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ABSTRACT: This study investigates the effects of honey concentration on the crystallinity, morphology, and thermal
behavior of zein-based polymer systems, aiming to assess honey’s role as a natural plasticizer. Fourier transform infrared
spectroscopy (FTIR) analysis confirmed the presence of strong intermolecular interactions and hydrogen bonding
between zein and honey, indicating good miscibility. X-ray diffraction (XRD) patterns revealed a significant reduction
in crystallinity with increasing honey concentration up to 25 wt.%, with the ZH5 (75 wt.% zein-25 wt.% honey)
sample exhibiting the smallest crystallite size (4.23 nm), suggesting enhanced amorphous character suitable for ionic
mobility. Field emission scanning electron micrograph (FESEM) images of ZH5 displayed a homogeneous porous-
fiber-like morphology, while excess honey beyond 25 wt.% led to agglomeration and phase separation. Thermal analysis
demonstrated improved thermal stability for ZH5, with a higher decomposition temperature and greater residual mass.
Differential scanning calorimetry (DSC) results showed a single glass transition temperature (Tg) for ZH5 at 88.4○C,
indicating good miscibility between honey and zein materials. These findings identify 25 wt.% honey as the optimal
concentration for plasticization, modifying zein’s structure and enhancing its amorphous nature and thermal resilience.
The results highlight the potential of honey as a sustainable and multifunctional plasticizer for the development of
biodegradable and eco-friendly polymer electrolyte systems.
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1 Introduction
Over the past several decades, the pursuit of environmentally friendly materials has intensified, driven

by the depletion of fossil resources, rising environmental awareness and growing demand for green technolo-
gies. Among these, biodegradable polymer systems have emerged as promising alternatives to conventional
petroleum-based polymers in applications ranging from packaging to biomedical devices and energy storage.
Natural polymers, due to their renewability, biocompatibility and low environmental footprint, have gained
considerable attention. One such biopolymer is zein, a prolamin protein derived from maize, which exhibits
unique film-forming abilities, hydrophobicity and biodegradability which makes it suitable for applications
such as food coatings, drug delivery and polymer electrolytes [1–3].
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However, the application of zein in flexible and conductive materials is hindered by its inherent
brittleness, poor flexibility and semi-crystalline structure, which restrict ion mobility in electrochemical
applications. To address these limitations, researchers have explored various modification strategies, among
which blending zein with plasticizers has proven effective in improving flexibility and enhancing the
amorphous phase [4]. The amorphous nature of a polymer host is a critical factor for ionic conduction, as ions
exhibit higher mobility in the amorphous regions. In polymer-plasticizer blends, the ratio of components
significantly influences the balance between crystallinity and amorphousness. This occurs because the pres-
ence of amorphous components can interfere with the crystallization process of other polymer components.
Plasticizers act by embedding themselves between polymer chains, reducing intermolecular forces and
disrupting crystalline domains, thereby increasing polymer flexibility and amorphous character [5].

Conventional plasticizers such as glycerol, sorbitol and polyethylene glycol (PEG) have been widely
used to improve the mechanical and thermal properties of biopolymers. However, there is growing interest
in utilizing natural plasticizers to further promote sustainability, reduce toxicity and exploit multifunctional
properties. In this regard, honey, a natural humectant and complex mixture of sugars, amino acids, phenolic
compounds and organic acids, presents a unique opportunity. Honey possesses functional groups such as
hydroxyl (-OH) and carbonyl (C=O) which are capable of forming hydrogen bonds with polymer backbones,
thereby improving polymer chain mobility and acting as a potential bio-based plasticizer [6]. Previous studies
have highlighted honey’s ability to interact with various polymeric systems [7,8]. Sarhan et al. [9] reported a
significant reduction in crystallinity and enhanced ionic conductivity in polyvinyl alcohol (PVA)-chitosan
films plasticized with 10 wt.% honey. Notably, polymer electrolytes with minimal crystallinity are typically
preferred for their superior ionic conduction properties. Chin et al. [10] demonstrated that the incorporation
of honey into PVA hydrogels lowered thermal stability but water resistance due to decreased crystallinity.
Despite such promising results in synthetic and polysaccharide-based polymers, limited studies exist on the
interaction between honey and protein-based polymers like zein.

