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Abstract
In the present study, the fatty acid composition (FAC), triacylglycerol (TAG) composition, crystallization, and melting 
behaviors of mango kernel fats (MKFs) extracted from seven Ivorian mango varieties—Amelie (AM), Kent (KT), Palmer 
(PR), Keitt (KI), Brooks (BR), Dadiani (DI), and Djakoumankoun (DN)—were characterized by complementary techniques: 
pNMR, DSC, polarized light microscopy, and X-ray diffraction. Regardless of the variety, Ivorian MKF is rich in stearic (St) 
and oleic (O) fatty acids. (72–84% of the total FA), with three main TAGs: StOSt (23.9–45.8%), StOO (15.5–25.8%), and 
StLSt (10.4–12.5%). Their crystallization onset temperature (Tco) ranged from 15 to 20 °C. All samples showed complete 
melting around 35 °C, except DN (~ 38 °C). The β-polymorph appeared to be the most predominant and stable polymorph 
for the seven MKFs. The thermal properties investigated were linked to monounsaturated and triunsaturated triacylglycerol 
content, indicating the significant influence of chemical composition. The fine analysis of the results allows the seven Ivorian 
varieties to be divided into four groups, based on both their physical properties and thermal behavior, and the StOSt wealth: 
hard high-StOSt fat (DN), half-hard medium-StOSt fat (DI, BR), soft low-StOSt fat (KT, PR, KI), and very-soft very-low-
StOSt fat (AM). The seven investigated mango varieties from Ivory Coast might offer a wide range of applications in food, 
pharmaceutical, and cosmetic industries.

Keywords  Mango kernel fat · Ivorian varieties · Fatty acid composition · Triacylglycerol · Crystallization · Melting 
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Introduction

Vegetable fats and oils, usually derived from oilseeds, nuts, 
or fruits, are widely used in the food, pharmaceutical, cos-
metic, and chemical industries. Driven by the increasing 
consumption of high-quality edible oils and fats for everyday 
food and the growing demand for non-food sector, the need 
for new vegetable fat sources continues unabated. Agro-
industrial residues may become important unconventional 
sources for some applications.

Mango (Mangifera indica L) is the most popular fruit 
in Ivory Coast. The average production of fresh mango is 
over 150,000 tons per year [1]. Large quantities of seed, the 
major by-product from mango processing and consumption 
remain unused. According to Lakshminarayana et al. [2] and 
Nzikou et al. [3], mango seed kernels contain an interesting 
amount of fat: 3.7 to 15% (on dry basis), making them a 
valuable source for edible fat recovery. This hidden resource 
of mango kernel can generally be extracted by cold pressing 
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and solvent extraction. Mango kernel fat (MKF) has compo-
sitional and physicochemical characteristics that make it a 
potential alternative to processed semisolid edible fats high 
in trans fatty acids, which have serious negative effect on 
human health [4]. In addition, MKF is one the six vegetable 
fats allowed to be used as a cocoa butter equivalent (CBE) 
by the European Union (Directive 2000/36/EC) [5]. CBE 
are vegetables fats which exhibit physicochemical proper-
ties similar to those of cocoa butter (CB); they have been 
used in confectionary products for several years. Consider-
ing this, Ivory Coast mango might be an interesting source 
of edible fat.

Since physical and thermal properties of fats and oils are 
essential to understand their functionality in fat-based prod-
ucts, the properties of MKF have attracted attention due their 
valuable role in CB formulations and confectionary. Kaur 
et al. [6] recently analyzed and characterized MKF as cocoa 
butter substitute and indicated that it can be used in place 
of cocoa butter.

However, a variety-dependent chemical composition 
(fatty acids, triacylglycerols) and thermal behavior of MKF 
have been reported in previous studies [7–9]. Recently, we 
extracted and chemically characterized MKFs from seven 
specific Ivory Coast varieties and found that they were sig-
nificantly different in chemical composition from each other 
[10]. The differences observed in FAC and TAG between 
the seven varieties suggest that their physical properties and 
thermal behavior would differ. In a very recent publication 
of the authors [11], the polymorphic behavior during iso-
thermal crystallization of MKF from three selected vari-
eties was investigated. However, no information has been 
published on the physicochemical and thermal properties of 
the MKF of the seven varieties, which were only chemically 
characterized in their first study [10]. In light of this, the 
study reported here aims at filling this gap, as it investigates 
the crystallization and melting behavior of MKF from these 
seven Ivorian varieties using differential scanning calorim-
etry (DSC), pulsed nuclear magnetic resonance (pNMR), 
powder X-ray diffraction (XRD), and polarized light micro-
scope (PLM).

Thus, the purpose of work is to improve knowledge of 
the physicochemical and thermal characteristics displayed 
by Ivorian MKFs, as these are fundamental characteristics 
for developing new products based on fats.

