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ABSTRACT
In this experimental study, zinc oxide nanoparticles (ZnO-NPs) are synthesized 
using Moringa oleifera extract and calcined at 400 °C. These biologically synthe-
sized ZnO-NPs were mixed in 1:1 proportion with organic (oil) and quasi-organic 
(varnish) binder separately. These mixtures were individually coated on three 
substrates: paper, wood, and fabric (P, W, and F). The effect of the coating of 
NPs on the mechanical and thermal properties of the substrate was observed. 
XRD investigation revealed the formation of a wurtzite structure of synthesized 
NPs with a crystallite size of 28 nm. The morphology of ZnO-NPs, uncoated and 
coated P, W, and F substrates were studied by field emission scanning electron 
microscopy (FESEM). Our studies reveal that adding ZnO-NPs improved the fire 
resistance property of the materials. It also shows a measurable increase in the 
materials’ tensile strength by adding ZnO-NPs.

1 Introduction

Many remarkable physical, chemical, and biological 
properties emerge in materials at the nanoscale. Engi-
neered nanomaterials, especially metals and metal-
oxide NPs are fabricated and designed for specific pur-
poses or applications [1]. Due to their unique physical 
and chemical properties, they are highly in demand in 
the biomedical and industrial sectors [2–4]. Emerging 

material like carbon-based nanomaterials, nanocom-
posites, metals and alloys, biological nanomaterials, 
nano-polymers, nano-glasses, and nano-ceramics has 
been extensively used in the production line [5–9]. 
Though these materials are extensively used, some 
limitations hinder their further use in industries. The 
drawbacks associated are mainly in the preparation 
routes, cost, health impact, and environmental con-
cerns [10–12]. The synthesis process mostly involves 
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integrating inorganic metal oxides and organic bind-
ers, a novel approach to making value-added goods 
[26, 27]. New functional nanocomposite materials 
include hybrid ones covered in organic binders. Metal 
oxide nanomaterial, organic binder, and these hybrid 
components combine physically or chemically to pro-
vide synergistic effects that result in improved thermal 
and mechanical stability. The formation of charcoal, 
water, and other low-molecular-weight compounds 
can be increased by metal oxide NPs by decreasing 
the development of flammable volatiles [27, 28]. This 
impacts the kinetics of thermal degradation and the 
pyrolysis behavior of fibers, enhancing the effective-
ness of intumescent fire retardants [28]. The commer-
cialization of products requires easy synthesis of NPs 
and improved properties of the coated substrates like 
mechanical, antimicrobial thermal properties, etc. [29, 
30]. This paper attempts to compare various substrates 
with green-synthesized ZnO-NPs in the presence of an 
organic and quasi-organic binder.

2  Materials and methods

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O) for prep-
aration of NPs was purchased from Sigma-Aldrich, 
and the Moringa oleifera leaves were collected from the 
local village. All the aqueous solutions were prepared 
in double-distilled water (DDW). The phytochemical 
compounds like vitamins, flavonoids, and phenolic 
acid in the Moringa oleifera are the biologically active 
ingredient that is vital in reducing the zinc salt into 
its NPs. The organic binder, namely linseed oil and 
quasi-organic binder i.e., varnish with natural resin, 
were purchased from local vendors.

The quasi-organic varnish was purchased from 
Natural Earth Paint which uses plant-based preserva-
tion components. The organic binder and the linseed 
oil were purchased from SV AGROFOOD. A genus 
Linum and family Linaceae member is flax (Linum 
usitatissimum). Linseed oil is extracted from nearly 
all of the domestically produced flaxseed.

3  Preparation of the moringa leaf extract

Clean and dried 25 g leaves of Moringa oleifera were 
immersed and boiled with the help of a magnetic 
stirrer in 100 ml of DDW at 60 °C. After cooling at 
room temperature, the mixture was filtered through 

expensive physical and chemical ways requiring 
highly sophisticated equipment. Maintaining the tem-
perature and pressure conditions and involving toxic 
chemicals is crucial. The eco-friendly and cost-effective 
route makes biological synthesis a better alternative 
to conventional synthesis [13, 14]. Biologically pre-
pared NPs like Ag, Au, Pt, ZnO, CuO etc., are mostly 
applicable in cosmetics, medicines, and in health-
related devices due to their non-toxic behavior [15]. 
ZnO-NPs are widely used due to their broad range 
of characteristics, such as excellent electrical, optical, 
and chemical properties. Yet very few reported works 
use ZnO in technological developments [16]. Manu-
facturing industries fabricate various materials in an 
exponential trend. Research and development sectors 
intended to improve the properties of the materials 
by either incorporating the NPs or coating them on 
the substrates to enhance their mechanical strength, 
load-bearing capacity, UV retardation, flame retarda-
tions etc. [17, 18]. They are even utilized efficiently 
in manufacturing sectors like textile and paper pulp 
[19, 20]. The coating of NPs to the substrate needs a 
stronger adhesion, and organic or quasi-organic bind-
ers can achieve that. Considering sustainability, using 
organic binders can be a better solution [21].