In this work, the use of honey as a multifunctional plasticizer not only introduces biocompatibility and
sustainability but also represents an underexplored approach compared to commonly plasticizers such as
glycerol and PEG. The novelty of this work lies in demonstrating that honey, due to its complex composition
of sugars and polyphenols, can simultaneously tailor crystallinity, morphology and thermal behavior of zein,
offering new insights into the design of bio-based polymer systems with dual functionality—structural flexi-
bility and enhanced performance for advanced applications such as batteries and supercapacitors. Therefore,
this study aims to systematically investigate the influence of honey concentration on the physicochemical
properties of zein-based polymer systems. By preparing a series of zein-honey blends with varying honey
concentration and characterizing them using multiple techniques such as FTIR, XRD, FESEM, TGA and
DSC. This in-depth analysis enables identification of the optimal honey concentration that enhances the
amorphous character and thermal resilience of zein, thereby improving its applicability in green materials
for electrochemical and biodegradable technologies.

2 Experimental

2.1 Sample Preparation
Different weight percentages (x wt.%) of honey (Hutan Hujan Tropika, Grik, Perak, Malaysia) were

dissolved in 3 mL of dimethyl sulfoxide (DMSO) (Sigma-Aldrich) at room temperature for 10 min. After the
honey was fully dissolved, (100− x) wt.% of zein (Sigma-Aldrich) was added to the solution. The zein blended
honey was stirred until a homogenous solution and gel-like texture were obtained. The developed gels were
stored in a desiccator containing blue silica gel before further characterization. Table 1 lists the designations
and compositions of zein blended honey system.
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Table 1: Designations and compositions of zein blended honey system

Designation Honey: Zein composition (wt.%) Zein (g) Honey (g)
ZH0 0:100 2.0 0
ZH1 5:95 1.9 0.02
ZH2 10:90 1.8 0.04
ZH3 15:85 1.7 0.06
ZH4 20:80 1.6 0.08
ZH5 25:75 1.5 0.10
ZH6 30:70 1.4 0.12
ZH7 35:65 1.3 0.14
ZH8 40:60 1.2 0.16
ZH9 45:55 1.1 0.18
ZH10 50:50 1.0 0.20

2.2 Characterization of Sample
The interactions between the materials were analysed using Fourier transform infrared spectroscopy

(FTIR) with a Spotlight 400 PerkinElmer spectrometer. Spectral measurements were recorded over the
wavenumber range of 600 to 4000 cm−1 at a resolution of 4 cm−1, conducted at room temperature. The
crystallinity of the samples was examined using a Rigaku Smartlab X-ray diffractometer with a wavelength
of 1.5406 Å, scanning across a 2θ range of 5○ to 80○. The crystallite size of the samples (D) was determined
using Eq. (1):

D = 0.94 λ
β cos θ

(1)

where λ is the wavelength of the XRD patterns, β is the full width at half maximum (in radians) of the
peaks and θ is the diffraction angle. The surface morphology of samples was carried out using field emission
scanning electron microscopy (FESEM) with a Hitachi SU8220 microscope, operated at the magnification
of 5 K× magnification. The thermal analysis was evaluated using thermogravimetric analysis (TGA) using
a Perkin Elmer STA 400 analyzer. The analysis involved heating the samples from 30 to 600○C at a rate of
10○C min−1. In this work, differential scanning calorimetry (DSC) measurements were carried out using
a TA Instruments Q20 calorimeter to further investigate the thermal properties of the samples. The DSC
measurements were conducted under a nitrogen atmosphere (50 mL min−1), ranging from −60 to 200○C at
a heating rate of 10○C min−1.

3 Results and Discussion

3.1 Interaction between Honey and Zein
The interaction between powder zein, zein-DMSO, honey and different ratios of zein-honey are

analyzed using data obtained from the FTIR characterization. Mohamed et al. [11] reported that blending
polymers with plasticizer will provide more interaction sites for ions to migrate, hence enhance the ionic
conductivity. Fig. 1a shows the FTIR spectra of powder zein, DMSO and zein-DMSO (ZH0). A broad
absorption peak of powder zein at 3272 cm−1 and that of DMSO appears at 3428 cm−1 are attributed to
the typical of O-H stretching of carboxyl and hydroxyl groups. Meanwhile, in the ZH0 sample, the peak
shifts to 3290 cm−1, indicating the occurrence of an interaction between the polymer and the DMSO solvent.
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This finding similar reported by Tallawi et al. [12], that in the spectrum of zein-DMSO, the stretching of the
O–H and N–H bonds of the amino acids is visible at 3289 cm−1. The wide and strong absorption in the OH
band region of ZH0 indicates the presence of several hydroxyl groups in zein [13].