Material and methods

Samples

Mango seeds of five grafted varieties; Kent (KT), Amelie 
(AM), Brooks (BR), Palmer (PR), Keitt (KI) cultivated in 
Korhogo province (Ivory Coast), were supplied by local 

dried mango processing companies. Two local mango vari-
eties, Dadiani (DI) and Djakoumankoun (DN), were also 
collected in the same province and were separated from 
pulps. All mango seeds were sun-dried for 2 days and then 
shelled to remove the kernels, which were sun-dried to con-
stant weight for about 2 weeks. The samples were subse-
quently ground to a 1 mm particle size using a high-speed 
lab grinder (FRITSCH, 19.1020/00426, ROHS, Oberstein, 
Germany). The obtained powders were stored at 4 °C until 
use in closed plastic containers under vacuum.

The fat was extracted from the so obtained powder using 
maceration at 40 °C with stirring for 90 min, using n-hexane 
as solvent as described by Kouassi et al. [10]. The extracted 
fats were further stored in the dark at − 20 °C until analyses.

Fatty acid composition (FAC) by gas 
chromatography (GC)

FAC was determined as described by Mtibaa et al. [12] using 
a Trace GC Ultra gas chromatograph (GC) (Thermo Fisher 
Scientific, Belgium) equipped with a flame ionization detec-
tor (FID). The analysis was carried out in triplicate and the 
results are expressed as the mean ± standard deviation.

Triacylglycerol composition

Triacylglycerol (TAG) composition was determined as 
described in our recent paper [10], using an HPLC Infin-
ity II 1260 system (Agilent Technologies Inc., Santa Clara, 
CA, USA) equipped with a refractive index detector (RID) 
and a C18 column (RP-18 LiChroCART 250-4 5  μm, 
250 mm × 4 mm, Merck, Darmstadt, Germany). Data are 
presented as the average of two replicates for each sample.

Melting profiles by pNMR

The melting behavior of each extracted MKF was analyzed 
by means of pNMR between 5 °C and 40 °C, using a Min-
ispec-mq20 spectrometer (Bruker, Karlsruhe, Germany) 
according to the IUPAC method 2.150 (ex 2.323) [13]. Two 
methods were used: an untempered serial method for rou-
tine use and a serial method with fat conditioning (40 h at 
26 °C). Data are presented as the mean of three independent 
measurements.

Crystallization and melting profiles by differential 
scanning calorimetry (DSC)

DSC melting profiles were determined using aluminum T0 
hermetic pans according to the method described by Dan-
thine [14] using a Q2000 DSC equipped with a refriger-
ated cooling system (TA Instruments, New Castle, USA). 
Calibration was carried out using indium (melting point: 
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156.6 °C) and n-dodecane (melting point: − 9.56 °C). Nitro-
gen was used as the purge gas to avoid the formation of 
condensation in the cells. The samples (2–4 mg) were placed 
in the pans, and an empty similar pan was used as a ref-
erence. The AOCS method (Cj 1-94) [15] was used to set 
the time–temperature program: samples were first heated to 
80 °C to ensure complete melting and held at this tempera-
ture for 10 min. They were then cooled to − 60 °C with a 
cooling rate of − 10 °C/min and held at − 60 °C for 30 min 
before further heating at a rate of 5 °C/min to record the 
melting profiles from − 60 °C to 80 °C. DSC analyses were 
conducted in duplicate. Universal Analysis Software version 
4.2 (TA Instruments, New Castle, USA) was used for peak 
temperature and enthalpy measurements. All the measure-
ments were performed in triplicate.

Crystal morphological

Polarized light microscopy (PLM) using a Nikon micro-
scope (Nikon Optical Co., Ltd., Tokyo, Japan) equipped 
with a digital camera (Sight DS-U3, Nikon Optical Co., 
Ltd., Tokyo, Japan) was used to observe the crystal network 
microstructure of the fats crystallized at 20 °C under static 
conditions. After complete melting of the fat at 80 °C for 
10 min to eliminate crystal memory, 20 µL of each sample 
was placed on a glass microscope slide, pre-heated to 80 °C 
before use. A pre-heated glass coverslip was carefully placed 
on top of the sample to create a film of uniform thickness. 
The samples were then incubated for 24 h at 20 °C in a 
temperature-controlled chamber. A tenfold objective lens 
was used. Three replications were performed.

Polymorphism

The polymorphic behavior of the MKFs was investigated 
by powder X-ray diffraction (XRD) using a Bruker D8 
Advance diffractometer (Bruker, Karlsruhe, Germany) (ƛ 
Cu = 1.54178 Å, 40 kV, 30 mA) equipped with an Anton 
Paar (Graz, Austria) temperature control system consisting 
of a TTK 450 low temperature chamber and a TCU 110 
heater, and a Lynxeye detector (Bruker, Karlsruhe, Ger-
many). Short-spacing (15–27° 2θ) and long-spacing (1–13° 
2θ) runs were recorded. Diffrac EVA V3.0 software (Bruker, 
Karlsruhe, Germany) was used to analyze the diffraction pat-
terns and determine the d-values according to the Bragg law. 
The fat sample was completely melted for 10 min at 80 °C 
to eliminate the memory effect and then the samples were 
rapidly placed for 24 h in a temperature-controlled cabinet 
set at 20 ± 0.5 °C. After this period, the samples were placed 
in an XRD sample holder and analyzed at 20 °C. The sample 
holder was brought to 20 °C before use. All the analysis were 
conducted in triplicate.