Coating of NPs on different substrates has been 
attempted in various ways by research around the 
globe. Wong et al. attached the NPs to the fabrics 
using the padder technique with the help of rollers. It 
is observed that water repellence, soil resistance, wrin-
kle resistance, anti-bacterial property, anti-static and 
UV protection, flame retardation, and dye ability were 
improved in the coated fabric [22]. Radu Olar used 
nanomaterials (NMs) in the construction industries. 
The incorporation of NPs has specially developed 
structural concrete, real-time structural monitoring, 
coatings and paintings, and thermal insulations [23]. 
Monica J. Hanus et al. reported that the addition of 
 TiO2,  Al2O3,  ZrO2,  Fe2O3,  SiO2,  SnO2 nanoparticles 
and other metal oxides containing nano-clays used to 
modify the properties of concrete in terms of struc-
tural health monitoring, sensing devices, antimicrobial 
surfaces and in self-cleaning surfaces [24]. Fukugai-
chi et al. modified the surface property of nano-TiO2 
coated paper in terms of dynamic elastic and viscosity 
modulus [25].

Nano-based treatments offer new opportunities 
to enhance wood, paper, and fabric attributes more 
effectively for different applications. Recent years 
have witnessed modifying wood, paper, and fabric by 
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Whatman filter paper. The collected Moringa oleifera 
extract was stored in a refrigerator at 4 °C for further 
use.

4  Synthesis of ZnO‑NPs 
through biological route

About 0.5 M of zinc nitrate hexahydrate was dissolved 
in 50 ml of DDW and kept on a magnetic stirrer till a 
clear solution was observed. The 50 ml of the above-
prepared extract was added into the aqueous zinc 
nitrate solution and held for continuous stirring at 90 
°C. This method has been modified from an earlier 
work by Bhagat et al., [31]. After completion of the 
reaction, the precipitate was collected and centrifuged. 
To remove the impurities, the precipitate was repeat-
edly washed with DDW and dried overnight in a hot 
air oven at 80 °C. Finally, the dried powder was cal-
cined at 400 °C for 2 h.

5  Deposition of ZnO‑NPs 
on the substrates

The most common techniques used for coating the 
substrates are spraying, transfer printing, washing, 
rinsing, dip-coating, and padding. Out of all, the 
most facile and economical technique widely used 
is the dip-coating method. It deposits the NPs on the 
substrates such as metallic, ceramic, polymer films, 
fibrous materials, etc.

All the substrates (P, W and F) were cleaned with 
water to remove the dust and dried at room tempera-
ture. The ZnO-NPs were dispersed in (1:1) proportions 
in the two different binders i.e., oil and varnish, ultra-
sonicated for 30 min, and applied on all three sub-
strates in the presence of two different binders using 
a dip coating process. Once the coating was done, the 
samples were dried at room temperature.

6  Characterization techniques

Powder X-ray diffraction (P-XRD) is a rapid analyti-
cal technique primarily used to determine and con-
firm the crystal structure of ZnO-NPs. The most com-
mon target material for diffraction is copper with 
Cu Kα radiation of wavelength 1.5406 Å. The XRD 
measurement was conducted on Bruker D8 Advance 

X-ray Diffractometer operated at 40 KV, and samples 
were scanned in the range of (2θ) 20– 90° at room 
temperature. The UV-Vis spectroscopy of ZnO-NPs 
was carried out using JASCOV-67 spectrometer in 
the wavelength range 800−200 nm. The UV-Visible 
absorption spectra of ZnO-NPs are shown in Fig. 3. 
FEI Nova Nano SEM 450 scanning electron micro-
scope was used to study the morphology of prepared 
ZnO-NPs samples. Also, the FESEM was used to con-
firm the coating of NPs on the different substrates.

