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This study focuses on the comprehensive thermal, chemical, and mechanical characterization of neem gum, a
natural, colorless, tasteless polysaccharide obtained from Azadirachta indica tree’s trunk. The collection process
of gum involves manual extraction from crude neem tree exudates, followed by thorough cleaning and ho-
mogenization with water. A portion of the resulting gum is then filtered, allowed to thicken, and naturally dried
for subsequent mechanical testing. Various analytical techniques, such as thermogravimetric analysis (TGA), and
differential scanning calorimetry (DSC) to determine the thermal properties, Fourier transform infrared spec-
trometry (FTIR) to find the functional groups, scanning electron microscopy (SEM), and micro-X-ray fluorescence
analysis (u-XRF) to decide the elemental composition, microhardness, tensile, flexural, and compression tests to
determine the mechanical properties, are employed in this study. The thermal and mechanical properties of neem
gum have been relatively unexplored, and this highlights the novelty and importance of this research. The results
are analyzed and compared with other natural tree gums. The pH of 5.07 shows that the gum is slightly acidic in
nature, and the peaks obtained from thermal analysis demonstrate that it doesn’t have a melting point. The
microhardness value, tensile strength, flexural strength, and compressive strength of neem gum are 238.64 MPa,
1.0155 MPa, 1.899 MPa, and 1.1023 MPa, respectively. This research provides valuable insights into the diverse
characteristics and potential applications of neem gum in various fields. It is being used in the pharmaceutical
industry. It can also be used as a cap for cutting tools, such as drill bits, after manufacturing, during trans-
portation to protect their sharp edges from damage.

1. Introduction residues (Choudhary et al., 2023). The most fundamental properties of a

gum that make it unique among polysaccharides are generally high

Recent decades have seen research on biopolymers as a potential
alternative to petroleum-based polymers. There is a strong trend to-
wards replacing synthetic materials with natural gums due to their non-
toxicity, low cost, safety, and availability (Mirhosseini and Amid, 2012).
The term "gum" is generally used to define hydrophilic or hydrophobic
molecules of high molar mass that have colloidal properties (Kurt et al.,
2016). Gums are fluids that flow spontaneously from trees due to ad-
aptations to climatic conditions (physiological gummosis) or in response
to any injury, whether mechanical, such as cutting, or due to the action
of microorganisms. These gums dry out when exposed to air (Amos
Nussinovitch, 2009). From a chemical standpoint, gums are poly-
saccharides, composed of polymers of sugars and oxidized sugar linked
together by glycosidic bonds. These polysaccharides can decompose into
water, carbon dioxide, and inorganic compounds without leaving toxic

* Corresponding author.

water solubility and low viscosity (Daoub et al., 2018a). Water-soluble
gums, also known as hydrocolloids, have various applications such as
dietary fibers, texture modifiers, gelling agents, thickeners, stabilizers,
emulsifiers, coatings, films, binders, and encapsulants (Martinetti et al.,
2014; Porto and Cristianini, 2014).

This study presents the characterization of the thermal, chemical,
and mechanical properties of neem gum. The neem tree, predominantly
cultivated in the southern regions of Asia and Africa, has a rich history of
use in medical folklore spanning many ages. It belongs to the mahogany
family and is characterized as an evergreen plant with a remarkable
lifespan exceeding 200 years (Karmakar et al., 2012). Thriving in
semi-arid and sub-humid regions, neem is also cultivated in tropical and
subtropical climates, flourishing at an annual mean temperature ranging
from 21 to 32°C. Successful growth occurs in areas with an annual
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rainfall below 400 mm, and it exhibits resilience to high temperatures up
to 48°C, even in extremely dry conditions (Dhar et al., 2012). However,
the plant cannot withstand freezing conditions, particularly during its
early growth stages. The neem tree is an evergreen tree that can reach
heights of up to 20 m. Adaptable to various soil types, including clay,
saline, and alkaline soils with a pH of 8.5, neem can be cultivated
directly from seeds or through the transplantation of nursery-raised
seedlings with minimal care. It is not preferred by livestock for con-
sumption and is resistant to diseases and pests (Karmakar et al., 2012).
Harvestable seeds typically appear within 3-5 years, with full produc-
tion achievable in a decade, sustaining productivity for up to 150-200
years (Takase et al., 2015). Notably, various parts of the neem tree, such
as the leaves, bark, fruit, flowers, oil, and gum, have been associated
with traditional medicinal practices for addressing conditions like can-
cer, hypertension, heart diseases, and diabetes.

Neem gum, a natural, tasteless, amber-colored extrudate obtained
from the incised trunk of Azadirachta indica, is a water-soluble, naturally
occurring polysaccharide (Asghar et al., 2019; Bhagwat et al., 2020).
Native to tropical and semi-tropical regions, this tree consistently pro-
duces an abundance of gum throughout the year. Neem gum comprises
mannose, glucosamine, arabinose, galactose, fructose, xylose, and
glucose (Kalaskar et al., 2021). Neem gum finds diverse applications,
particularly in cosmetics and medicines, owing to its water-dispersible,
cost-effective, non-toxic, and biocompatible characteristics. The specific
chemical groups within neem gum, such as COOH, OH, and CH;3CO,
contribute to its unique binding capabilities with targeted sites (Asghar
et al., 2019). Besides the pharmaceutical industry, the introduction of
neem gum to concrete markedly inhibits the corrosion of reinforced steel
in NaCl solution (Annaamalai et al., 2018). Further, neem gum has
unique properties that can be used as both a bio-electrolyte and a
bio-electrode component, exhibiting superior dielectric strength and
versatility, suggesting potential utilization in diverse devices
(Parangusan et al., 2024). It was also used as bio electrochemical flexible
energy storage device (Dhar et al., 2020). The present study addresses a
significant research gap by focusing on the thermal, chemical, and me-
chanical properties of neem gum, which has been relatively unexplored
except for its applications in the pharmaceutical sector. Although the
few available research papers on neem gum discuss its thermal prop-
erties, they lack supporting evidence and verification. The present work
provides strong visual evidence of its thermal properties through STA
and also verifies the chemical composition of neem gum by FTIR,
SEM/EDX, and p-XRF tests. Furthermore, this is the first time the me-
chanical properties of neem gum have been analyzed, which will help
the academic community and industries to unveil new areas of usage.
These facts highlight the novelty and importance of this research.