Statistical analysis

Minitab 21 software (Minitab Inc., Coventry, UK) was used 
for ANOVA one-way and Tukey’s test (p < 5%, significant 
difference).

Results and discussion

Chemical characterization of MKFs

Fatty acid composition

FAC of the seven extracted MKFs, shown in Table 1, was 
already deeply and extensively discussed in comparison with 
the literature [10]. Only a comparative analysis between the 
samples is made here to help understand FAC involvement 
in physical and thermal properties discussed in the follow-
ing section "Melting and crystallization properties". Oleic 
acid (O—C18:1) and stearic acid (St—C18:0) are the major 
fatty acids in the seven samples, ranging from 35.9 to 47.9% 
and from 30.3 to 48.3%, respectively; they are followed by 
palmitic acid (P, C16:0), from 8.3 to 13.4%. In addition to 
these FAs, linoleic (L, C18:2) (up to 10%), linolenic (Ln, 
C18:3), and arachidic (A, C20:0) acids are minor FAs pre-
sent in MKFs. The predominance of C18:1, C18:0, and 
C16:0 ranged from 87.6 to 93.5% of the total fatty acids. 
This high predominance shows MKF resembles other natu-
ral fats like cocoa butter (Theobroma cacao), illipe butter 
(Shorea stenoptera), sal (Shorea robusta), and shea butter 
(Butyrospermum parkii), which are specifically permitted to 
produce CBE and widely used in food processing. In cocoa 
butter, these three fatty acids represent approximately 95% 
of total FAC [7]. The FAC of the seven samples varied 
considerably depending on the varieties. Among them, DN 
contained a significantly higher amount of C18:0 (48.3%), 
while samples AM had the lowest (30.3%). For C18:1, PR 
had the highest content and DN the lowest one. For C16, 
AM contained a significantly higher content (13.4%) and DN 
had the lowest. In addition, AM had a significantly higher 
content of the C18:2 and C18:3, while DN had the lowest 
contents of these two essential FAs. For arachidic acid, DN 
had the highest content and AM contained the lowest one. 
Different trends were found for the two major FA, stearic and 
oleic acids. DN contained higher content of stearic acid than 
oleic acid, while for BR and DI, these two FA had compa-
rable contents. Contrarily, oleic acid predominated in AM, 
KI, KT, and PR, followed by stearic acid. The total SAFA 
content ranged from 45 to 59%, with DN having the highest 
content and AM the lowest, while the un-SAFA ranged from 
41 to 55%, with PR showing the highest and DN the lowest 
content. Moreover, AM stands out for its significantly higher 
proportion of PUFA (10.7%) compared to the other samples 
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examined here, ranging from 5.2 to 6.8% only. The changes 
in the FAC of the MKFs studied will result in a large vari-
ability of triacylglycerols. 

Triacylglycerol (TAG) composition

The consideration regarding the discussion for the FAC is 
applicable here as well. As expected, StOSt (24–46%) is the 

predominant TAG in the seven samples [10, 16]. Triacylg-
lycerol compositions of the seven fats are given in Table 2, 
where it can be seen that MKFs contained: mono-unsatu-
rated TAGs (SUS, 51–75%), di-unsaturated TAGs (SUU, 
21–36%) and triunsaturated TAGs (UUU, 3–14%). No trisat-
urated TAG (SSS) were identified in any of the seven MKFs. 
The main TAGs found in the seven samples were StOSt 
(24–46%), StOO (15–26%), and StLSt (10–13%). The MKFs 

Table 1   Fatty acid composition (%total fat means ± SD) and triacylglycerol composition (as average of two replicates) of various Ivorian MKFs

St  stearic, O  oleic, P  palmitic, L  linoleic, Ln  linolenic, A  arachidic, S  saturated, U  unsaturated, tr trace; ≤ 0.05,  SFA  saturated fatty acids, 
PUFA  polyunsaturated fatty acids, UFA  unsaturated fatty acids (sum of mono- and polyunsaturated fatty acids), KI  Keitt, AM  Amelie, 
BR Brooks, KT Kent, PR Palmer, DI Dadiani, DN Djakoumankoun
Significant differences of means (p ≤ 0.05) within a row are indicated by different letters

FA Fatty acid composition

AM BR DI DN KI KT PR

C16:0 13.4 ± 0.9a 8.7 ± 0.4c 9.5 ± 0.2bc 8.3 ± 0.12c 10.6 ± 0.03b 9.4 ± 0.04bc 9.4 ± 0.16bc

