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Abstract: Moringa oleifera leaf powder (MOLP) has been identified as the most important functional
ingredient owing to its rich nutritional profile and healthy effects. The solubility and functional
properties of this ingredient can be enhanced through solid dispersion technology. This study aimed
to investigate the effects of polyethylene glycols (PEGs) 4000 and 6000 as hydrophilic carriers and
solid dispersion techniques (freeze-drying, melting, solvent evaporation, and microwave irradiation)
on the crystallinity and thermal stability of solid-dispersed Moringa oleifera leaf powders (SDMOLPs).
SDMOLPs were dully characterized using powder X-ray diffraction (PXRD), differential scanning
calorimetry (DSC), thermo-gravimetric analysis (TGA), and Fourier transform infrared spectroscopy
(FTIR). The PXRD results revealed that the solid dispersions were partially amorphous with strong
diffraction peaks at 2θ values of 19◦ and 23◦. The calorimetric and thermogravimetric curves showed
that PEGs conferred greater stability on the dispersions. The FTIR studyrevealed the existence of
strong intermolecular hydrogen bond interactions between MOLP and PEG functional groups. MOLP
solid dispersions may be useful in functional foods and beverages and nutraceutical formulations.

Keywords: solid dispersion; Moringa oleifera leaf powder; polyethylene glycol; TGA; FTIR; food tech-
nology

1. Introduction

Solid dispersion is a solubility enhancement technology in which poorly water-soluble
ingredients are mixed in an inert matrix with a hydrophilic carrier resulting in solid dis-
persions with improved solubility, dissolution, bioavailability, and stability [1]. Moreover,
off-flavors from food ingredients like pea protein isolate have been reported to be mitigated
with this technique [2]. The mechanism for increasing the solubility and dissolution rate of
the ingredient is the included reduction of particle size to molecular size ratio. Furthermore,
the ingredient is converted from crystalline to amorphous form, a high energy state that
is extremely soluble. However, the physical state of the solid dispersion depends on the
physicochemical properties of the carrier and ingredient, the ingredient-carrier interac-
tions, and the preparation methods. Hydrophilic polymers, including polyvinylpyrroli-
done (PVP), hydroxypropylmethylcellulose (HPMC), and hydroxypropyl cellulose (HPC),
polyethylene glycols, as well as sugar alcohols like mannitol and xylitol, are commonly
used as solid dispersion carriers [3,4]. Polyethylene glycols (PEGs) with molecular weights
of 1500−20,000 are widely used to manufacture solid dispersions. The specific benefit of
PEGs in the preparation of solid dispersions is that PEGs are miscible/soluble in numerous
used organic solvents. The melting points of PEGs are under 65 ◦C (e.g., the melting ranges
of PEG4000 and PEG6000 are 50−60 ◦C, and 55−63 ◦C, respectively) [3]. Lower melting
points of PEGs are helpful in the manufacturing of solid dispersions by different methods.
Furthermore, they are also able to improve the wettability of poorly soluble compounds.
PEG4000 and PEG6000 are partially crystalline. Zhu et al. [1] reported that, for dispersions
prepared with a semi-crystalline polymeric carrier, the ingredient could be amorphous,
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crystalline, or semi-crystalline, and the phase behavior can be very complex. Thus, the iden-
tification of the physical state of the ingredient in solid dispersion is essential. It is equally
important to understand the crystallization behavior of both the carrier and the ingredient
since it will affect the microstructure of the solid dispersion, and subsequently influence
the dissolution behaviour and solubility. Several researchers have investigated the effects
of solid dispersion on properties of food ingredient powders, such as beta-carotene [5],
pea protein isolate [2], Rebaudioside D (a natural sweetener from plant Stevia), Kaempferia
parviflora extract [6]. However, there is no documented study of solid dispersion technology
on MOLP. Huang et al. [7] studied the influence of superfine grinding on the structural and
thermal properties of MOLP. The findings indicated that superfine grinding and particle
size influenced the physicochemical, thermal, and structural properties of MOLP. Some
previous studies have investigated the effect of PEG molecular weights on the dissolution
rate and physicochemical characteristics of the solid-dispersed ingredients [8]. Key factors
that affect the properties of solid dispersions include glass transition temperature (Tg),
molecular mobility, miscibility, and crystallinity [9,10]. These factors must be evaluated
to ensure a stable solid dispersion. Only a few characterization methods have been re-
ported on the evaluation of solid dispersions. These include; powder X-ray diffraction
(PXRD), differential scanning calorimetry (DSC), thermo-gravimetric analysis (TGA), and
Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM),
among others [11–16]. FTIR is used to detect the vibration in the energy distribution of
interaction between ingredients and carriers, and it is also applied to follow changes in
bonding between functional groups [17–19]. Thermo-analytical techniques (DSC and TGA)
are employed for the characterization of thermal stability and thermal properties [20].
Furthermore, DSC and X-ray diffraction are other advanced analytical techniques that are
used to determine the amorphization or crystallization of ingredients in polymers based
on changes in thermal behaviour and crystallinity of ingredients [21]. Although a recent
study was reported on the thermal and crystallinity characterization of MOLP [7], this
is the first study reporting the solid dispersion of MOLP and the effect of polyethylene
glycols (PEG4000 and PEG6000) on crystallinity, thermal, and interaction properties of the
MOLP-PEG dispersions.

2. Materials and Methods
2.1. Source of Materials

Moringa oleifera leaf powder (MOLP) was procured from Supa Nutri PTY Ltd. in
Cape Town, South Africa. Polyethylene glycols (PEGs) were purchased from Spellbound
laboratory solutions cc in Cape Town, South Africa. Chemical reagents were of analytical
grade.

2.2. Preparation of Solid Dispersions

Five different methods were employed to form solid dispersions of MOLP using PEG
carriers (PEG4000 and PEG6000). These methods include solvent evaporation, freeze-
drying, melting, and microwave irradiation.