2. Methodology
2.1. Gum extraction and preparation

Crude neem gum was collected from Azadirachta indica trees
manually from northern province of Sri Lanka. This involved the
extraction of natural substances that ooze out from the trees. The gum
may be dried (Mahfoudhi et al., 2014), dried, ground, and sieved (Nayak
et al., 2011), or chopped into bits (Porto and Cristianini, 2014b) before
adding water to it. The purpose of these steps is to ensure the purity of
gum and to increase the gum polysaccharide’s solubility in water (Porto
and Cristianini, 2014b). On the other hand, these are not mandatory
steps in the extraction and purification procedure if the purity is ensured
and solubility is enhanced by any other means (Rincon et al., 2009;
Simas-Tosin et al., 2010, 2013). In the current research, the extracted
gum was manually cleaned to remove any impurities such as the parti-
cles of the bark and other extraneous materials. This step ensures that
only the pure exudates are used in the subsequent process. Equal weight
of normal water was then added at room temperature (25-30 °C) to the
cleaned exudates and the mixture was homogenized. This process helps
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to achieve a uniform consistency throughout the mixture (Mathavan and
Hafiz bin Hassan, 2024). After homogenization, the mixture was left for
24 hours to allow complete dissolution of the exudates in the water.
Subsequently, the mixture was filtered using sieve to make sure that no
external particles or mucilage were trapped in the gum. This filtration
step ensures the purity of the final product. Finally, the filtered mixture
was allowed to thicken naturally under ambient temperature and hu-
midity. This allows the gum to achieve the desired consistency suitable
for further processing. One portion was then powdered according to the
necessity of the thermal and elemental analysis. For mechanical testing,
another portion was transferred to a mold with dimensions
20 cmx 10 cm with a mold release sheet at the bottom. It was then left to
dry naturally in open air at ambient temperature and cut into different
sizes based on the tensile, flexural and compressive test requirements.

2.2. Determination of pH

2 g sample of gum was dispersed in sufficient deionized water and
the volume was made to 100 ml with more of the deionized water to
produce a 2 % "'/, dispersion of the polymer. The pH of the dispersion
was determined 24 h after preparation using a pH meter provided by
EUTECH INSTRUMENTS according to ASTM D1293A standard.

2.3. Thermogravimetric analysis

Most polymers, synthetic or natural, suffer degradation when sub-
jected to thermal stress (Atul and Baldev, n.d). This is attributed to chain
depolymerization, point splits, or even the elimination of low molecular
weight fragments, which cause mass loss due to the increase in tem-
perature (Crompton, n.d). They cause thermal effects related to physical
or chemical changes, and are associated with thermodynamic events
(Atul and Baldev, n.d). These changes in energy and mass can be
measured by thermogravimetry (TG), derivative thermogravimetry
(DTG), differential thermal analysis (DTA) and differential scanning
calorimetry (DSC), which make it possible to obtain information such as
changes in the crystalline structure, reaction kinetics, melting and
boiling point, glass transition, etc. (Michael and Brown, n.d). Ther-
mogravimetry can be defined as changes in mass as a function of tem-
perature and/or time (Wesley William Wendlandt, 1974). It can also be
said as continuous registration of mass subjected to heating or cooling
(Sestak, 1984).

The TG (thermogravimetric) analysis was performed according to
ASTM E1131 standard on a Pyris 1 TGA Thermogravimetric Analyzer
supplied by PerkinElmer Life and Analytical Sciences. It has temperature
range up to 1000°C, scanning rate of 0.1 °C/min - 200 °C/min, tem-
perature precision of + 2°C, temperature accuracy of + 0.1°C, balance
sensitivity of 0.1 pg and balance precision of 0.001 %. The analyses were
carried out on 8.1 mg weighed sample using nitrogen atmosphere with a
flow rate of 20 ml/min. The heating rate used was 20 °C/min, from 30°C
to a final temperature of 900°C.

2.4. Differential scanning calorimetry

Differential Scanning Calorimetry (DSC) is a robust physical tech-
nique employed to track both physical and chemical transformations in
polysaccharides during thermal processing, generating distinctive
curves for each polysaccharide (Bothara and Singh, 2012). DSC and DTA
are analyses that measure energy gradients between the sample and a
reference material subjected to controlled temperature. DSC is a calo-
rimetric method in which energy differences are measured, whereas in
DTA, temperature differences between the sample and the reference
material are registered (Crompton, n.d). DTA provides a qualitative
analysis of the thermal events experienced by the sample, whereas DSC
is able to quantify such events because it measures the heat flow through
a temperature gradient (Miiller and Michell, 2016). ASTM D3418 stan-
dard is used in this study to perform DSC analysis. DSC Q20 V24.11
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equipment from TA instruments was used. It has temperature range up
to 725°C, temperature accuracy of + 0.1°C, temperature precision of +
0.05°C, heating rate up to 200 °C/min, dynamic measurement range of
+ 350 mW and sensitivity of 1 pyW. The sample of weight 6.66 mg was
used under 50 ml/min nitrogen flow and 10.00 °C/min heat flow until
reaching 320°C.