C18:0 30.3 ± 2.27d 42.5 ± 0.57b 40.6 ± 0.08b 48.3 ± 0.02a 35.6 ± 1.02c 35.1 ± 0.01c 34.3 ± 1.79cd

C20:0 1.7 ± 0.23c 2.2 ± 0.21bc 1.7 ± 0.05c 2.3 ± 0.02b 1.7 ± 0.13c 1.8 ± 0.08bc 1.7 ± 0.15c

SFA 45.4 ± 1.61e 53.4 ± 0.76bc 52 ± 0.06cd 59 ± 0.09a 48 ± 0.92de 46.3 ± 0.13e 45.4 ± 1.09e

C18:1n9 44 ± 0.66bc 41.2 ± 0.66cd 41.4 ± 0.01cd 36 ± 0.09e 45.5 ± 0.52ab 47 ± 0.03a 48 ± 1.62a

C18:2n6 9.6 ± 1.91a 5.2 ± 0.06bc 6.4 ± 0.02bc 4.9 ± 0.02b 6.1 ± 0.12b 6.2 ± 0.23b 6.3 ± 0.37b

C18:3n3 1.1 ± 0.36a 0.2 ± 0.05b 0.3 ± 0.02b 0.3 ± 0.02b 0.4 ± 0.02b 0.5 ± 0.07b 0.5 ± 0.11b

PUFA 10.7 ± 2.27a 5.4 ± 0.10e 6.7 ± 0.04c 5.2 ± 0.01f 6.5 ± 0.10d 6.7 ± 0.09c 6.8 ± 0.47b

UFA 54.6 ± 1.67a 46.6 ± 0.76cd 48.1 ± 0.06bc 41.1 ± 0.09e 52 ± 0.92ab 53.7 ± 0.13a 54.7 ± 2.09a

TAG​ Triacylglycerol composition

LLL 0.3 0.1 0.1 tr 0.1 0.2 0.1
OLLn 0.2 0.1 tr tr tr 0.1 0.1
OLL 1.9 0.9 1 0.6 1.1 1.3 0.9
OOL 3.1 1.6 1.8 0.9 2.1 2.3 2.2
OOO 7.8 4.8 4.8 2.5 7.3 8.4 7.9
PLLn 0.3 0.1 0.1 0.1 0.1 0.1 0.11
PLL 0.4 0.1 0.1 0.1 0.1 0.2 0.8
POLn 0.5 0.3 0.3 0.2 0.5 0.4 0.3
StLO + OOP 11 7.5 8.7 5.2 9.3 10.1 8.9
StLL + POL 3.5 1.8 2 1.3 2.1 2.3 1.9
AOO 2.5 2 1.7 1.5 2.2 2.2 2,3
StOO 20.8 20.7 23 15.5 22.6 25.8 25.5
PLP 1 0.3 0.4 0.4 0.4 0.5 0.3
PLnP 0.1 tr tr tr tr tr tr
StLP 2.7 1.9 2 2.16 2 2 1.9
POP 2.6 1.3 1.5 1.2 1.7 1.5 1.3
StOP 3.9 4.6 4.6 6 3.4 3.5 3.3
StLSt 11.5 11.7 12.5 12 12.2 10.5 11.4
StOSt 24 37 33 45.8 29.4 26.3 29.7
AOSt 2.6 3.5 2.6 4.3 3.4 2.2 2.8
Monounsaturated TAGs (SUS) 53.2 64 61 74.6 57.2 51.6 54.1
Diunsaturated TAGs (SUU) 33.5 28.7 31.5 21.4 32.3 36.1 34.7
Triunsaturated TAGs (UUU) 13.3 7.4 7.6 4 10.5 12.4 11.2
Trisaturated TAGs (SSS) 0 0 0 0 0 0 0
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also contained significant content of OOO (2–9%) and StOP 
(3–5%). Among MKFs of the seven varieties, DN had the 
higher SUS content (74,7%, mainly StOSt, StLSt), followed 
by BR and DI (64 and 61%, respectively), while AM, PR, 
and KT contained the lower one. Contrarily, the latter had 
significantly higher contents of SUU and UUU TAGs, while 
DN, BR, and DI contained lower contents. Note that sample 
DN stands out with its high StOSt content (45.8%) and low 
UUU content (4%). Conversely, AM is characterized by its 
high UUU content (13.3%) and lower StOSt content com-
pared to the other samples. This result undoubtedly shows 
that the TAG composition depends on the mango variety. 
Based on the differences and similarities in TAG composi-
tion, Kouassi et al. [10] recently classified the seven varieties 
under study into four groups: group I = AM, group II = KI, 
PR, KT, group III = BR, DI and, group IV = DN.