2.2.1. Preparation of Solid Dispersion by the Solvent Evaporation Method

The solvent evaporation method of solid dispersion adapted from [19,22] with slight
modifications, was used. Equal amounts (50 g) 1:1 ratio of MOLP and PEGs were accurately
weighed. The MOLP and carrier were dissolved in an adequate (60 mL) amount of absolute
methanol with constant magnetic stirring at 200 rpm for 20 min. The solvent was then
rapidly evaporated with the aid of mild heat up to about 50 ◦C in the air oven for 24 h
until complete evaporation and then kept at room temperature for 48–72 h in a desiccator
until a dry cake was obtained. Obtained solid dispersion was ground and sieved through a
125 µm sieve. Samples were stored in a desiccator until further use.
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2.2.2. Preparation of Solid Dispersion by Freeze-Drying Method

The freeze-drying method adapted from Fitriani et al. [22] with some modifications,
was used. Equal amounts (50 g) of MOLP were accurately weighed. MOLP was dissolved
in 5 mL of 96% ethanol, whereas PEG was dissolved in 70 mL of distilled water. The
solution was mixed on a magnetic stirrer and then homogenised by gradually introducing
the beaker containing MOLP to the beaker containing the PEG under stirring at 500 rpm on
a magnetic stirrer for 30 min. Once homogeneous, the mixture was frozen at a temperature
of −70 ◦C in the ultra freezer The frozen form was then dried using a freeze-dryer (Bench
Top Pro 3L ES-55, South Africa) for two days at −50 ◦C. Obtained solid dispersions were
triturated and passed through a 150–125 µm sieve, stored in centrifuge tubes, and placed
in a desiccator until further evaluation.

2.2.3. Preparation of Solid Dispersion by Melting Method

The melting method described by Mogal et al. [23] with slight modifications, was used.
Amounts 50 g (1:1) of MOLP and PEG were accurately weighed separately into 400 mL
glass beakers. The carrier was initially melted using a magnetic stirrer at 58 ◦C for 10 min
and the MOLP was added to the molten base to obtain a molecular dispersion. The molten
mixture was thoroughly mixed and stirred for 30 min. The melted mass was rapidly cooled
and solidified in an ice bath under constant stirring. On solidification, the solid mass was
pulverized and sifted through a 150–125 µm sieve. The obtained product was stored in
centrifuge tubes and kept in a desiccator until use.

2.2.4. Preparation of Solid Dispersion by Microwave Method

The microwave irradiation method adapted from [3,14] with some modifications was
used. Equal amounts (50 g) 1:1 of MOLP and PEG were mixed in a 400 mL glass beaker
and subjected to microwave for 2 min at 360 W in a domestic microwave (LG model). The
obtained solid dispersions were cooled and ground using a mortar and pestle, and then
passed through a 150–125 µm sieve. All samples were stored in centrifuge tubes at room
temperature (20 ◦C) until further use.

2.3. Characterization of the MOLP and Solid-Dispersed MOLPs
2.3.1. Powder X-ray Diffraction (PXRD) Analysis

Solid-state properties such as the amorphous and crystalline nature of the MOLP,
PEG, and SDMOLP formulations were assessed by PXRD diffraction utilizing an X-ray
diffractometer, equipped with a CuKa radiation source (1.5406 Å) with the generator
current and voltage of 10 mA and 30 kV, respectively. The samples mounted on plate
holders were measured for diffraction patterns ambient conditions by scanning in the (2θ)
range of 5–50◦ using a 0.02◦ (2θ) step size and a time constant of 2 s per step [22,24].

2.3.2. Deferential Scanning Calorimetry

The changes in the physical properties of MOLP and solid dispersion complexes as a
function of temperature and time were determined using Differential Scanning Calorimetry
(DSC) (Perkin Elmer, DSC 6000, London, United Kingdom) under nitrogen flow with a
rate of 20 mL/min. The adsorption of heat by the complexes at a temperature range of
25–425 ◦C at a rate of 10 ◦C/min was assessed. The samples (3–4 mg) were accurately
weighed into DSC aluminium pans and sealed. The sample was positioned directly above
a constantan disc, and the sample was measured by a chromel-alumel thermocouple. An
empty pan was used as a reference. The temperature difference across the sample and the
reference chromel wafers gave a measurement of heat flow. Pure Indium standard was used
for calibration, and the experiments were conducted in duplicate. The thermal behavior
of pure MOLP and SDMOLP complexes was observed as peaks. The glass transition
temperature (Tg), onset, peak, and end of each peak temperature, as well as the enthalpy
(∆Hm) of samples, were obtained accordingly using Pyris software.
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2.3.3. Thermo-Gravimetric Analysis

Thermogravimetric analysis (TGA) was performed using the Thermogravimetric
Analyser (Perkin Elmer, TGA 4000, London, UK) apparatus outfitted with an autosampler
to analyse the decomposition stages and thermal stability of MOLP and solid dispersion
samples. The samples were accurately weighed (3.0 mg) into the aluminium pans of the
TGA analyser and empty pans were used as references. The experiments were conducted
in the heating range of 25–600 ◦C with an accelerated heating rate of 10 ◦C/min under
a nitrogen atmosphere at a flow rate of 20 mL/min. The TGA results were graphically
represented and evaluated according to the weight loss as the function of temperature.

2.3.4. Fourier Transform Infrared (FTIR) Spectroscopy Analysis

Fourier transform infrared spectroscopy analysis, or compatibility study was carried
out using the FTIR Spectrometer (Perkin Elmer ATR-FTIR, Spectrum Two Spectrophotome-
ter). The MOLP and solid-dispersed MOLPs samples were sampled using an attenuated
total reflectance (ATR) sampling technique then analyzed in the beam of the FTIR spec-
trophotometer. The spectra were analyzed in the resolution interval of 400–4000 cm−1.

2.4. Data Analysis

Multivariate analysis of variance (MANOVA) was employed to determine the signifi-
cant differences (p < 0.05) in attributes among samples. Duncan’s multiple range test was
used to separate means where a significant difference existed (IBM SPSS version 26, 2020).