Figure 1: FTIR spectra of (a) Powder zein, DMSO, ZH0, (b) Honey, ZH0–ZH4 and (c) ZH5–ZH10 samples in the range
of 3000–3600 cm−1

Then, Fig. 1b,c shows the spectra of honey and zein blended honey samples in the range of
3000–3600 cm−1. Bahari et al. state that [14] the interaction of honey and silver/zinc oxide nanoparticles
mainly occur at hydroxyl (OH) group. The OH band of honey is located at 3270 cm−1. Hydroxyl band also
shifted towards higher wave numbers (3334 cm−1) in addition of 5 wt.% honey into zein (ZH1). The hydrogen
atom from the hydroxyl groups of honey interacts with the oxygen atoms of zein to form intermolecular
hydrogen bonds in the plasticizer–polymer blend. These new interactions compete with the native hydrogen
bonding within zein, thereby disrupting the helix packing and reducing the degree of structural order. As a
consequence, the addition of honey up to 25 wt.% enhances the amorphous nature of zein by loosening the
compact polypeptide arrangements and increasing chain mobility. This plasticization effect has been widely
observed in biopolymer systems, where small molecules such as sugars weaken the intermolecular forces
and introduce free volume within the polymer matrix, that will be discussed in “XRD analysis”. Moreover,
the displacement of FTIR peaks associated with functional group oxygen atoms, such as hydroxyl and ether
groups, indicates interaction of the polymer with plasticizer. This phenomenon is due to the variation of
spectral peak properties, can result in physical mixing and chemical interactions. For instance, Asnawi
et al. [15] reported that, the presence of hydrogen bonding in the maltodextrin (MX)-methylcellulose (MC)
blend with a plasticizer is evidenced by the shift in the hydroxyl band of the polymer upon the addition of the
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plasticizer. With the increasing concentration of honey up to 25 wt.%, the hydroxyl band shifts to increase
wavenumber as observed in Fig. 1c.

Fig. 2 illustrates the carboxyl groups of powder zein, DMSO and ZH0 that can be observed at 2997 cm−1

in powder zein, 2994 cm−1 in DMSO, and 2999 cm−1 in the ZH0 corresponds to the overlap between C=O
and OH stretching vibrations of methyl (-CH3) and methylene (-CH2) groups. In powder zein, the 2997 cm−1

peak originates from the aliphatic side chains of amino acids such as leucine and valine [16,17]. Similarly,
DMSO exhibits a peak at 2998 cm−1, likely due to the asymmetric stretching of its methyl (-CH3) groups.
When zein is mixed with DMSO, the peak shifts slightly to 2999 cm−1, proving an interaction between zein
and DMSO molecules. Furthermore, the C-H stretching appears at 2914 cm−1 of powder zein, showing the
characteristic vibrational bands for protein. When zein is dissolved with DMSO, the C-H stretching peak
shifts to 2915 cm−1. Ali et al. [18] reported that the CH stretching of zein located at 2925 cm−1, indicating inter
and intramolecular interaction of the polysaccharide’s chains. Bahraminejad et al. [19] also recorded that the
CH stretching of zein located at 2923 cm−1, which is consistent with this work. The CH stretching vibration
also can be observed between 2989–3000 cm−1 when zein blended with honey. This peak corresponds to the
stretching of CH bonds, which are characteristics of protein from zein [20]. The absence of obvious shifts
in this region due to the molecular interactions between zein and honey do not substantially alter the CH
stretching. This stability is due to the dominant zein concentrations, which maintain its structural integrity
despite the presence of honey [19].