Melting and crystallization properties

Crystallization and melting profiles by differential scanning 
calorimetry (DSC)

The crystallization and melting thermograms obtained by 
the DSC for the seven MKF are reported in Fig. 1. The 
crystallization onset temperature (Tco), melting comple-
tion temperature (Tmc), the enthalpy (ΔH) of crystalliza-
tion and of melting, and the temperature of exothermic and 
endothermic transition peaks are reported in Table 2. The 
crystallization curves of all MKF (Fig. 1a) showed mainly 

three distinct exothermic transitions (major exothermic 
regions), which may correspond to three main TAG groups 
(SUS, SUU, and UUU, respectively). Fat crystallization 
started at 15–20 °C and ended between − 10 and − 13 °C 
with a maximum peak at 21–14 °C. Among the seven 
varieties, DN had the highest Tco value (19.6 °C), while 
AM had the lower (14.7 °C). The different crystallization 
behaviors of the MKFs studied is due to the degree of satu-
ration in fats. The increase of crystallization temperature 
is related to a higher proportion of monounsaturated TAGs 
(SUS, mainly StOSt) and likely in association with TAGs 
with long-chain fatty acids (e.g., C20). Tco is correlated to 
StOSt TAGs in combination with AOSt TAGs. Thus, the 
outstanding high Tco (19.6 °C) of DN can be attributed to 
the latter. In contrast, the higher degree of triunsaturated 
TAGs results in the delayed crystallization of AM (13.3% 
UUU). However, it should be noted that regardless of the 
chemical composition of the fats, the thermal curve is 
scanning rate dependent, making it difficult to compare 
results from other studies using different scanning rates or 
calorimeters. Thus, crystallization onset temperatures of 
the varieties studied were compared with those reported 
in MKFs for the same varieties, using the same rate of 
cooling (− 10 °C/min). Keitt and Palmer varieties showed 
higher values of Tco than those indicated by Lieb et al. [17] 
for the same varieties cultivated in Costa Rica (13.9 °C) 
and Brazil (11.7 °C), respectively. These differences are 
related to variations in their triacylglycerol composition. 
The crystallization enthalpies were low for AM (57.1 J/g) 

Table 2   Crystallization and melting characteristics of different Ivorian MKFs

KI: Keitt; AM: Amelie; BR: Brooks; KT: Kent; PR: Palmer; DI: Dadiani; DN: Djakoumankoun
ΔH, enthalpy; Tco: crystallization onset temperature; Tmc: melting completion temperature

Mango variety ΔH (J/g) Tco (°C) Temperature of transition point (°C) Tmc (°C)

T1 T2 T3 T4 T5

Crystallization
KI 62.66 ± 0.02 17.01 ± 0.01 16.36 ± 0.01 9.31 ± 0.01 − 1.72 ± 0.01
AM 57.06 ± 0.08 14.72 ± 0.01 13.97 ± 0.01 8.76 ± 0.01 − 1.81 ± 0.01
BR 66.68 ± 0.02 18.03 ± 0.04 17.38 ± 0.01 9.81 ± 0.01 − 1.50 ± 0.01
KT 62.76 ± 0.01 15.39 ± 0.02 14.81 ± 0.01 9.02 ± 0.01 − 1.71 ± 0.02
PR 63.88 ± 0.02 16.44 ± 0.01 15.77 ± 0.01 9.37 ± 0.02 − 1.73 ± 0.01
DI 66.01 ± 0.01 17.12 ± 0.02 16.19 ± 0.02 8.94 ± 0.01 − 1.61 ± 0.01
DN 71.22 ± 0.02 19.63 ± 0.01 18.97 ± 0.01 9.95 ± 0.01 − 1.48 ± 0.01
Melting
KI 66.06 ± 0.08 − 3.09 ± 0.01 11.67 ± 0.01 13.40 ± 0.02 16.73 ± 0.01 23.74 ± 0.01 35.05 ± 0.07
AM 59.97 ± 0.02 − 3.12 ± 0.02 8.09 ± 0.01 9.81 ± 0.03 13.32 ± 0.01 21.76 ± 0.03 34.68 ± 0.01
BR 68.57 ± 0.01 − 2.54 ± 0.02 9.15 ± 0.02 16.71 ± 0.01 26.80 ± 0.02 35.09 ± 0.01
KT 65.03 ± 0.04 − 3.06 ± 0.01 9.55 ± 0.01 11.35 ± 0.03 14.88 ± 0.02 24.14 ± 0.01 34.89 ± 0.04
PR 65.26 ± 0.02 − 3.04 ± 0.04 10.39 ± 0.01 12.60 ± 0.02 15.75 ± 0.01 24.41 ± 0.02 34.88 ± 0.01
DI 69.29 ± 0.03 − 3.34 ± 0.01 11.01 ± 0.02 13.13 ± 0.01 15.69 ± 0.02 26.27 ± 0.01 35.06 ± 0.03
DN 73.75 ± 0.01 − 2.95 ± 0.01 11.94 ± 0.01 18.97 ± 0.02 28.12 ± 0.01 30.78 ± 0.02 38 ± 0.02
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Fig. 1   DSC crystallization thermograms (a) and melting thermograms (b) of MKFs. KI: Keitt; AM: Amelie; BR: Brooks; KT: Kent; PR: 
Palmer; DI: Dadiani; DN: Djakoumankoun
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and high for DN (71.2 J/g), compared to the five other 
samples (62.7–68.2 J/g).