3. Results and Discussion
3.1. Crystallinity of MOLP and MOLPs Determined by Powder X-ray Diffraction

X-ray diffraction was used to identify the degree of crystallinity achieved in pure
MOLP and SDMOLPs. The X-ray diffraction patterns of pure MOLP, PEGs (PEG4000 and
PEG6000), and SDMOLP samples are presented in Figures 1–3, respectively. The X-ray
diffraction spectrum of MOLP exhibited four low intensity, distinguishable diffraction
peaks at 2 Theta (2θ) values of 15.22◦, 21.81◦, 22.92◦ and 22.94◦, reflecting both its amor-
phous and crystalline domains. Similar results were observed by Huang et al. [7]. In general,
crystalline materials show a series of sharp peaks, while amorphous products produce a
broad background pattern [24]. The diffraction patterns of MOLP were exceedingly small,
implying that the crystallite size (part of crystalline cellulose and hemicellulose) is small.
Furthermore, due to high protein present in the composition of the MOLP (28–35%) [25,26],
the X-ray diffraction patterns could be attributed to the predominance of the amorphous
nature of native proteins, thus, corresponding to the α-helix and β-sheet structures in
proteins [27] surrounding the other components that have a more amorphous nature. Fur-
thermore, the high background base and wider pattern found in the MOLP diffractogram
may be related to its amorphous character, which might be attributable to its lipids because
it contains polyunsaturated fatty acids (PUFAS). MOLP is a heterogeneous and complex
matrix with several bioorganic substances, including proteins, carbohydrates, ash, and
minerals. Therefore, a few unassigned diffraction peaks observed could be due to these
bioorganic compounds in the leaf. This finding concurs with the reports made by Huang
et al. [7] (small diffraction peak intensity at 2θ of 19.6◦ and 22.4◦) for MOLP. Fernandes &
Sellappan [28] also obtained a similar pattern for Strobilanthes species leaves. Fernandes
et al. [29] found a similar conformation with S. Brasillensis dried extract. Furthermore,
Araújo et al. [30] reported comparable results for Moringa oleifera seed powder.
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Figure 1. Powder X-ray diffraction pattern of pure Moringa oleifera leaf powder (MOLP).
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Figure 2. Powder X-ray diffraction patterns of (A) PEG4000 and (B) PEG6000.

The PXRD spectra of PEG4000 and PEG6000 are shown in Figure 2. Although the
XRD of PEGs showed similarities in diffraction patterns, a slight difference in the value of
2θ diffraction angles was observed. PEG4000 exhibited two distinct and robust diffraction
peaks at 2θ values of 19.35◦, 23.57◦, and some small peaks at 2θ = 15.47, 26.97, 27.72,
36.99 and 40.84◦. The strong peaks suggest that the carrier is semi-crystalline or partially
amorphous in structure. These results are in agreement with previous studies for PEG4000
(19.35◦ and 23.5◦) reported by Vasa et al. [31] and Obaidat et al. [32]. PEG6000 diffractogram
exhibited two major, highly intense and defined diffraction peaks at 2θ values of 19.29◦,
23.65◦ and a few minor peaks at 2θ = 15.37◦, 22.32◦, 26.16◦, 27.38◦, 28.85◦ and 36.59◦, which
are consistent with the data in previous reports (19.12◦ and 23.23◦) [33], suggesting that
PEG6000 is also semi-crystalline or partially amorphous. The two characteristic diffraction
peaks observed in the diffractograms of PEGs could be ascribed to the PEG lattice plane
of (1 2 0) and (1 3 2), respectively [34]. Moreover, both PEG4000 and PEG6000 PXRD
patterns were in good agreement with the reported literature of the international center of
Diffraction Data Card (JCPDS-19-0629). This study confirmed that PEG4000 and PEG6000
are semi-crystalline and may be beneficial as solid dispersion carriers due to their ability to
create amorphous dispersions with increased solubility.
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Figure 3. Powder X-ray diffraction patterns of the solid dispersions of MOLP using PEG as a carrier prepared through
(A) freeze-drying method (FD4000 and FD6000), (B) melting method (M4000 and M6000), (C) solvent evaporation (SE4000
and SE6000), and (D) microwave irradiation method (MWI4000 and MWI6000).

PXRD Patterns of Solid Dispersions

Powder X-ray diffractograms of SDMOLP samples (Figure 3) exhibited strong and
highly intense characteristic diffraction peaks at 2θ values of 19.35–19.49◦ and 23.55–23.72◦,
and a few tiny, halo characteristic peaks at 2θ value of 15.29, 26.69, 36.69, 40.23 and 45.77◦

were observed. The presence of distinct peaks indicated that SDMOLP samples were
present as semi-crystalline to amorphous material. Solid dispersions showed diffraction
patterns that corresponded to the carriers (PEG4000 and PEG6000) while peaks of pure
MOLP were absent. The disappearance of the characteristic peaks of MOLP (from crys-
talline cellulose) suggested that MOLP was completely dispersed in PEG carriers. This
proves the conversion of the crystalline form of MOLP into an amorphous form in solid
dispersion. Moreover, a decrease in peak intensity and the presence of the slightly high
base of the solid dispersion diffractograms noticed compared to pure PEGs corresponds
to amorphization, thus, suggesting the presence of intermolecular interactions between
MOLP-PEG via hydrogen bonding and van der Waal interactions. Weak physical bonds
formed by non-covalent interactions such as hydrogen bonds, ionic bonds, van der Waals,
dipole-dipole interactions, and acid-base interactions are common interactions that occur
between components in solid dispersions Krstić et al. [35]; Tran & Tran [36]. The formation
of these bonds between an ingredient and a carrier component may prevent self-association
between ingredient molecules, thus, leading to changes in the crystallization kinetics.
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Therefore, these results indicate that a phase transition of MOLP from the crystalline form
(crystalline diffractions) to the amorphous or semi-crystalline form occurred during the
preparation of the solid dispersion. This proves the success of the solid dispersions. Similar
findings were reported by Zawar & Bari [3] for their solid dispersion. Patel et al. [37]
reported similar results, where the solid dispersions diffraction patterns (semi-crystalline)
showed more resemblance to PEG. Alshehri et al. [4] also obtained similar results for
Luteolin and PEG4000 solid dispersions prepared by microwave irradiation, melting, and
solvent evaporation methods. Moreover, the XRD results are similar to the curcumin-PEG
solid dispersion reported by Muthu et al. [38].