Figure 2: FTIR spectra of (a) powder zein, DMSO, ZH0, (b) honey, ZH0–ZH4 and (c) ZH5–ZH10 samples in the range
of 2850–3050 cm−1

3.2 Crystallinity of Honey and Zein
The ionic conduction is more preferable in the amorphous regions of the polymer electrolyte, as the

disordered structure facilitates ion mobility. Thus, determining the suitable ratio of polymer-plasticizer
components is crucial for enhancing ionic conductivity, which can be identified through XRD analysis. Fig. 3
illustrates the XRD pattern for zein blended honey system, providing insights into its structural characteris-
tics. The ZH0 spectra exhibit two obvious peaks at 2θ = 8.67○ and 23.06○, corresponding to crystalline region
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of zein, which are consistent with findings reported in previous studies [4,21]. Li et al. [22] have emphasized
that the 8.67○ diffraction angle reflects the average separation between backbones of the α-helices while the
23.06○ angle shows the lateral packing of the α-helices which in turn represents the crystalline nature, or
the average separation between adjacent helices in the protein. From the patterns of the zein sample it is
apparent that zein is a semi-crystalline polymer, as the two phases morphologies of crystalline phase and
amorphous state can be confirmed two crystalline peaks are found to overlay a broad band of amorphous
background [23]. The XRD pattern of ZH0 was used as a reference to identify changes in peak position and
intensity in the diffractogram of zein blended honey systems.

Figure 3: XRD pattern of zein blended honey systems

The high miscibility and the good contact between zein and honey were further supported by the
crystalline peaks in a ZH5 gel diffraction pattern that appeared at 2θ = 8.44○ and to be shifted to 2θ = 21.21○
resulting in lower intensity. Furthermore, no new reflections were detected in the XRD patterns of the
blended gel of ZH5, showing that there is less crystallinity compared to ZH0 [24]. The hydroxyl groups of zein
and fructose or glucose groups of honey could have a hydrogen bond interaction. In this work, honey acts as
a plasticizer for zein by introducing small hydrophilic molecules, such as glucose and fructose, that disrupt
the hydrogen bonding and molecular packing of zein’s chains, thereby reducing its crystallinity [9]. The
hydrophilic components of honey interact with the polar groups in zein, weakening intermolecular forces
and hindering the formation of ordered, crystalline regions. This disruption enhances the amorphous nature
of the zein-honey composite, which contributes to increased flexibility and lower stiffness in the material [25].
The addition of honey into zein is proven to reduce the crystallinity of the gel, thus highlighting honey’s
role as a plasticizer and then provides more space for ionic conduction. When the honey concentration
exceeds 25 wt.%, the peak intensity increases, showing a transition towards higher crystallinity regions.
This shows that the addition excess amount of honey influences the molecular arrangement of the zein
matrix, promoting the formation of more ordered structures. Since broad peaks are characteristics of
amorphous phases, additional analysis is required to quantitatively assess the crystallite size (D). Table 2 lists
the crystallite size of the samples. The addition of honey up to 25 wt.% decreases the crystallite size from
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6.008 nm (ZH0) to 4.232 nm (ZH5). These results show that ZH5 is the most amorphous sample and verify
the polymer-plasticizer interaction has disrupted the crystalline region resulting in a decrease in the degree
of crystallinity. On addition of 30 wt.% honey, the crystallite size increase implying that phenomenon of
ion recombination dominated as too much plasticizer was provided thus affecting the number density of
the ions.

Table 2: Crystallite size of zein blended honey system

Designation Crystallite size (nm)
ZH0 6.008
ZH1 5.498
ZH2 5.067
ZH3 5.055
ZH4 4.618
ZH5 4.232
ZH6 4.293
ZH7 5.059
ZH8 5.603
ZH9 6.145
ZH10 6.275

3.3 Morphology Analysis
One way to observe the miscibility between the constituents when combining two materials is FESEM

