6 PCs, R? = 0.96 and Q? = 0.62. While first PC ex-

plains 44% of variation, the second PC accounted for 24% of variation.
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According to the score plot, there is a rough separation of the samples
according to the reaction time (Figure 3a). While the nonesterified sam-
ples (E60, E70, and E80) were located at the left upper part of ellipse,
samples produced in 3 (E63, E73, E83), 6 (E66, E76, E86), and 9 hr (E69,
E79, E89) of reaction time are placed right at the bottom of the center
and 12 hr samples (E612, E712, E812) are towards nonesterified blends.
It seems that there is a reverse trend in the properties of structured li-
pids at 12 hr of reaction time and these samples are getting closer to
nonesterified blends instead of moving farther apart. Therefore, reac-
tion times longer than 6 hr are not necessary for this application. As the
loading plot shows, the structured lipids produced in 3, 6, and 9 hr of
reaction time are separated from nonesterified and 12 hr samples since
they have higher MUFA, FFA, MAG, and DAG contents (Figure 3b). On
the other hand, TAG content, OS, SMP, and SFC of initial blends are
higher compared to interesterified samples with reaction times of 3,
6, and 9 hr. The sample containing 70% tallow and interesterified for
12 hr (E712) is separately placed on the right side of ellipse in the score
plot due to its low trans-fat content (Figure 3a). The multivariate analy-
sis of the whole data also confirmed that reaction time is an important

parameter for the enzymatic interesterification reaction.

4 | CONCLUSION

Tallow and corn oil were used as substrates in the production of
the enzymatically interesterified lipids. The enzymatic interesteri-
fication caused sharp decreases in the oxidation induction time of
structured lipids. However, after 6 hr of reaction, there were some
increases in the oxidation induction time of the samples that can
be associated with the rearrangement of PUFAs in DAG and TAG
backbone. Generally, FFA content of the enzymatically interesteri-
fied lipids increased significantly compared to starting blends. This
means that neutralization should be applied to the samples after the
enzymatic interesterification. The enzymatic interesterification of
tallow with corn oil did not cause formation of trans-fatty acids. In
general, reaction times longer than 6 hr had a trend-changing ef-
fect on several physical properties. The univariate and multivariate
analyses of the results confirmed that reaction time is highly impor-
tant for the El reaction. It was observed that 12 hr of reaction time
caused a negative effect on the chemical and physical properties of
the structured lipids. The structured lipids manufactured by the en-

zymatic interesterification of tallow and corn oil could be used in

bakery industry since these lipids have desired g and B’ polymorphic
forms and low trans-fatty acid contents along with modified melt-
ing and SFC properties. These types of modifications in the physi-
cal and chemical properties of fats caused by the interesterification
process result in increased elasticity, hardness, and density with the
capability of incorporation of more air in dough structures (Rohm
et al., 2018). Moreover, these structured lipids can be utilized as
alternative products instead of margarines or butterfat.
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