3.2. Thermal Properties of MOLP and SDMOLPs

Diffraction scanning calorimetric (DSC) is a commonly used thermal analysis method
due to its capacity to provide detailed information about physical properties. The DSC
thermograms of MOLP, carriers, and solid dispersions are displayed in Figures 4 and 5.
Moreover, the thermal properties are presented in Table 1. The thermogram of MOLP
(Figure 4a) presented five broad and not well-defined endothermic peaks at a heating rate
of 10 ◦C min−1. MOLP had one big broad peak and four extremely small peaks. The
peaks were at 80 ◦C, 162 ◦C, 210 ◦C, 253 ◦C and 312.56 ◦C temperatures, respectively. The
broad characteristic peaks confirmed that MOLP possessed both crystalline and amorphous
characteristics, as indicated in the PXRD study. The first endothermic peak and its melting
peak were observed at approximately 80 ◦C with an onset of 44 ◦C and end set of 89 ◦C, and
amount of endothermic heat (∆H) fusion of 129.30 J/g, attributed to the evaporated water
from the matrix, lattice, surface, and pores of MOLP sample. The high enthalpy indicates
that more energy was expended in the disruption of noncovalent bonds. Jeyakumar
et al. [39] reported similar results with an enthalpy of 177.4 J/g at 71.34 ◦C for MOLP
antioxidants. The second peak was observed at approximately 159.35 ◦C, showing an onset
at 128.23 ◦C and end set at 179.97 ◦C with Tg of 141.97 ◦C and fusion enthalpy 5.0 J/g. The
second peak is was related to the melting of Saponins (158 ◦C) and fats. Huang et al. [7]
reported similar fusion enthalpy (2.52–3.93 J/g) for MOLP. Low ∆H means less energy
expended for disruption of noncovalent bonds which could be due to high temperatures.
The third and fourth peaks were observed at 210 ◦C (onset: 185 ◦C and endset: 230 ◦C)
and 253 ◦C (onset:230 ◦C and endset: 274 ◦C) temperatures with heat enthalpies (∆H)
of 1.54 J/g and 3.68 J/g, respectively, depicting the melting of tannic acid (218 ◦C) and
gallic acid (258–265 ◦C). While the fifth wide endothermic peak appeared at approximately
312.56 ◦C, having an onset at 347.48 ◦C and an end set at 345.79 ◦C and fusion enthalpy
∆H of 23.84 J/g and glass temperature of 277.72 ◦C, denoting the melting of antixodants in
Moringa oleifera leaves. These endothermic peaks are attributable to the evaporation of
bonded water from the MOLP, which is incorporated in different structures. Furthermore,
the endotherms are related to the breaking down or decomposition of organic matter
and protein molecules. In addition, the decomposition (above 100 ◦C) may be associated
with a wide variety of secondary metabolites, principally phenolics, present in the dried
MOLP [40]. The third, fourth and fifth endothermic peaks might also be associated with
the melting of polysaccharides, de-methoxylation, dihydroxylation, and decarboxylation.
All the obtained results confirmed the heterogeneity of Moringa oleifera leaves. The leaves
are high in minerals, protein, vitamins, phenolics, and phytochemicals. Similar DSC
thermograms were reported for Moringa oleifera gum with several peaks of fusion, green
tea extract [41], and green tea and curcumin [42]. Ref. [39] also obtained similar results
with four endothermic peaks for the Moringa oleifera leaf powder antioxidant.
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Figure 5. DSC thermograms of solid-dispersed MOLP through freeze-drying with PEG6000 (a), PEG4000 (b,c) and
microwave (d) using PEG6000; and (e) Solvent evaporation, (f) Freeze-drying, (g) Melting and (h) microwave prepared
using PEG4000.

Table 1. Thermal properties of MOLP and solid dispersions at the heating rate of 10 ◦C min−1.

Sample 1 Peak Tonset (◦C) Tpeak (◦C) Tendset (◦C) ∆H (J/g) Tg (◦C)

Pure MOLP 1 44.14 80.09 128.23 111.35 37.27
2 128.23 159.35 179.97 5.0176 141.97
3 185.86 210 230 1.54 180.69
4 230 253.7 274.48 3.69 238.56
5 274.48 312.56 345.79 23.84 277.72

Pure PEG4000 1 59.62 60.21 61.38 179 22.89
Pure PEG6000 1 59.62 63.10 64.68 193.74 60.11
PEG4000

Freeze-drying 1 53.35 57.78 60.80 94.45 64.01
Melting 1 56.24 59.10 61.40 102.21 62.85
Solvent evaporation 1 53.32 60.19 62.22 75.22 54.95
Microwave irradiation 1 55.10 59.48 61.29 108.44 52.84

PEG6000
Freeze-drying 1 56.48 60.88 62.50 90.29 64.86
Melting 1 57.43 60.93 62.84 104.07 64.44
Solvent evaporation 1 55.76 60.96 63.05 95.59 50.34
Microwave irradiation 1 58.00 61.76 63.67 94.77 56.95

1 MOLP: Moringa oleifera leaf powder. PEG: Polyethylene glycol. Tonset: onset temperature. Tp: Peak temperature. Tendset: end set
temperature. Tg: Glass transition temperature.

In the case of PEG4000 and PEG6000 (Figure 4b,c), the DSC thermogram of PEG4000
exhibited a sharp endothermic peak at 60 ◦C [with enthalpy (∆H) fusion of 179.70 J/g].
corresponding to its melting point. Similar results were reported by [3]. PEG6000 also
showed a single, sharp, and narrow endothermic peak at 63.10 ◦C with a corresponding
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enthalpy (∆H) fusion of 193.4 J/g. The observed endothermic peak was associated with
the melting point of the carrier, indicating the semi-crystallinity of the carrier. The fusion
temperature of PEG6000 has been reported as 62–65 ◦C [43]. Biswal et al. [44], reported
a similar melting temperature (61.9 ◦C) but slightly lower ∆H of 188.6 J/g than the one
obtained in this study. Therefore, these results were in agreement with previous similar
studies. PEG4000 and PEG6000 are indeed semi-crystalline carriers, also confirmed by
thethe PXRD result in the previous section.