2.5. Simultaneous thermal analysis (STA)

Real time observation of the changes in the sample with increasing
temperature is conducted through STA to verify the results obtained
from TGA and DSC analysis. Simultaneous thermal analyzer STA8122
manufactured by Rigaku corporation was used under static air to
observe and analyze the changes occurring to the sample under ambient
environmental conditions. Maximum temperature of 400°C and tem-
perature increasing rate of 20 °C/min were preset for testing.

Simultaneous Thermal Analysis (STA) is an analytical technique that
concurrently measures both thermogravimetry (TG) and differential
thermal analysis (DTA). In thermogravimetry, the analysis involves
measuring changes in the sample’s weight, enabling the examination of
reaction temperatures and the rate of weight change during processes
like dehydration, thermal decomposition, evaporation, and oxidation.
Differential Thermal Analysis (DTA) is employed to measure endo-
thermic or exothermic reaction temperatures, such as those related to
transitions, melting, crystallization, dehydration, decomposition,
oxidation, and glass transition temperature. Additionally, STA allows
measurements while capturing visual images of the sample using a CCD
camera. These images provide valuable insights into shape changes or
color variations in the sample associated with a reaction, enhancing the
interpretation of STA results. The instrument’s capability to combine TG
and DTA measurements, along with visual observations, contributes to a
comprehensive understanding of thermal events in the analyzed
samples.

2.6. Fourier transform infra-red spectrometry (FTIR)

FTIR test according to ASTM E1252 was performed to obtain quali-
tative infrared spectra of Azadirachta indica tree gum. The instrument
used for FTIR analysis is 400 Spotlights FTIR Imaging System. It was
integrated with Attenuated Total Reflection (ATR) model from Perki-
nElmer, USA for Mid-NIR infrared analyzing. ATR is an IR sampling
technique that provides excellent quality data in conjunction with the
best possible reproducibility of any IR sampling technique. The zinc
selenide detector is used to detect the spectra transmission with a scan
range from 600 cm ™! to 4000 cm ™. The resolution used is 8 cm ™ for 16
scans. IR spectrum software version 10.3.2 by PerkinElmer is used to
process the spectrum.

2.7. SEM/EDX analysis

Scanning electron microscope (SEM) S-3400 N provided by Hitachi
Science Systems, Ltd is used to see the magnified images of the
powdered sample. The SEM used has the magnification power from 5x to
300000x, acceleration voltage of 0.3 kV to 30 kV and vacuum pressure
of 1.5x1073 Pa. The electron source used is pre-centered cartridge type
tungsten hairpin filament. Energy Dispersive X-ray Analysis (EDX) is
occupied along with SEM to analyze the elements present in the
powdered sample. The sample powder to be imaged is sticked to the
sample stage with the help of double-sided adhesive tape and inserted in
to the SEM. Once the image is obtained, the EDX is used to scan the
image under “area scanning” option to determine the elements present
in the specified points of interest. ASTM E 1508 standard is used for the
quantitative analysis of SEM/EDX.
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2.8. Micro X-ray fluorescence test

Micro X-ray fluorescence (u-XRF) is the analytical method used in
this study according to ASTM E3295 - 23 standards to pinpoint the
microscopic elemental makeup of Azadirachta indica tree gum. The
p-XRF used in this work was an M4 Tornado produced by the German
company Bruker Nano GmbH in Berlin. Radiation was produced using a
rhodium tube. A 40 kV supply with a 600 mA current flow and a 2mbar
pressure were used for the experiment. In order to achieve a sharp focus
image and a significant amount of X-ray beam scattering, the sample was
positioned and adjusted. Based on the photon energy supply from
1.7 keV to 25.5 keV, the p-XRF used in this work can test metallic
samples of thickness 400 nm to 20 um, glass, stone or ceramic samples of
thickness 4.5 ym to 3 mm, and plastic or wood samples of thickness
10 ym to 2 cm.

2.9. Micro hardness

Nano indentation test was conducted to characterize the micro
hardness according to ASTM E384, using a Nano Test Vantage machine
which was manufactured by Micro Materials Ltd. The experimentation
sample should have fine surface finish and should be free from any dirt
or grease as these irregularities may affect the readings. Graph of
loading and unloading curves and the value of hardness were obtained
for further analysis. The nano indentation test consisted of following
experiment parameters. Maximum load of 500 mN, minimum load of 50
mN, limit stop load of 0.01 mN, initial load of 0.01 mN, loading and
unloading rate of 5.0 mN/s, 6 s dwell at maximum load in one column
each containing 10 indentations with Z offset of 0 pm and Y offset of 15
pm and retraction distance of 15 pm.

2.10. Tensile strength

Tensile test (ASTM D638 — 12.7 mm width, 165 mm long and 3.2 mm
thickness) was performed on computerized universal testing machine
with 400 kN capacity. The tensile test outcomes including tensile
strength, strain and young’s modulus of the specimen are represented
graphically in the results and discussions section. Viknesh Kumar et al.
used neem gum powder as the filler material while testing the me-
chanical properties of the LY 556 Epoxy resin using the same testing
method (Kumar et al., 2023). Various other researchers also have used
ASTM D638 for tensile test of composite resins (Chandra et al., 2022;
Mebratie et al., 2023).

2.11. Flexural strength

Flexural test is performed according to ASTM D790-17 standard.
Specimens of thickness 3.2 + 0.3 mm, span length of 16 + 1 times that
of thickness and width less than one forth that of span length is used for
the testing (12.7 mm width, 127 mm long, 3.2 mm thickness). Rate of
cross head movement was set at 1.5 mm/min and maximum limiting
deflection was set at 40 mm. Maximum load, maximum extension,
flexural stress, flexural strain and modulus values were obtained from
the graph. Some other researchers also have used ASTM D790 for flex-
ural testing of composite resins (Karthikeyan et al., 2022; Nik Wan et al.,
2023).