The DSC melting curves of the seven varieties of MKF 
are presented in Fig. 1b. All the melting curves were dif-
ferent and complex. The diversity of the TAG composition 
of MKF is responsible for this complexity. However, very 
close similarities were found on the melting profiles of KT 
and PR. This is linked to the similarity in the TAGs com-
position of these fats. As illustrated in the Fig. 1b, several 
endothermic transitions were detected corresponding to 
melting peaks of different TAG groups with different com-
position of fatty acids. Moreover, four mains distinct melting 
point regions were clearly apparent in general: the very-low-
melting point (VLMP), low-melting point (LMP), medium-
melting point (MMP), and high-melting point (HMP) with 
shoulders, which are related to the three major TAG groups 
(UUU, SUU, and SUS). All the MKF studied melted com-
pletely around 35 °C, except for DN which showed a com-
plete melting at 38 °C. Simple melting profile of MKF from 
Manila variety (Mexico) was reported by Solís-Fuentes 
and Duran-de-Bazua [7]. Their study showed two melting 
point fractions, with complete fat melting observed around 
58.8 °C. Jahurul et al. [18] found a similar melting curve 
of MKF to that of Solís-Fuentes and Duran-de-Bazua [7]. 
Unfortunately, neither the variety of mango nor its the origin 
was mentioned. In contrast, Lieb et al. [17] reported com-
plex melting profiles for MKF from Costa Rica, Brazil, and 
Thailand, with a complete melting point between 27 and 
36 °C. These different results are caused by the different 
degrees of unsaturation and to the conditions of the DSC 
scanning. When the melting profiles of some varieties stud-
ied were compared to those reported in MKF for the same 
varieties and using the same DSC scanning conditions, Keitt 
and Palmer varieties showed higher Tmc than values reported 
by Lieb et al. [17] (27.4 and 39.5 °C, respectively) for the 
same varieties grown in Costa Rica and Brazil, respectively. 
This difference is undoubtedly related to the variation in 
TAG composition.

In our study, the VLMP region is correlated to UUU 
content, the LMP region is most probably due to SUU, 
the MMP to the relative contributions of SUU and SUS, 
while the HMP region is entirely due to the SUS content. 
It was noticed that, for DN sample, one endo sub-peak 
was observed in the right part of the HMP, in the range of 
29–40 °C, being linked to SUS with long fatty acid chains. 
Therefore, the high Tmc of DN was attributed to its high-
est content of SUS TAGs and more precisely linked to the 
StOSt, which is the main SUS TAG and AOSt high content, 
which were more abundant in DN fat than the other varie-
ties, while the lowest Tmc of AM is attributed to its high 
proportion of UUU TAGs. The total melting enthalpy (ΔH) 
ranged between 59 and 74 J/g. The highest total melting 
enthalpy (ΔH 73.8 J/g) is observed for DN with the highest 

HMP contribution, while AM gave the lowest total melting 
enthalpy (ΔH 59.97 J/g) in correlation with the lowest HMP 
and highest VLMP and LMP contributions.

SFC melting profile by pNMR

Solid fat content (SFC) is an important parameter that can 
be used as a guide to assess whether a particular oil, fat or 
blend is suitable for a specific application [19]. Figures 2 
and 3 show SFC melting profile of all MKFs measured at 
different temperatures between 5 and 40 °C. Among the 
seven samples investigated, the SFC of DN was the highest, 
followed by BR, DI, KT, KI, PR, and AM. This behavior 
is linked to differences in the fat composition. MKF with 
high content of SAFAs and with high proportions of mono-
unsaturated TAGs (SUS, mainly StOSt) and low content of 
triunsaturated TAGs (UUU) had the highest SFC values. DN 
had the highest content of SAFA and highest content of SUS 
TAG while AM had lower SUS TAGs and the highest UUU 
TAGs. Without any tempering as showed in Fig. 2, within 
the range of 0 to 15 °C, all samples had over 40% of SFC. 
Between 15 and 30 °C, the SFC of all MKFs considerably 
decreased. The largest decrease in SFC values was detected 
between 15–20 °C for KT, PR, KI, and AM, while it ranged 
between 20–25 °C for DI and BR, and between 25–30 °C for 
DN. The SFC determined below room temperature (25 °C) 
characterizes the hardness of fat, while the value determined 
at a temperature between 25 and 30 °C indicates the heat 
resistance. A high SFC at temperature above 37 °C (body 
temperature) causes a waxy mouthfeel [20]. DN had the 
highest hardness, while AM had the lower one. The hardness 
was similar for BR and DI, and for KT and PR. Therefore, 
the different MKFs can be grouped into four distinct sub-
groups: Hard fat (only DN, 84.2% of SFC), medium-hard 
fat (DI, BR, 77–78% of SFC, respectively), soft fat (KT, PR, 
KI, 67–69% of SFC, respectively), and very-soft fat (AM, 
53.8% SFC). This distinction is the same as the one estab-
lished by Kouassi et al. [10] for the TAG composition, which 