Solid dispersion thermograms in Figure 5 exhibited characteristic and single endother-
mic peaks with melting temperatures ranging from 57.76–61.76 ◦C and heat enthalpy
(∆H) ranging from 75.22–108.44 J/g. Sharp with slightly broadened base endothermic
peaks were obtained for all the solid dispersions, thus, proving their semi-crystallinity to
amorphic. The characteristic endothermic peak corresponding to the carriers melting point
(60–63 ◦C) was broadened and shifted toward lower temperature, with reduced intensity,
in all the solid dispersion. This could be attributed to the uniform distribution of MOLP
in the polymer, resulting in the complete miscibility of the molten MOLP in PEG carriers.
The complete disappearance of the MOLP melting peaks in solid dispersions suggests the
molecular dispersion of MOLP in PEG carriers or the absence of crystalline nature of MOLP,
as discussed in the PXRD study. This indicates the conversion of MOLP from crystalline
to partially amorphous form in solid dispersion. The reduction of heat fusion enthalpy
(∆H) in DSC thermograms of solid dispersions indicated lower crystallinity. Different
methods of solid dispersion preparation did not have a significant effect on the melting
temperature of SDMOLPs. However, significant differences in ∆H existed, which sug-
gested that solid dispersions prepared by microwave irradiation and melting methods had
a slightly higher degree of crystallinity than solid dispersions prepared by freeze-drying
and solvent evaporation methods. Biswal et al. [44] also reported similar DSC findings for
their gliclazide and PEG6000 solid dispersions prepared by a solvent evaporation method,
where the endothermic peaks resembled that of PEG and showed complete absence of the
pure ingredient endotherm peaks. da Silva et al. [20] reported similar thermal profiles in
their solid dispersions. This data reinforces the results of PXRD that have been described
previously.

3.3. Thermogravimetric Properties of MOLP and SDMOLPs

Thermogravimetric analysis (TGA) was used to characterize the decomposition and
thermal stability of the samples. As the temperature increased, the weight of the sample
decreased indicating the continuous decomposition of the sample. TGA thermograms of
pure MOLP, carriers (PEG6000 and PEG4000), and solid dispersion samples are displayed
in Figures 6 and 7. Moreover, Table 2 presents the values of mass loss (%) as a function of
temperature. MOLP thermogram (Figure 6A) exhibited several stages of the decomposition
process. The mass loss of MOLP can be divided into three stages. In the first stage (32.21–
151.07 ◦C), MOLP slightly lost 4.96% weight just after the heating commenced up to 151.07
◦C, associated with moisture loss or water desorption (dehydration of adsorbed and surface
water from the MOLP). The amount of water lost from MOLP is similar to the 8.44% mois-
ture content found in the literature [45–47]. In the second stage, a significant major weight
loss of 44.16% was observed over a temperature range of 151.07–371.86 ◦C. This stage was
related to the decomposition of organic matter, including the protein components (amino
acids which have a melting point of 200–300 ◦C), fat, and carbohydrate (265 ◦C) present in
Moringa leaves which have155–250 ◦C melting temperatures. Moreover, this stage might
also occur due to the decomposition of fatty acids, for example, oleic acid, which has a
boiling point of 360 ◦C [30]. Since MOLP is a good source of phenolic compounds and
phytochemicals, the second stage may further denote the decomposition of remaining
phytochemical compounds such as kaempferol (276–278 ◦C), quercetin (316 ◦C), gallic
acid (26 ◦C), and tannic acid (above 200 ◦C), thus indicating the presence of antioxidant
components in Moringa oleifera leaves [39]. In addition, 200–450 ◦C is associated with the
degradation of cellulose and hemicellulose [48]. Similar results were reported for Moringa



Processes 2021, 9, 2230 11 of 20

oleifera leaf antioxidants by Jeyakumar et al. [39]. The final stage of degradation with 17.91%
weight loss appeared after 390 ◦C with the decomposition of particles in the range of 371.86
◦C to 571.76 ◦C, which probably include fatty acids, ash, or mineral content, and inorganic
oxides. MOLP is high in minerals (11.82%) [49]; thus, the last stage can be attributed to
the mineral decomposition and residues mass, usually carried out at high temperatures
(500 ◦C). Moreover, lignin degradation happens at the temperature of 450–500 ◦C [48].
Oxygen-containing functional groups such as lactones or esters (-COO-) and carboxyls
(COOH carboxylic acid) decompose in this temperature range. It has been reported that
functional groups including hydroxyl, carboxyl groups, and esters were decomposed at
326.85 ◦C and 499.85–723.85 ◦C [50]. MOLP exhibited poor thermal stability, corroborating
the calorimetric (DSC) curve data discussed in Section 3.2. More so, Araújo et al. [30] and
Bello et al. [51] observed similar behavior during the thermal assessment of Moringa oleifera
seed powder. Another similar behavior was described by Ram et al. [52] for Carica papaya
leaves with 6.23% mass loss in the first stage and 28.00% and 17.46% in the second and
third stages.

Processes 2021, 9, x FOR PEER REVIEW  12  of  22 
 

 

antioxidant components in Moringa oleifera leaves [39]. In addition, 200–450 °C is associ‐

ated with  the degradation of  cellulose and hemicellulose  [48]. Similar  results were  re‐

ported  for Moringa oleifera  leaf antioxidants by  Jeyakumar et al.  [39]. The  final stage of 

degradation with 17.91% weight  loss appeared after 390 °C with  the decomposition of 

particles in the range of 371.86 °C to 571.76 °C, which probably include fatty acids, ash, or 

mineral content, and inorganic oxides. MOLP is high in minerals (11.82%) [49]; thus, the 

last stage can be attributed to the mineral decomposition and residues mass, usually car‐

ried out at high temperatures (500 °C). Moreover, lignin degradation happens at the tem‐

perature of 450–500 °C [48]. Oxygen‐containing functional groups such as lactones or es‐

ters (‐COO‐) and carboxyls (COOH carboxylic acid) decompose in this temperature range. 