analysis. The homogeneous smooth surface of the blended zein and honey indicates that they are miscible
with each another. A micrograph of the surface of the selected zein blended honey systems is shown in Fig. 4.
The entire structure of zein-DMSO (ZH0) consists of interconnected pores. Ramos Rivera et al. [1], reported
that the water hydrolysis leads to the creation of pores, and during the process, zein molecules can entrap the
bubbles which travel from the bottom to the surface of the electrolyte, but when the solvent has evaporated
a state of resulting in the formation of a porous structure. Then, the surface micrograph of honey (Fig. 4b),
revealing distinct crystal and pollen grains morphologies. Calderon-Hermosillo et al. [26] reveal that the
morphological of honey varies depending on its type and crystallization time. Similarly, Mohamed et al. [27]
observed the variations in the morphology of pollens grains present in G. thoracica and H. itama honey.
The size, shape and aperture of pollen grains differed, reflecting the unique plant species preferences of each
stingless bee during foraging. When zein is blended with honey, the surface image of ZH5 transforms into
a porous and fiber-like (spherical) morphology as illustrated in Fig. 4c. This alteration results from honey’s
hydrophilic properties, which allow zein to take in moisture from the surroundings and cause the zein matrix
to swell. This phenomenon is consistent with the findings by Rasouli et al. [28], who reported that blending
Fe3O4 nanoparticles (Fe3O4-NPs) with honey similarly produced a spherical structure. Fig. 4d presents the
surface micrograph of ZH10, showing morphological changes when the honey concentration exceeds 25
wt.%. At this concentration, the structure transitions into agglomerates, indicating significant reorganization
of the material. The agglomeration in ZH10 indicates that the excess concentration of honey disrupts the
homogeneous zein, leading to phase separation or clustering. This trend is consistent with the observations
discussed in “XRD analysis”, where the influence of increased honey concentration on the zein’s material
properties was explored. The increase in honey concentration introduces a higher proportion of sugars and
other hydrophilic components, which promote the formation of larger crystalline regions. This increase
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in crystallinity with higher concentration of honey is undesirable for applications requiring efficient ion
transport in the electrolytes.

Figure 4: Morphological images of (a) ZH0, (b) Honey, (c) ZH5 and (d) ZH10 for theselected zein blended honey
systems

3.4 Thermogravimetric Analysis (TGA)
In blending two mixtures, thermal stability is one of the important parameters that need to be explored.

The thermal stability can be investigated using TGA measurement. The TGA curves of ZH0, honey, ZH5
and ZH10 are displayed in Fig. 5. It can be observed that the first degradation in each sample occurs
up to ~100○C. This first stage of degradation (1st degradation) occurs due to the loss of water weight
as the polymers naturally possess hydroscopic behavior [29,30]. Major decomposition of honey occurs
at ~140–300○C with a weight loss of ~60%. The second weight loss of ~70% for ZH0 occurs between
~200–350○C. Kaur & Santhiya [31] analyzed that zein has a single-step reduction of weight mechanism and
breakdown temperature of ~187○C, which is consistent with present finding. The weight loss at this stage
relates to the progressive depolymerization and decarboxylation of thermally unstable protein units [2].
After blending zein with 25 wt.% honey, the decomposition temperature of ZH5 was shifted to a higher
decomposition temperature (>132○C), indicating an improvement in the heat resistance of zein blended
honey system, which can be attributed to the intermolecular interactions between zein and honey. The
increase of decomposition temperature by adding honey reveals the miscibility of zein to a certain extent, as
evidenced by the changes observed in the second degradation stage of ZH5 in Fig. 5 [32]. However, beyond
25 wt.% honey (ZH10), the decomposition temperature slightly decreases to ~120○C, due to excessive amount
of honey that reduces the heat resistivity. Similar findings were reported by Sarhan et al. [9], where the
addition of 30 wt.% honey in PVA-chitosan polymer, the decomposition temperature is lower compared to
10 and 20 wt.% of honey. This phenomenon can mainly be attributed to the thermal decomposition of the
polymer structure as well as the degradation of the honey components followed by carbonization of the honey
contents. Referring to Fig. 5, it can be observed that the degradation of ZH5 is higher compared to ZH0
and ZH10, showing that ZH5 has the strongest interactions, which consistent with the “FTIR analysis” [33].
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After ~400○C, there is ~6% residue left of ZH5, which is higher than ZH0 (~4%) and ZH10 (~3%), indicating
ZH5 is the most thermal stability.

Figure 5: TGA curves of selected zein blended honey systems

3.5 Differential Scanning Calorimetry (DSC)
Thermal characterization of zein the blended honey system was further investigated using DSC analysis.