2.12. Compressive strength

ASTM D695 is used to obtain the compressive strength, compressive
yield point, and modulus of neem gum. Compression test was conducted
on samples of 12.7 mm width, 25.4 mm length and 12.7 mm thickness
with a cross-head movement of 1.5 mm/min. The maximum compres-
sion specified was 50 % that of the length of the sample. The same UTM
machine with different heads was used for each of the tensile, flexural
and compression tests.
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2.13. Viscosity and electrical resistivity

Viscosity and electrical resistivity were measured within the tem-
perature range of 30°C to 90°C and concentrations of 10, 20, 30 40, and
50 %"/, of the gum. The viscosities of the gum dispersions were ob-
tained at different shear rates of 2-100 rpm using Brookfield viscometer
version 5 spindle 2 (Brookfield Engineering Labs, Stoughton, USA) ac-
cording to Eshun et al. (Eshun Oppong et al., 2021). A 3 min stan-
dardization was done before the reading of viscosities was taken (Nep
and Conway, 2010). In general, viscosity of gums depends on the type of
gum, temperature, concentration, pH, and the presence of other sub-
stances in the solution. The effect of these individual factors on viscosity
varies from gum to gum (Eshun Oppong et al., 2021). A graph of the
viscosities against concentration was plotted to evaluate the effect of
concentration on viscosity. In this research, multimeter is used to mea-
sure the electrical resistance and the resistivity is calculated from the
data obtained from it.

3. Results and discussion
3.1. pH value

The pH value obtained for 2 % "'/, neem gum was 5.07 £ 0.02 and
which is in the interval between 3.8 and 5.22 as specified by Gyedu-
Akoto et al. (Gyedu-Akoto et al., 2008). They further mentioned that,
the pH of gums coming from trees of the different age groups and
different locations can be vary. Another research group found that the
neem gum is acidic in nature (Kalaskar et al., 2021) and it is in the
comparable range of khaya gum (pH = 3.38 - 4.2) (Olorunsola et al.,
2016), grewia gum (pH = 5.67-5.73) (Nep and Conway, 2010), acacia
gum (pH = 4.61) (Olorunsola et al., 2016) and cashew gum (pH = 4.76)
(Mathavan and Hafiz bin Hassan, 2024).

3.2. Thermo gravimetric analysis

The process of thermal degradation of polysaccharides starts with
random chain scission-related breakdown of the polymerization and
ends with molecular rearrangements (Singh and Sharma, 2014). The
thermogravimetric curves of neem gum samples are shown in Fig. 1. The
first stage up to 116°C is attributed to moisture evaporation with mass
loss of 6.44 %. The decomposition of the three biomass lignocellulosic
components takes place next. Hemicellulose is the first component to
decompose between 168-273°C with mass loss of 9.41 %, followed by
cellulose between 279-391°C with mass loss of 43.64 % and the last one
is associated with the breaking of the lignin chain of neem gum up to
900°C. At 900°C the residual mass was 16.24 %. These stages were
evidenced in the derivative thermo gravimetry (DTG) curve with peak at
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Fig. 1. Thermogravimetric curves obtained for the neem gum sample.
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70°C, which is related to moisture removal, and peak at 340°C, which is
related to the decomposition of cellulose in neem gum. The derivative of
the thermogram, showing the rate of weight change, helps identify
specific temperatures at which maximum weight loss occurs. Around
10 % weight loss between 50°C and 120°C because of the elimination of
water molecules and a major weight loss of ~47 % at temperature be-
tween 210°C to 350°C due to the breaking of the main chains of neem
gum was also observed by Asghar et al. (2019). The decomposition of
hemicellulose between 200-300°C, followed by cellulose between
250-380°C was also recorded by some researchers for few other biomass
lignocellulosic components (Zhou et al., 2013). Samrot et al. also
observed a weight loss from 100 % to 63.3 % between the temperature
range of 50-485°C for polysaccharide decomposition of neem gum
(Samrot et al., 2020).

Cellulose is the compound with the highest activation energies. This
is attributed to the fact that the cellulose is a very long polymer of
glucose units without any branches (Skreiberg et al., 2011), while
hemicellulose has a random branched amorphous structure that gives a
lower activation energy; this is the reason why hemicellulose de-
composes more easily in a lower temperature range (Chen et al., 2019).
Lignin has a very complex structure composed of three kinds of heavily
crosslinked phenylpropane structures (Skreiberg et al., 2011) and its
decomposition range is the widest (Di Blasi, 2008), occurring from
200°C up to high temperatures such as 900°C. These bonds have rela-
tively high bond energies, requiring more energy input to break them
and initiate degradation. Generally, dehydration, depolymerization,
decarbonylation and pyrolitic decomposition, with the evolution of
H30, CO, CO2, and CHy4 are involved in anionic gum thermal decom-
position. However, because of the differences in structure and functional
groups, either the degradation routes or the resulting fragments will be
different (Cunha et al., 2007).

3.3. Differential scanning calorimetry

Differential scanning calorimetry is a primary technique for
measuring the thermal properties of materials to establish a relation
between temperature and specific physical properties of materials. The
DSC thermograms of the neem gum is shown in Fig. 2. Neem gum sample
shows the broad endo (heat absorbs) related peak at 112.1°C and
exothermic (heat liberation) peak at 315.3°C respectively. The respec-
tive enthalpies associated with these transitions are 479.5 J/g and
53.5 J/g. These findings align with the results of Malviya et al. (Malviya
et al.,, 2018), who reported an endothermic peak at 96°C and an
exothermic peak at 300°C for neem gum. Additionally, Bhagwat
(Bhagwat et al., 2020) noted a broad endothermic peak at 95.02°C fol-
lowed by an exothermic peak observed at 303.70°C for neem gum.