It has been reported that functional groups including hydroxyl, carboxyl groups, and es‐

ters were decomposed at 326.85 °C and 499.85–723.85 °C [50]. MOLP exhibited poor ther‐

mal stability, corroborating  the calorimetric  (DSC) curve data discussed  in Section 3.2. 

More so, Araújo et al. [30] and Bello et al. [51] observed similar behavior during the ther‐

mal assessment of Moringa oleifera seed powder. Another similar behavior was described 

by Ram et al. [52] for Carica papaya leaves with 6.23% mass loss in the first stage and 28.00% 

and 17.46% in the second and third stages. 

 

   

0

20

40

60

80

100

120

25 225 425 625

W
ei
g
h
t 
lo
ss
  (
%
)

Temperature (oC)

A

0

20

40

60

80

100

120

25 125 225 325 425 525 625

W
ei
g
h
t 
lo
ss
 (
%
)

Temperature (oC)

B

0

20

40

60

80

100

120

25 125 225 325 425 525 625

W
ei
g
h
t 
lo
ss
(%

)

Temperature (oC)

C

Figure 6. Thermogravimetric curves of (A) MOLP, (B) PEG4000, and (C) PEG6000 at a heating rate of 10 ◦C·min−1.
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Figure 7. Thermogravimetric curves of MOLP solid dispersions prepared through (A) freeze-drying method (FD4000 and
FD6000), (B) melting method (M4000 and M6000), (C) solvent evaporation method (SE4000 and SE6000), and (D) microwave
method (MWI4000 and MWI6000).

PEG4000 (Figure 6B) exhibited a single thermal decomposition of 98.22% in the tem-
perature range of 356.4–483.84 ◦C. This thermal behavior for PEG4000 is similar to those
(99.16%) reported by Kou et al. [34]. Meanwhile, the PEG6000 thermograph (Figure 6C)
also exhibited a uniform thermal degradation behavior and greater stability. A single
mass loss stage was observed between 330.78 ◦C and 451.32 ◦C and peaked at 391.01 ◦C
with 96.0% weight loss. This corresponds to the decomposition of the materials or PEG
chains, carbonaceous material originating from the decomposition of the high molecular
weight polymer (PEG6000). These results concur with the previously reported weight loss
(98.79%) of PEG6000 [53]. Jayaramudu et al. [33] also reported a similar weight loss of
95.97% for PEG6000 in the same temperature range. Both PEG4000 and PEG6000 undergo a
substantial weight loss at ~400 ◦C, corresponding to the pyrolysis of PEG functional groups.
Based on these findings, it can be concluded that all the PEG samples were thermally stable.
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Table 2. Thermogravimetric data showing decomposition behavior of MOLP, PEG6000, and solid
dispersions as a function of temperature at a heating rate of 10 ◦C·min−1.

Method 1 Treatment 1 ∆Mass Loss (%) 1 Temperature Range (◦C)

- Pure MOLP
4.96 32.21–151.07
44.16 151.07–371.86
24.91 392.16–531.96

Pure PEG4000 98.22 356.4–483.84
- Pure PEG6000 96.0 330.78–451.32

Freeze-drying PEG4000
1.93 25.06–130.87
22.19 130.87–369.82
59.88 369.82–569.78

PEG6000 1.93 25.06–130.87
22.19 130.87–369.82

55.02 369.82–569.78

Melting PEG4000
1.83 32.12–131.35
19.49 131.35–371.74
60.69 371.74–572.01

PEG6000 1.27 24.97–111.48
18.30 111.48–371.74
54.38 371.74–572.01

Solvent evaporation PEG4000
2.10 32.13–130.27
22.27 130.27–369.72
57.66 369.27–569.86

PEG6000
2.10 32.13–169.82
22.27 169.82–389.85
57.66 389.85–489.99

Microwave PEG4000
2.26 31.97–130.34
22.93 130.34–369.77
57.18 369.77–569.55

PEG6000
2.26 31.97–130.34
22.93 130.34–369.77
57.18 369.77–569.55

1 MOLP: Moringa oleifera leaf powder. PEG: Polyethylene. ∆m% = %mend − %minitial represents the percentage of
mass loss at each stage.

Figure 7 shows the thermogravimetric curves of solid-dispersed MOLP obtained by
freeze-drying, melting, solvent evaporation, and microwave irradiation methods of solid
dispersion. Moreover, Table 2 presents the values of mass loss as the function of tempera-
ture. Solid dispersions prepared by the freeze-drying method (PEG4000 and PEG6000) in
Figure 7A revealed three stages of thermal degradation occurring at 130.87 ◦C, 369.82 ◦C,
and 569.78 ◦C with the mass losses 1.93%, 22.8% and 55.02–59.88%, respectively. The two
solid dispersions (PEG4000 and PEG6000) showed similar results for stages 1 and 2 but
significantly differed in stage 3 weight loss. The solid dispersions (PEG6000 and PEG4000)
prepared by the melting method in Figure 7B also revealed three mass loss stages. MOLP-
PEG4000 had 1.83%, 19.49%, and 60.69% mass losses observed in the temperature ranges of
32.12–131.35 ◦C, 131.35–371.74 ◦C, and 371.74–572.01 ◦C, respectively. The first weight loss of
1.27% occurred in the MOLP-PEG6000 solid dispersion from 24.97 to 111.48 ◦C, the second
stage occurred in the temperature range of 111.48–371.74 C with 18.30% mass loss, and the
final major mass loss of 54.78% occurred in the temperature range of 371.74–572.01 ◦C. The
solid dispersions (PEG4000 and PEG6000) in Figure 7C showed a 2.10% mass loss between
32.13 and 130.27 ◦C, a 22.66% mass loss between 130.27–369.72 ◦C, and a 57.57% mass loss be-
tween 369.72–569.86 ◦C. Furthermore, solid dispersions prepared by the microwave method
(PEG4000 and PEG6000) (Figure 7D) also indicated three stages of weight loss, where the first
mass loss of 2.26% is occurring from 31.97–130.34 ◦C. The second mass loss, 22.93%, occurs
in the temperature of 130–369.77 ◦C. While the stage of mass loss (57.18%) was observed at
369–572 ◦C. In all the solid dispersions, the first mass loss stage was attributed to water
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desorption and loss of loosely bound water [19,48]. (ii) The second stage occured due to the
decomposition of organic matter, protein components, fatty acids in the temperature range
130.34–369.77 ◦C. (iii) The third stage was attributed to organic phase desorption, such
as minerals (500 ◦C) and phenolic compounds. Solid dispersions presented the same
degradation profile as that of pure MOLP. However, the strong intermolecular interactions
between MOLP and PEG significantly increased the temperatures of the solid dispersions.
This may also be attributed to the higher compatibility of PEGs with MOLP as evidenced
by the peak shift to the right side, thereby increasing the thermal stability of solid disper-
sions. Solid dispersions exhibited good thermal stability than the MOLP. These findings
corroborate with calorimetric thermograms discussed in this study. Similar results were
reported by [20]. Zeng et al. [54] also reported a similar finding that PEG increased the
thermal stability of Palmitate in solid dispersion.