Fig. 2   Melting profile of MKFs obtained by pNMR without any tem-
pering
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clearly shows that TAG composition affects significantly the 
physical properties of the MKF. These differences might 
offer a wide range of applications in the food, pharmaceuti-
cal, and cosmetic industries. Moreover, except for DN, all 
MKFs were completely melted around 35 °C, where that 
of DN still showed SFC of 7.1%. Complete melting of DN 
occurs at 38 °C, 3 °C higher than the others, which does not 
lead to a waxy mouthfeel. The higher amount of SUS TAGs, 
more specifically StOSt, combined with AOSt, gives rise to 
a higher SFC at higher temperatures (T > 30–35 °C), where 
most of the other TAGs are liquid. On the other hand, due 
to its low SUS and high UUU content, AM had the low-
est melting point. Furthermore, similarities in the thermal 
behavior of KT and PR are also clear in Fig. 2. This is linked 
to the similarity of their TAGs composition. These results 
are consistent with what was observed from DSC analysis 
(see section "Melting and crystallization properties").

In Fig. 3, a comparison of the results of untempered and 
tempered procedures is shown. When a fat is untempered or 
under tempered, different polymorphic forms exist, result-
ing in a broader melting range. On the other hand, during 
a tempering process, the crystals are converted to the more 
stable polymorph, giving rise to a very narrow melting range 
[21, 22]. In this study, the tempering at 26 °C affected the 
SFC melting profile of each MKF differently. The SFC at 
different temperatures differed widely as well as the total 
shape of SFC curves. According to Timms [21], below the 
tempering temperature, the SFC of a tempered sample is 
lower than that of an untempered fat. Above the tempering 
temperature, the SFC of a tempered sample is higher. In this 
investigation, this shift was observed clearly only for DN, 
at the tempered temperature. However, until 25 °C, differ-
ences were observed between the tempered and untempered 
samples for all MKFs and beyond 25 °C, they were similar 
except for DN, which showed a very large difference. This is 
mainly related to the high amount of StOSt and high amount 
of POSt present in DN: the higher the amount of StOSt and 
POSt, the bigger the difference. This indicates that other pol-
ymorphic behavior leads to different response to tempering. 
This result pointed that tempering could be very important 
in getting the right properties of all MKFs studied. Finally, 
the various SFC profiles of Ivorian MKFs might be suitable 
for the design of all purposes type shortening fats.

Polymorphism by XRD

The polymorphism of fat crystals is characterized by the 
ability of the triacylglycerol (TAG) molecules to arrange 
themselves in different crystal lattice structures with identi-
cal TAG composition [23]. The three basic sub-cell packing 

Fig. 3   pNMR melting profiles of MKFs, without any tempering 
(solid line) and after tempering at 26 °C for 40 h (dashed line)

▸
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structures of TAG acyl chains are predominant and are 
known as α, β’, and β packing, respectively, of which the 
thermodynamic stability, the packing density, the melting 
point, and the melting enthalpy increase in consecutive order 
[24–26]. The X-ray diffraction patterns in wide-angle scat-
tering (WAXS) of all MKFs obtained during 24 h of static 
isothermal crystallization at 20 °C are presented in Fig. 4. 
Except for DN, all samples showed the same type of diffrac-
tion pattern of one polymorphic structure, which is β form. 
All of them showed six main peaks in WAXS with one very 
strong intensity around 4.60 Å (typical main diffraction peak 

in WAWS of β structure of fats). Regarding DN, it exhibited 
diffraction characteristic of more than one crystal structure, 
with seven main peaks in WAXS at 4.60 Å, 4.37 Å, 4.19 Å, 
4.02 Å, 3.87 Å, 3.69 Å, and 3.60 Å. The peak at 3.87 Å and 
4.19 Å were typical diffraction patterns of β’ structure [27, 
28]. The peak at 4.60 Å was a typical main diffraction peak 
of the β structure. The strongest diffraction intensity implies 
that, as for the other samples, β was predominant for sample 
DN solidified under these conditions. The X-ray diffraction 
patterns of MKF studied here indicated that depending on 
the variety (different composition), the Ivorian MKF crystal-
lized on the one hand into crystal form β and, on the other 
hand, in a mixture of crystal structures (β′ and β) throughout 
24 h of crystallization at 20 °C. Thus, for all MKF studied, β 
polymorph appears to be the most prevalent and stable poly-
morph. By contrast, Sonwai et al. [28] reported a mixture of 
pseudo-β', β', sub-β, and β polymorphs in all MKF from four 
different Thai varieties after crystallization at 20 °C for 20 h. 
Solís-Fuentes et al. [27] examined the evolution of MKF 
(from Manila variety, Mexico) diffraction patterns from 0 
to 26 days of incubation at a temperature of approximately 
22 °C and observed that the β form was the predominant and 
most stable polymorph.