I = Heat flow Vs Temperature

Heat flow {W/g) [Endo down]

vl b b bvnnn v |

2|||||||||||||||||||1|||||||||||

S0 100 150 200 250 300 350
Temperature {°C)

Fig. 2. Differential scanning calorimetry curves obtained for the neem
gum sample.
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Kalaskar et al. showed that, an endothermic transition between 90°C
and 110°C and the peak of it observed at 100°C for the experiments
performed on neem gum (Kalaskar et al., 2021).

The broad endothermic transition is attributed to the dehydration of
water from the gum, involving the removal of detached water, which
can be hydrogen-bonded water, or physically adsorbed water. A broad
endothermic peak suggests less regular packing of neem gum (Daoub
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et al., 2018a) and a large asymmetric endotherm might be linked to the
presence of contaminants (Daoub et al., 2018b; Kumar et al., 2011). In
other words, the nonexistence of sharp endothermic peak confirms the
amorphous nature of neem gum which is not semi-crystalline in nature.
Moreover, many researchers mentioned that the endothermic peaks in
the 150 — 231.15 °C temperature range can be attributed to the glass
transition of gum polysaccharides (Kamboj and Rana, 2014; Mehetre
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Fig. 3. Images taken at different temperatures (a) first image at start (b) image at 100°C (c) image at the start of first endothermic peak (d) image at the first
endothermic peak (e) image at 200°C (f) color change occurring (g) image at first exothermic peak (h) last image at 400°C.
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et al., 2015; Nep and Conway, 2010b). The temperature at which a
material changes from amorphous or glassy solid state to a viscous
rubbery state is known as the glass transition (Tg) (Jasse et al., 1994).
The glass transition temperature is higher for plant gum polysaccharides
with higher degrees of crystallinity because they have high structural
stability (A. K. Singh et al., 2010). Conversely, amorphous gums have
lower glass transition temperatures, as found for kondagogu (34.5 °C)
(Vinod et al., 2008), tragacanth (74.8 °C) (Martins et al., 2009), Afzelia
africana (43.7 °C), and okra (61.5 °C) (M. Emeje et al., 2011). But the
present research doesn’t signify any endothermic peak within the
specified temperature ranges. Therefore, it can be concluded that, the
neem gum doesn’t have a glass transition temperature and eventually
doesn’t have a melting point either. 3.4 will further emphasize this fact.
There are other plant gums like cashew tree gum which doesn’t have a
glass transition temperature (Mathavan and Hafiz bin Hassan, 2024).
The exothermic peak corresponds to the decomposition of neem gum,
involving the breakdown of glycosidic bonds, depolymerization, dehy-
dration, and the formation of stable products such as CO, CO2, and CHy4
(Jamaludin et al., 2017; Malviya et al., 2018). In the current study, the
exothermic transition peak was obtained at 315.3°C and is attributed to
the degradation of the polymer as also mentioned by Igbal et al. (Igbal
et al., 2013). The observed polysaccharide degradation might be due to
high inorganic composition of the polymer (Builders et al., 2008).
Similar results have been reported for acacia gum as well (Daoub et al.,
2018; Jamaludin et al., 2017).

3.4. Simultaneous thermal analysis (STA)

Certain prominent images of the transformation in STA analysis at
different temperatures are shown in Fig. 3. The STA curve exhibits
almost similar graphs to that of the individual TGA (3.2) and DSC (3.3)
analyses. This concurrence serves to reinforce the previously obtained
results and the conclusions drawn from them. The curve distinctly in-
dicates that neem gum undergoes dehydration followed by decomposi-
tion upon heating, with no apparent melting point observed.
Identification of this phenomena is possible only because the real time
changes of neem gum can be observed by the camera fixed within the
chamber. Dehydration occurred at the temperature range of 130°C to
150°C and decomposition occurred at the temperature range of 300°C to
330°C as can be seen from Fig. 4. It is also feasible to designate a tem-
perature range on the graph where a swift transformation occurs,
enabling the differentiation of phase changes.

3.5. Fourier transform infra-red spectrometry (FTIR)

To discern the chemical bonds within a molecule, Fourier Transform
Infrared Spectroscopy (FTIR) is employed to generate the infrared ab-
sorption spectrum as shown in Fig. 5. This resulting molecular
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Fig. 4. TG-DTA curve obtained under static air condition.
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Fig. 5. FTIR spectrum of neem gum.

fingerprint facilitates the examination of various compounds present in
the sample. The region spanning 1500-500 em™!, known as the
fingerprint region, is distinctive for each sample, while the region from
4000 to 1500 cm ! is designated as the functional group region. The
neem gum sample tested here was in powder form and added with KBr.
The absorption bands and respective functional groups are shown in
Table 1. Phadke et al. (2015) and Asghar et al. (2019) also obtained
almost similar peaks for pure neem gum. Korkmaz et al. mentioned that,
the bands at 1651 cm™! and 1550 cm™! indicate the presence of
carboxylate, amine and peptide groups in neem gum (Korkmaz et al.,
2015). Sakthivel and Mallika expected that, the additional band at
1309 cm ! could have arisen from aromatic C-N bond of protein present
in the neem gum (Sakthivel and Mallika, 2016). Further, Kamraj et al.
anticipated that, the bands at 760 cm™! and 605 cm™* could be attrib-
uted to the stretching vibration of C-Cl and C-Br bond of alkyl halides
present in neem gum (Kamaraj et al., 2018). But the predictions and
conclusions made by Korkmaz et al., Kamraj et al., Sakthivel and Mallika
could not be supported by the present research because, the neem gum
samples tested here didn’t show any trace of N, CI or Br based on the
results obtained by the SEM/EDX analysis and micro-X-ray fluorescent
analysis. Therefore, the possibility of presence of aromatic C-N bond, the
C-Cl and C-Br bond of alkyl halides, and the amine & peptide groups in
the neem gum is nullified.