3.4. Fourier Transform Infrared (FTIR) Spectra of MOLP and SDMOLPs

FTIR was performed to investigate further the possibility of interactions between
MOLP and PEGs (PEG4000 and PEG600) in the solid state. This technique was equally
employed to characterize the functional groups present in the samples. Figure 8 and
Table 3 show the infrared (IR) spectra of pure MOLP and SDMOLPs. MOLP spectrum
contained many characteristic bands connected with main Moringa oleifera leaf components.
The MOLP spectrum exhibited a broad peak centered at 3295.4 cm−1, attributed to the
stretching vibration band of O−H. This band is associated with polyphenol structures
such as flavonoids, tannins, glycoside derivatives, and fiber. This functional group also
appears predominantly in the protein and fatty acid structures in Moringa oleifera leaves
(3290 and 3309 cm−1) as reported by Huang et al. [7]. Moreover, since MOLP is a source of
protein, the region at 3295.4 cm−1 can also be associated with the N−H functional group.
This is evidenced in Figure 9. Other sharp characteristic peaks at 2921.2, 2850.6, 1990,
1640.9, 1553.6, 1420.6, 1316.6, 1246, 1058.9, 530.95, and 468.6 cm−1 were observed. The
peaks at 2921.2 cm−1 and 2850.6 cm−1 were attributed to C-H’s asymmetric and symmetric
stretching vibrations in aliphatic chains. These methyl groups are usually present in fatty
acids. Exact results were reported by Araújo et al. [30] for the Moringa oleifera seed powder,
which revealed the methyl groups at 2923 cm−1 and 2852 cm−1, respectively. Moreover,
Bello et al. [51] also observed similar functional groups at 2917 and 2849 cm−1 in the FTIR
spectrum of raw MOLP. The characteristic peak observed at 1640.9 cm−1 was associated
with the primary amide (amide I) of the protein group in MOLP, corresponding to the C=O
carbonyl asymmetric. The amide I band maximum centered at 1640.91 cm−1 indicates
that MOLP contains proteins with pronounced α-helix and β-sheet secondary structure.
In this band, the C=O vibrations have the predominant role, followed by C−N. There is
also some in-plane N−H bending contribution to amide [55] This region also indicates
the C=O carbonyl stretching of the ester carbonyl functional group of the triglycerides
of fatty acids. This carbonyl group is present in the fatty acids and protein structure of
the Moringa oleifera leaves. Moreover, the signals at 1640.9 cm−1 also correspond to C=O
bonds of ether, ester, and phenol found in MOLP. These results are in good agreement with
the values reported by Bello et al. [51] for the Moringa oleifera leaf powder (1636 cm−1).
More so, the characteristic peak around 1553.6 cm−1 marked the secondary amide (amide
II) band, showing the N-H group of the protein in Moringa oleifera leaves, corresponding
to C=O and N−H bending vibration [7]. The amide III bands were relatively weak and
appeared at about 1420.6 and 1316 cm−1. It was associated with N−H plane bending
coupled with C−N stretching and C–H and N-H deformation vibrations [55]. These bands
also were representatives of C=O asymmetric stretching and the deformation band of
aliphatic methylene group CH2.
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Figure 8. FTIR spectrum of Moringa oleifera leaf powder (MOLP).

Table 3. Functional groups from the FTIR spectra of MOLP, PEG, and solid dispersions 1.

Method Carrier Wavenumber (cm−1)

Pure MOLP 3287, 2921.2, 2850.6, 1990, 1640.9, 1553.6, 1420.6, 1316.6, 1246,
1058.9, 530.95, 468.6

Freeze-drying PEG6000 3380, 2883.59, 1466.43, 1359.72, 1341.67, 1279.27, 1241.01,
1146.89 1100.39, 1059.90, 961.28, 841.58, 528.43

PEG4000 3315, 2893, 1628, 1467, 1342, 1280, 1241, 1104, 962, 842, 526
Melting PEG6000 3361, 2892, 1634, 1467, 1342, 1280, 1241, 1101, 962, 842,531

PEG4000 3289, 2891, 1634, 1467, 1342, 1241, 1104, 960, 840, 529, 427
Solvent evaporation PEG6000 3424, 2888, 1634, 1468, 1342, 1280, 1242, 1105, 960, 842, 530

PEG4000 3288, 2892, 1649, 1467, 1342, 1280, 1242, 1104, 960, 842, 531

Microwave PEG6000 3351, 2891, 1652, 1467, 1467, 1342, 1280, 1149, 1103, 962, 842,
526

PEG4000 3341, 2891, 1628, 1467, 1342, 1280, 1241, 1104, 961, 842, 532
1 SD: solid dispersion; MOLP: Moringa oleifera leaf powder; PEG4000 and PEG6000: Polyethylene glycol 4000 and
6000 molecular weight, respectively.