7  Flame retardation or flammability test

The flammability test is used to determine the rela-
tive rate of burning of self-supporting plastics, which 
are polyethylene resin of the high-density group 
(polypropylene, polyvinyl chloride etc.). The flam-
mability is determined by ASTM D6413 method. 
ASTM D6413 is a standard test method to evaluate 
the flame resistance against electric arc and flash fire 
hazards. In this test, the samples are placed either 
horizontally or vertically in the test chamber. Then 
the flame from the Bunsen burner is applied for a 
specific time. Finally, the measurement of the time 
or distance for which flame propagates is recorded. 
In the case of a vertical flammability test, a material 
is observed for the length of time it burns after the 
igniting flame is removed, how much of the speci-
men burns, and whether or not it drips flaming par-
ticles. Data collected is of time taken until the flame 
extinguishes itself.
After-flame when the test specimen continues to 

flame after the flame source has been removed is 
known as the after-flame test,

After-glow when the test specimen continues to 
glow after removing the flame source is known as 
the after-flame test.

As the test method is ideal for 2D laminas (e.g. 
paper, fabric etc.) and not 3D structures such as 
wood, visual observation was noted after devising an 
in-house setup on the same principles and recording 
the time of after-flame and after-glow charring for 
wood in coated and non-coated form. The samples 
on which the test was carried on different substrates 
and are mentioned as bare paper (P), bare wood (W), 
bare fabric (F) and coated with ZnO NPs and binders 
(Oil and Varnish) as PZO, WZO, FZO, PZV, WZV 
and FZV.
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8  Tensile strength test

The tensile test is one of the most important param-
eters for defining material strength. Determination of 
the maximum force that a material can sustain before 
it starts to deform plastically (yield strength) or the 
load at which the material breaks (tensile strength) 
is determined in this test. This test can also be used 
to calculate the elongation at break (fracture strain) 
for an elastic or elastoplastic material. The tensile 
test of wood was determined using (Universal Test-
ing Machine) UTM of 50 kN capacity using the test 
method of ISO 10319:1993. The UTM has two cross 
heads, out of which one end is fixed, and the other 
is moving, which can be controlled by the operator. 
Fixing of flat jaws was ensured to hold the specimen 
in the crossheads. The specimen was then placed 
between the grips. The tension was gradually applied 
by controlled pulling action of the jaws on the speci-
men. The tension value at the failure of the specimen 
was observed in the case of bare wood (W), wood 
coated with ZnO NPs as WZ in the presence of Oil (O) 
and Varnish (V) as a binder. Tensile testing of the 2D 
laminas made up of paper (P), and fabric (F) substrates 
in bare form and in the form coated with ZnO NPs as 
PZ and FZ were tested on a setup devised in-house on 
the principle of ISO 10319:1993. The developed setup 
is shown in Fig. 1. As shown in Fig. 1, the setup con-
sists of a top horizontal arm fixed on the top position, 
allowing for the insertion of the 2D lamina. The lower 
vertical arm consists of a clamp jaw that holds the 2D 
lamina, adding weights manually to apply tension to 
the specimen. The weights of 100 gms and 200 gms can 
be added into the screw gradually, and an observation 
time of 10 s is allowed to observe any visual elonga-
tion and the possibility of a tear. Once the 2D lamina 

sustains the loading for the observation time, more 
weight is added and held for the observation time. 
The weight at which the tear occurs in the observation 
time is noted and the elongation of fibers is recorded 
manually using a ruler. The readings of modulus of 
elasticity can be determined as the ratio of stress to 
strain, where stress is the weight at failure divided by 
the cross-sectional area of the 2D lamina.

9  Result and discussion

9.1  Structural properties

Using an X-ray diffractometer, the P-XRD analysis was 
performed on biologically synthesized ZnO-NPs. The 
powder XRD pattern is shown in Fig. 2. The pattern 
matched the JCPDS file number (36-1451), and the 
peaks were indexed. The Scherrer formula,

The crystallite size was estimated using the fun-
damental Scherrer formula [32, 33], where D is the 
average crystallite size, λ (0.15406 nm) is the x-ray 
wavelength, β is the width of the X-ray peak on the 2 � 
axis (typically measured as the full width at half maxi-
mum (FWHM)),θ is the Bragg angle. K is the Scherrer 
constant usually close to 1. The value of K used here 
is 0.9, as used in our previous publication [31]. β is 

D =
K�

� cos �

Fig. 1  Setup developed in-house or tensile strength testing of 
2D-Lamina Fig. 2  XRD pattern of biologically synthesized ZnO-NPs
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influenced by the size distribution and crystallite form, 
as well as by the diffraction line indices [33, 34].