Table 1
Absorption bands and their relevant origin for the graph observed from FTIR
spectrum.

Absorption

Bands (White, 1971)

Origin

3800-3000 cm !
2932 cm™!

2365-2050 cm !

Phenolic OH stretching

CH; asymmetrical
stretching
C=C bond

cellulosic material (Lazzari et al.,
2018)

aliphatic bonds (Lazzari et al.,
2018)

hemicellulose and lignin

1618 cm ™! C—C aromatic lignin sub units (Lazzari et al.,
2018)
1424 cm ™! CH in-plane deformation lignin bonds (Xu et al., 2013)
1301 cm ™! CH, wagging Cellulose and hemicellulose (Xu
et al., 2013)
1228 cm ™! C-C, C-O stretching Lignin (Xu et al., 2013)
1076 cm ™! C-O stretching vibrations cellulose and hemicellulose (Xu
for ester et al., 2013)
1030 cm ™! C-0, C=(C, C-C-0 cellulose, hemicellulose and lignin
stretching for alkoxy (Lazzari et al., 2018)
870-700 cm * Aromatic C-H out of Hemicellulose (Xu et al., 2013)
plane bending
690-600 cm ™! Aromatic OH out of plane

bending
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3.6. SEM/EDX analysis

Energy Dispersive X-Ray Analysis (EDX), also referred to as Energy
Dispersive X-Ray Spectroscopy, serves the purpose of elemental char-
acterization in samples. When high-energy electromagnetic radiations,
specifically X-rays, interact with the sample, they cause the ejection of
"core" electrons from the atoms, creating holes. Subsequently, these
holes are filled by higher-energy electrons, releasing energy in the
process. The unique energy released during this phenomenon is
distinctive for each element, allowing for identification and quantifi-
cation of elements present in the sample (Slathia et al., 2021).

In this study, along with higher amount of carbon and oxygen, small
amounts of aluminium, magnesium, pottacium and calcium were also
found in the neem gum sample. p-XRF test is also used to support the
results (metallic elements) present in the sample. The elements along
with their percentage availability is shown in Fig. 6 & 7 and Table 2 & 3.
SEM/EDS provides surface analysis, making it suitable for studying
surface composition and elemental mapping. This technique is well-
suited for elements with low atomic numbers (below 20) because the
electron beam can effectively interact with their electronic structures
and induce X-ray emissions. SEM/EDX generally has a lower detection
limit for light elements, making it more sensitive for the analysis of low
atomic number elements. This is particularly advantageous when
detecting elements like carbon, nitrogen, oxygen, and fluorine.

3.7. Micro X-ray fluorescence test

It is always a complementary analysis to perform p-XRF along with
SEM/EDAX and they are not alternatives to each other. The SEM/EDAX
can clearly identify nonmetals and elements which have atomic number
less than 20. On the other hand, u-XRF also uses X-rays to excite the
sample and measures the emitted characteristic X-rays for element
identification. But it is well-suited for elements with higher atomic
numbers (above 20) because their X-ray emissions are more prominent
and easier to be detected by XRF. XRF generally has a higher detection
limit for light elements compared to SEM/EDX. It is more sensitive for
elements with higher atomic numbers, such as transition metals and
heavy elements. XRF can provide elemental analysis of both the surface
and bulk of the sample, making it suitable for studying the overall
composition of materials. Table 3.

3.8. Micro hardness

In micro hardness testing, as the indenter pierces into the surface of
the materials, they deform and counteract the load applied by the
indenter. Thus, Fig. 8 shows the load versus depth curves obtained for
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Fig. 6. The constituent elemental spectrum of neem gum using SEM/EDAX.
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neem gum during indentation. The maximum depths during the exper-
imental procedure for neem gum samples were around 10230 nm. The
hardness value obtained is 238.64 + 9 MPa and which is in the com-
parable range of the experiments performed by Bu et al. on (E51)/furan-
based amine curing agents benzene methane-2,2-di (2-furylmethyl-
amine) (BDFA), and epoxy resin (E51)/propane-2,2-di (2-furylmethyl-
amine) (PDFA)) (Bu et al., 2022). E51/PDFA gave 246 + 5 MPa and
E51/BDFA gave 267 + 9 MPa with maximum indentations of 1336 nm
and 1281 nm respectively (Bu et al., 2022). Nevertheless, the hardness
of neem gum is 1.6 folds less than the hardness of cured poly ester resin
(Polyester Resin, 2007).

3.9. Tensile strength

The tensile test is a fundamental mechanical test employed to eval-
uate the mechanical properties of materials under axial loading. In this
test, the specimen is subjected to a gradually increasing axial force until
it undergoes deformation and ultimate failure. The variations on ulti-
mate tensile strength and young’s modulus for the neem gum specimen
were demonstrated in Fig. 9. The ultimate tensile stress of 1.0155 +
0.0315 MPa and the maximum variations on percentage of elongation of
9.58 + 0.813 % was observed during the tensile test as can be seen from
Table 4. Usually, plant gums exhibit viscoelastic properties when
deformed, meaning they have both viscous and elastic characteristics.
There can be different regions identified in tensile test graph such as
elastic region, plastic region, ultimate tensile strength (UTS) and frac-
ture point. The initial linear region of the graph (Fig. 9) indicates the
elastic region, a measure of the material’s stiffness. As the stress in-
creases, the material may enter a plastic region where it continues to
deform without a significant increase in stress. This behavior depends on
the gum’s ductility. UTS indicates the maximum stress the composite
can withstand before necking or fracture begins. At last, ductile fracture
occurred, which involves significant deformation before failure.