The crystalline structure in Fig. 4, obtained from the 
analysis of small-angle X-ray scattering (SAXS) patterns 
of the MKFs studied, shows that although the DN polymor-
phism is different from other samples, the TAGs present are 
stacked in similar lamellar configurations (3L or trilayer), 
except for AM. However, differences in spacings can be 
observed. Regarding AM, surprisingly, the SAXS pattern 
showed that both 2L and 3L staking of TAGs are present; a 
stacking of TAGs with d-spacing of 46.5 Å for 2L and long 
spacings of 70 Å. According to the literature, 2L structures 
are formed mostly by long-chain, high-melting, trisaturated 
TAGs, while 3L structures are usually related to low-melt-
ing, long-chain, monounsaturated and mixed long and short-
chain TAGs [29, 30]. Thus, the existence of both 3L and 2L 
packing observed in AM is related to its TAG composition 
and may particularly suggest a specific interaction like a 
molecular compound (2L).

Crystal morphology

The polarized light microphotographs (PLM) of the MKFs 
obtained after static crystallization at 20 °C for 24 h are 
shown in Fig.  5. Different crystal morphologies were 
observed among the MKFs. For most of the samples (AM, 
KI, PR, KT, BR, DI), the microstructure of the fat crystals 
was disk-shaped, smooth, and had shiny appearance. The 
Maltese cross could be seen overlaid on the crystals. The 
crystal size of these fats ranged from 40 to 500 μm. How-
ever, for sample AM, PR, KT, and KI, the mean diameter of 
crystals was higher than those of DI and BR. Some degree 

Fig. 3   (continued)
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of crystal aggregation can be observed for samples BR and 
DI. In addition, a relatively higher proportion of the liquid 
phase was observed in the former samples. This can slow 
down the formation of crystalline nuclei, since the super-
saturation, necessary to initiate the crystallization process, 
is delayed. The microstructure of the DN crystals consisted 
of both small, disk and spherulites, densely packed, char-
acterizing a mixed morphological type. This simultaneous 
presence of small disks and spherulites evidence, therefore, a 
possible polymorphic β′ → β transition, confirms the distinct 
crystallization pattern for this sample. However, the relative 
higher degree of saturation, on the one hand, and the onset 
crystallization temperature, on the other hand, of DN may 
result in the morphological crystal and the compact crystal-
line structure observed (Fig. 5).

Conclusion

The study of FAC, TAG profile, melting profile, solid fat 
content, microstructure, and polymorphism of Ivorian MKFs 
revealed the significant influence of chemical compositions 
on their general thermal properties. Independently of the 
variety, the fat of the Ivorian mango kernel is abundant 
in stearic (St) and oleic (O) fatty acids, with three main 
TAGs: StOSt (24–45.8%), StOO (15.5–25.8%), and StLSt 
(10.4–12.5%). All the thermal properties analyzed were 

linked to the monounsaturated and triunsaturated triacylg-
lycerol content. However, there were significant differences 
in the chemical composition of MKF from different geo-
graphical origins. The seven varieties’ studies have been 
recently grouped according to their main TAG (StOSt) into 
four groups [10]. The same groups were found in this study 
by grouping them according to similarities in their physical 
characteristics. Therefore, the analysis of the results allows 
to categorize the seven Ivorian varieties into four new sub-
groups based on both the StOSt wealth and their solid fat 
content: Hard high-StOSt fat (DN), half-hard medium-StOSt 
fat (DI, BR), soft low-StOSt fat (KT, PR, KI), and very-soft 
very-low-StOSt fat (AM). Among the seven samples, the 
Djakoumankoun (DN) variety, due to its higher SUS content, 
had the highest melting point and its microstructure was 
denser at 20 °C. It crystallized under a mixture of β' and 
β form, whereas under the same conditions, all the other 
samples studied crystallized only in β form. Therefore, the 
polymorphism investigation by X-ray diffraction showed 
that the β-polymorph appears to be the most predominant 
and stable polymorph for all mango kernel fats under study. 
On the other hand, Amelie (AM) showed the lowest melt-
ing point related to its low SUS and high UUU content. 
Concluding, the seven Ivorian mango varieties might offer a 
wide range of applications in the food, pharmaceutical, and 
cosmetic industries.

Fig. 4   Small and wide-angle X-ray scattering patterns recorded at the end of static isothermal crystallization at 20 °C for 24 h
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