The band observed at 1246 cm−1 corresponds to the C−O stretching, common in
several organic compounds. Due to the high protein content in Moringa oleifera leaves,
there might also be a contribution from the amides group’s N−H stretching. The intense
characteristic peak observed at 1058.9 cm−1 corresponds to C−O−C bonds of ether, phenol,
and ester or related compounds. This band is characteristic of carbohydrates. Tran et al. [55]
also reported that the absorption of infrared energy in the 1200 cm−1 to the 900 cm−1

region is due to carbohydrate components. Furthermore, stretching vibrations at around
473–703 cm−1 represent C−H, C=C, and N−H [56]. The peak at 651–535 cm−1, attributed
to C−N. Moreover, the absorption band at 651 cm−1 is related to C−C−N bend amines and
N−C=O bend amide [57]. The presence of this bend confirms the protein structure in the
Moringa leaves. Thus, the components of Moringa oleifera leaf powder could be aliphatic or
aromatic. It may therefore be inferred that aliphatic or aromatic alcohols, phenols, amine,
ketones, esters, and some nitrogen-containing compounds are the constituents of the leaf of
Moringa oleifera. The FTIR results obtained in this study for MOLP were per those reported
in the literature [7].
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FTIR spectroscopy of PEG4000 and PEG6000 (spectra not reported) indicated signif-
icant vibrations, which included the broadband at 3425 cm−1 which was due to O−H
stretching, aliphatic C−H stretching at 2875 cm−1, C−O at 1100 cm−1 and 960 cm−1,
and O−H primary or secondary, OH in-plane bending or stretching at 1341 cm−1. These
results are in good agreement with the previously recorded spectrum or values for the
polymer [58].

Solid dispersions prepared by freeze-drying, melting, solvent evaporation, and mi-
crowave methods (Figure 10) resulted in clear band shifts and increased peak intensity. The
appearance of broadband at 3413 cm−1 and 3416 cm−1 in MOLP−PEG4000 and MOLP-
PEG6000 solid dispersions belongs to stretching vibration of a phenolic hydroxyl group
(O−H) which represents hydrogen bonding between MOLP and carriers. Strong hydrogen
bonding occurs between the amide (NH2) functional group of MOLP and the ether group
(−O−) of the PEG polymer, depicted in Figure 10. Another hydrogen bonding interaction
occurs between NH2 (MOLP) and O−H (PEG6000). Hydrogen bonds are essential in
solid dispersions because they can reduce molecular mobility, depress the driving force
of crystallization, and thus enhance the stability and solubility of the solid dispersion
compared to pure MOLP. Kumavat et al. [59] reported similar results (intermolecular
hydrogen bonding) for Curcumin and PEGs (PEG4000 and PEG6000) solid dispersions.
Guedes et al. [60] also reported the same findings for Imidazolidinedione and PEG000 solid
dispersions. In pure MOLP (3287 cm−1), the O−H peak position was greatly shifted to
3413 cm−1 and 3416 cm−1 in MOLP−PEG4000 and MOLP−PEG6000 solid dispersions,
respectively. This indicated an intermolecular interaction between MOLP and PEG, which
may be from Van der Waal interactions, hydrogen bonding (through O−H and N−H
groups). Moreover, when comparing the solid dispersions, the redshift of the O−H spectral
peak in MOLP−PEG6000 solid dispersion was greater than MOLP−PEG4000. This may
be due to the increase of the PEG molecular weight [43]. The spectral peak observed at
2992 cm−1 (C-H) in pure MOLP disappeared in the spectral analysis of solid dispersions,
suggesting that binding occurred between MOLP−PEG (through hydrogen bonding).
Whereas the peak at 2853 cm−1 in pure MOLP attributed to the symmetric C−H group
shifted to 2892 cm−1 (higher wavenumber), indicating hydrogen bonding between ether
(−O−) group in PEG and methyl (C−H) group in MOLP, as shown in Figure 9. The
spectral peaks at 1641, 1541, 1237, 1064, 668 cm−1, assigned to C=O and N-H, primary
amide group, secondary amine group, symmetric bending of C−O, C−H bending, and
C−N, respectively, all shifted to higher wavenumbers. In addition to peak shifts of the
primary and secondary amide groups, the peak intensity of these peaks was reduced. These
changes prove that MOLP and PEG interacted via hydrogen bonds through their N−H and
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O−H functional groups. When mixed with PEG carriers, significant shifts in the position
of characteristic peaks of the MOLP indicated compatibility between the two components.
Therefore, strong intermolecular interactions via hydrogen bonding are important in solid
dispersions. They may help avoid thermal degradation of ingredients and improve solid
dispersions’ miscibility and physical stability. The region for aromatics (900–530 cm−1) of
MOLP displayed a marked increase in intensity, suggesting van der Waals-type interactions
in solid dispersions. Results obtained in this study are in agreement with the XRD, DSC,
and TGA studies.
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Figure 10. FTIR spectra of (A) pure Moringa oleifera leaf powder (MOLP), (B) Solid dispersed Moringa oleifera leaf powder
(SDMOLP) prepared by the freeze-drying method (MOLP-PEG4000), (C) SDMOLP prepared by the freeze-drying method
(MOLP−PEG6000), (D) SDMOLP prepared by the melting method (MOLP−PEG4000), (E) SDMOLP prepared by the
melting method (MOLP−PEG6000), (F) SDMOLP prepared by the solvent evaporation (MOLP−PEG4000), (G) SDMOLP
prepared by the solvent evaporation method (MOLP−PEG4000), (H) SDMOLP prepared by the microwave method
(MOLP-PEG4000), (I) SDMOLP prepared by microwave method (MOLP-PEG4000).

4. Conclusions

The novel solid dispersions of MOLP prepared by freeze-drying, melting, solvent
evaporation, and microwave irradiation methods using PEGs (4000 and 6000) hydrophilic
carriers were more thermally stable than pure MOLP, sugesting that the PEGs conferred
greater stability to the solid dispersions. Moreover, the solid dispersions were partially
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amorphous. The solid dispersions’ FTIR spectra revealed the formation of MOLP−PEG
intermolecular interactions via hydrogen bonding between MOLP hydroxyl (O−H) or
amine (N−H) functional groups and PEG O-H and −O− ether functional groups. These
strong intermolecular interactions may aid in the prevention of thermal degradation of
ingredients and the improvement of miscibility and physical stability of solid dispersion.
Therefore, it is hoped that the novel solid dispersions of MOLP with improved solubility
and good thermal stability would be a promising solution to broaden the application of
MOLP in functional foods and beverages.
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