Elongation at break or strain at maximum indicates the material’s
ductility or ability to deform significantly before breaking. Materials
with higher strain at maximum values are considered more ductile.
Young’s Modulus is a measure of a material’s stiffness or rigidity under
tensile or compressive loads. It is the ratio of stress to strain within the
material’s elastic deformation range. A higher young’s modulus corre-
sponds to a stiffer material. The tensile strength of neem gum is attrib-
uted to hydrogen bonding and molecular interactions that contribute to
the formation of the hydration layer around suspended particles,
without reducing the surface and interfacial tension

3.10. Flexural strength

Flexural modulus, quantifies the stiffness of a material in response to
bending or flexural deformation. The flexural modulus is calculated by
analyzing the ratio of stress to strain in the elastic region of the stress-
strain curve obtained from a flexural test. The flexural strength, flex-
ural extension, flexural strain and flexural modulus at maximum flexural
load of 4.52 + 0.776 N were 1.899 + 0.304 MPa, 2.57 + 0.487 mm,
0.0134 + 0.0036 and 248 + 17.27 MPa respectively as demonstrated in
Table 5.

Flexural stress at maximum load often referred to as modulus of
rupture (MOR) or bending strength, is the highest stress experienced by
the material on the tension side during a flexural test. It indicates the
material’s ability to withstand bending stresses and is crucial for
designing components subjected to bending loads. Flexural extension at
maximum load is the measure of how far a material extends or deforms
in its stretched state during a flexural test. This parameter emphasizes
the material’s ductile behavior under bending stresses. Atomic Young’s
Modulus is a measure of the stiffness of individual atoms or atomic-scale
structures within a material. This parameter is more relevant to the
microscopic or atomic-level understanding of a material’s response to
bending. It reflects the inherent stiffness of material at the atomic scale.
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Fig. 7. p-XRF Spectrum obtained for neem gum.

Table 2
Elements observed in neem gum using SEM/EDAX.

Element Weight (%) Atomic (%)
C 45.65 53.7

(] 50.34 44.53

Mg 0.52 0.3

Al 0.76 0.4

K 1.97 0.71

Ca 0.76 0.27

Table 3

Elements observed in neem gum using p-XRF.

Element Atomic [wt%] [norm. wt Error in wt% (1
Number %] Sigma)

Iron 26 1.749346 20.46532 0.001384

Calcium 20 5.151819 60.27031 0.003796

Potassium 19 1.290836 15.10129 0.002113

Sulfur 16 0.323442 3.783896 0.001047

Manganese 25 0.032412 0.379184 0.000209
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Fig. 8. Loading and unloading curves obtained for neem gum for micro hard-
ness testing.

Flexural strain at maximum load represents the maximum amount of
deformation or bending that a material undergoes before it fails in a
flexural test. It provides insight into the material’s ability to bend or flex
under load and indicates its ductility in response to bending stresses. The
graph of flexural strength Vs load is shown in Fig. 10. Since neem gum is
amorphous in nature, it tends to exhibit more ductile behavior with
higher strain. The variation of the flexural strength can be attributed to
the molecular sizes of the gum since it contains macromolecules. Uneven
distribution of these macromolecules may lead to variations in the
density of the gum, creating regions with different physical properties.
Usually, a more uniform particle size distribution typically leads to more
consistent mechanical properties. Since it dried under ambient condi-
tions, uneven drying or improper curing might have also led to internal
stresses and variations in flexural stress and strain. Uneven drying cre-
ates moisture gradients within the gum. The outer layers dry faster than
the inner layers, leading to differential shrinkage. These gradients
generate tensile and compressive stresses within different regions of the
gum. The outer, drier layers may shrink and contract, while the inner,
wetter layers resist this contraction. This can lead to areas of high stress
concentration, increasing the risk of cracks while flexural loading.

3.11. Compressive strength

Compression test is a mechanical testing method used to assess the
ability of a material to withstand axial loads that tend to compress it.
During compression test, the specimen is subjected to a compressive
force along its longitudinal axis, inducing deformation. The variation of
the composite specimen’s compressive load Vs compressive extension is
shown in Fig. 11 (a) and compressive strength Vs compressive strain
were demonstrated in Fig. 11 (b). The data indicates that the stress -
strain relationship is linear in the region below 120 N and obeys Hooke’s
law. When the stress is released in this area, the material deforms
elastically and will return to its initial length. The yield point, (at around
150 N compressive load) is where this linear area ends. Beyond this
threshold, the material exhibits plastic behavior and, if the stress is
released, will not revert to its initial length. The maximum compressive
strength of 1.1023 + 0.138 MPa and compressive strain of 0.46 +
0.0191, was obtained for neem gum as can be seen from Table 6.
Compressive strength is the maximum stress a material can withstand
before failure in compression. Compressive strain represents the amount
of deformation or strain the material undergoes before reaching failure
under compression. 189.96 + 8.497 N was the maximum load applied
for 50 % compression of the specimen. The variation in the compressive
strength may be attributed to the presence of internal voids, or cracks.
Surface imperfections and the orientation of polymer chains within the
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Fig. 9. (a) Load Vs extension and (b) Stress Vs strain graphs obtained under tensile test.

Table 4
Results obtained from tensile test.