The value of glass transition temperature (Tg) is extracted from the heat capacity transition midpoint. If the
blended system exhibits two transitions in the DSC technique, phase separation and immiscibility of the
polymer components are present [34]. Meanwhile, if the polymer materials are miscible to each other, only
one transition will be observed [35]. Fig. 6 illustrates the selected DSC curves of zein blended honey system.
The Tg of ZH0 is determined at 117.6○C, which is consistent with the published paper by Contardi et al. [36]
of ~112.0○C for zein. In this work, the Tg of honey is found to be 63.0○C while Sobrino-Gregorio et al. [37]
reported that the Tg of sunflower honey is 67.3○C, which is consistent with the Tg value in this study. When
zein blended with 25 wt.% honey, the Tg is found to be 88.4○C, which lies between the Tg values of ZH0
and honey. This finding confirms the miscibility between zein and honey in ZH5. This observation indicates
that the two materials are miscible and interact at the molecular level, resulting in a single, intermediate
Tg . Moreover, the shift in Tg also suggests the presence of intermolecular hydrogen bonding between pure
zein and honey chains, which affects the polymer chain mobility. When the concentrations of more than
25 wt.%, the Tg value increases to 90.2○C for ZH10 sample, which is attributed to the excess amount of
honey enhancing the rigidity of the zein matrix. The increased honey concentration likely promotes stronger
intermolecular interactions, thereby restricting polymer chain mobility and resulting in a higher Tg . The
absence of endotherms peaks in this work confirms the lack of long-range crystalline domains, which is
aligned with previous reports on zein [1,21,23]. This observation supports the notion that the semi-crystalline
nature of zein is dominated by secondary structural arrangements compared to classical crystalline lamellae,
as discussed in “XRD analysis” [22,23]. Fig. 7 shows the proposed interaction mechanism between zein
and honey, emphasizing the dominant contribution of hydrogen bonding in promoting intermolecular
interactions [1,21].

To validate the data, the enthalpy (ΔH) of the selected samples is calculated using Eq. (2):

ΔH = K ∫
T

0
ΔTdt (2)
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where K is a constant, ΔT is the temperature difference between reference and sample and t is the testing
time. In this work, as the sample possesses thermal resistance, the temperature difference arises between the
reference and the sample, which is proportional to the heat flux, where the area under the heat flux curve
represents enthalpy [38]. The Tg and ΔH parameters obtained from DSC analysis for the selected samples
are summarized in Table 3. The ΔH decreased with the addition of honey, confirming the disruption of zein
crystalline domains and enhancing amorphous region due to the honey’s plasticizing effect.

Figure 6: DSC thermograms of selected zein blended honey systems

Figure 7: Schematic diagram of the hydrogen bonding mechanism between zein polymer chains and honey

Table 3: Glass transition temperature and enthalpy change of the selected samples

Sample Tg (○C) ΔH (J g−1)
ZH0 117.6 3118.26

Honey 63.0 217.54
ZH5 88.4 180.88
ZH10 90.2 204.95
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4 Conclusion
In flexibility polymer electrolytes, the polymer matrix serves as a solid solvent for ion transport without

requiring organic liquids. Alternatively, the addition of plasticizers to electrolytes has constantly become
an interesting approach in improving the ionic conductivity, thermal stability and electrode-electrolyte
interface stability. In this work, the compatibility between zein and honey as a polymer-plasticizer host
system was proven and discussed. FTIR analysis confirmed that dissolving zein and honey in DMSO led
to a shift in the hydroxyl bands, proving the formation of hydrogen bonds among the OH groups of zein,
honey and DMSO. Among the samples, ZH5 exhibited the lowest crystallite size (4.232 nm), proving that
blending zein with honey effectively suppresses crystalline domains, making the sample highly suitable to
serve as a polymer-plasticizer host. The porous surface structure observed in ZH5 provides further evidence
of the miscibility and compatibility of zein and honey at this specific ratio. Furthermore, the absence of
agglomerated structures based on the surface micrographs. TGA analysis of the zein blended honey systems
reveals that they demonstrate characteristics from both zein and honey, as observed by a reduction in
the decomposition temperature compared to the pure polymer. The ZH5 sample possesses the lowest Tg
(88.4○C), proving the high amorphous region within the blend relative to other samples and supports the
decision that ZH5 is the best sample to serve as the host for the blend.
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