Strain at maximum Stress at maximum Young’s Modulus

(%) (MPa) (MPa)
9.582 + 0.813 1.0155 £ 0.0315 49.405 + 7.849
Table 5
Results obtained from flexural test.
Maximum Flexure Flexure strain Flexure stress Modulus
Flexure extension at at Maximum at Maximum (Automatic
load Maximum Flexure load Flexure load Young’s)
Flexure load
N) (mm) (mm/mm) (MPa) (MPa)
4.5237033 2.577088333 0.013491667 1.899503333 248.753163
+ 0.776 + 0.487 + 0.0036 + 0.304 +17.27

gum could also have acted as stress concentrators, impacting the
compressive strength response. When polymer chains are aligned in the
direction of the applied load, they can more effectively distribute the
stress along the length of the chains. This alignment typically enhances
the compressive strength, because the load is shared among multiple
chains. In materials with randomly oriented chains, the load distribution
is less efficient. The stress is unevenly distributed, and fewer chains are
aligned in the direction that can support the load, leading to variation in
compressive strength.
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3.12. Viscosity

Fig. 12 shows the decrease in viscosity with increasing temperature,
which is a common phenomenon observed in many liquids and is pri-
marily attributed to changes in molecular motion. As the temperature
rises, the kinetic energy of the liquid molecules also increases. This
increased kinetic energy leads to greater molecular movement and
weaker intermolecular forces. Consequently, the molecules become
more mobile and can slide past each other more easily. Viscosity is a
measure of a fluid’s resistance to deformation or flow. At higher tem-
peratures, the enhanced molecular motion disrupts the organized
structure of the liquid, reducing internal friction and making the liquid
less resistant to flow. Additionally, the weakening of intermolecular
forces reduces the cohesive forces between molecules, further contrib-
uting to the decline in viscosity. Further, the viscosity increases with the
increase in the concentration of neem gum in the solution as well.
Natural plant gums often contain large, complex polymers. When these
polymers are present at higher concentrations, they have a greater
tendency to become entangled with each other. This entanglement re-
stricts the movement of individual polymer chains, leading to an in-
crease in viscosity. Also, at higher concentrations, there is a greater
chance for intermolecular interactions, such as hydrogen bonding, be-
tween the polymer chains. These interactions contribute to the overall
structural integrity of the gum solution, making it more resistant to flow.
Understanding and controlling the viscosity of plant gum solutions is
important in various industries, such as food, cosmetics, and pharma-
ceuticals, where these natural polymers are commonly used as thick-
eners, stabilizers, or gelling agents.
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Fig. 10. (a) Load Vs extension and (b) Stress Vs strain graphs obtained under flexural test.
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Table 6
Results obtained from compression test.

Maximum Compressive Compressive Compressive stress
Compressive extension at strain at at Maximum
load (N) Maximum Maximum Compressive load
Compressive load Compressive load (MPa)
(mm)
189.96423 + 14.990018 + 0.021  0.460546 + 1.102332 + 0.138
8.497 0.0191
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Fig. 12. Viscosity variation of neem gum with increasing temperature and %
neem gum mixture.

3.13. Electrical resistivity

The electrical resistivity of the gum was plotted against the tem-
perature and concentration of the gum as can be seen from Fig. 13.
According to the graph, the electrical resistivity decreases with increase
in concentration and increase in temperature. Since the ions in the neem
gum sample are the charge carriers, the increase in concentration of it
reduce the electrical resistivity because high amount of charge carriers
support conductivity. When the temperature of the solution increases,
the kinetic energy of the molecules in the solution also increases. This
higher kinetic energy facilitates greater mobility of ions within the so-
lution, which in turn contributes to electrical conductivity. Therefore, an
increase in temperature allows ions to move more freely, leading to a
decrease in electrical resistivity.
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Fig. 13. Change of electrical resistivity of neem gum with temperature and
concentration.

4. Conclusion

The comprehensive analysis conducted on neem gum reveals valu-
able insights into its thermal, chemical and mechanical properties. The
findings from various analytical techniques provide a multifaceted un-
derstanding of this natural polymer. The pH value of neem gum is 5.07.
TGA exposes the thermal behavior of neem gum, with distinct stages
corresponding to moisture evaporation and the decomposition of
hemicellulose, cellulose, and lignin. The decomposition profile provides
essential information for understanding the thermal stability of neem
gum. DSC analysis elucidates the thermal transitions of neem gum,
showcasing endothermic peaks related to dehydration and exothermic
peaks associated with polymer degradation. The absence of sharp
endothermic peaks indicates the amorphous nature of neem gum, which
in other words doesn’t have a crystal structure. Due to this reason, it
doesn’t have a melting point as proved by STA analysis. FTIR spectra
highlights the key absorption bands, revealing the presence of various
functional groups in neem gum. The interpretation of absorption bands
assists in identifying specific chemical bonds, providing a molecular
fingerprint for the gum. Surface analysis through SEM/EDAX and p-XRF
unveils the elemental composition of neem gum, emphasizing the
presence of carbon, oxygen, and small amount of other elements like
aluminum, magnesium, potassium, and calcium. When considering the
mechanical properties, the micro hardness test indicates 238.64 MPa as
the hardness of neem gum, and the obtained value aligns with compa-
rable studies on resin materials. Further, the tensile strength, flexural
strength and compressive strength of neem gum are 1.0155 MPa,
1.899 MPa and 1.1023 MPa respectively. The combined results from
these analyses offer a comprehensive understanding of neem gum,
providing valuable data for researchers and industries exploring its
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applications in various fields. The diverse range of analytical techniques
contributes to a thorough characterization of neem gum from thermal,
chemical and mechanical perspectives. Further comparison with syn-
thetic resins may lead to replace synthetic resins with neem gum in
various day to day applications.

Comparing the results obtained in this study with the properties of
artificial resins in the future may provide valuable insights into the
similarities and differences between natural and synthetic resins. This
comparative analysis is expected to understand the characteristics of
neem gum and explore its potential applications. Neem gum is already
been used in pharmaceutical industry. It can also be used as a cap to
cutting tools like drill bits (after manufacturing) during transportation
to protect its sharp edges being vulnerable to any damages. Further
analysis may also yield a path for the application of neem gum as a
binding agent or matrix while using it in adhesive industries. It can also
be used as electrical insulations since it has a higher resistivity under low
temperature. But there is always a critical temperature above which
conductivity will reduce and thereby enhance the resistivity due to re-
striction in the mobility of ions beyond critical temperature. This critical
temperature needs to be explored in the future.
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