The Miller indices of the various planes are (100), 
(002), (101), (102), (110), (103), (200), (112), (201) and 
(202). The diffraction peaks of the ZnO-NPs are 
indexed, corresponding to the hexagonal wurtzite 
structure of zinc oxide. The average crystallite size 
(D) was found to be 28 nm. The sharp and fine peaks 
represent the pure crystalline nature of the NPs. The 
intense peak of (101) for zinc-oxide nanomaterial 
exhibits anisotropic behavior [35–37].

9.2  Optical properties

The optical characteristics of ZnO-NPs were studied 
using UV–Visible spectroscopy, and it showed an 
absorbance peak at 359 nm as shown in Fig. 3. It occurs 
due to the electron transitions from the valence band 
to the conduction band in the reduction of ZnO by the 
phytochemicals. Then, it decreases from this inflection 

point which is equivalent to 3.18 eV. This value is in 
good agreement with the bandgap of ZnO, and hence 
the purity and the single-phase nature of the biosyn-
thesized ZnO-NPs obtained after annealing at 400 °C 
[35, 36, and 38].

10  Morphological analysis

10.1  For ZnO‑NPs

FESEM micrographs of 400 °C calcined biologically 
synthesized ZnO-NPs is shown in Fig. 4. The mor-
phology comprises hexagonal rods and thin plate-like 
structures [37, 39]. The average diameter of the hex-
agonal structure and rods was found to be 150–200 nm 
and 40 nm, respectively.

10.2  Paper

FESEM image shows an entwined network of cellulose 
fibers with a damaged surface, probably due to the 
process carried out while manufacturing the papers. 
The morphology of bare paper is shown in Fig. 5A. 
The higher magnification images obtained from the 
FESEM of coated samples showed the petals of a 
flower-like structure, which confirms the coating of 
ZnO-NPs on the surface of the cellulose fibers as seen 
in Fig. 5D and G. The hydroxyl groups on the cellulose 
fibers surface engage with  Zn2+ ions to produce a Zn-
O-Cellulose bonding. As a result, ZnO nuclei were cre-
ated on the surface of cellulose fibers. This was further 
affirmed by the FESEM-based observation of ZnO-NPs 
[28, 40, 41].

10.3  Wood

It is known that wood inherently possesses heteroge-
neous and irregular surfaces, which was observed in 
Fig. 5B. The incorporation of ZnO-NPs on the surface 
of the wood substrate generates secondary roughness, Fig. 3  UV–Visible Spectroscopy of biologically synthesized 

ZnO-NPs

Fig. 4  FESEM image of 
biologically synthesized ZnO 
NPs

    500 nm     400 nm     300 nm
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as observed in Fig. 5E H, which can contribute to the 
enhancement of the mechanical properties of the 
coated samples. According to a FESEM analysis, the 
presence of nano-fillers and binder traces in the cell 
wall and lumen of wood suggested that these het-
erogeneous elements had been impregnated into the 
wood. Due to the addition of ZnO, a binder-material 
matrix, the greatest improvement in flame retardancy 
and mechanical stability was observed [26, 27].

10.4  Fabric

The FESEM micrographs of fibers before and after 
coating with ZnO-NPs are shown in Fig. 5C, F and I, 
respectively. The smooth structure of the fabric reveals 
the bare sample, i.e., the sample without coating with 
NPs. After dip coating, a layer of NPs is observed on 
the fabric’s surface, as shown in Fig. 5F and I, in the 
presence of two different binders. The fabric was sub-
merged in a colloidal ZnO-NPs solution during the 
dip coating. The images demonstrated that ZnO-NP 
deposition produced a rough surface with a hierarchi-
cal structure. Green synthesis enhanced the adsorption 
of ZnO-NPs on the surface of cotton fabric, which led 
to the coating being caused by the physical adsorption 
of the NPs on the substrate. The binder firmly affixes 
NPs on the fabric surface. The emulsion of binders 

with the NPs ensures that the coating has enough NPs 
and thus the effect of NPs can be observed clearly on 
the mechanical properties of the substrates [29, 30].

11  Thermal and mechanical properties

The 2D bare (non-coated) substrates of the present 
study, P and F, were dipped in oil and varnish before 
coating with ZnO NPs. Both Oil and varnish are flam-
mable and volatile solvents. Hence the after-flame and 
after-glow values of P, and F dipped in oil and varnish 
took more time than bare substrates, i.e., 7, 33% in the 
case of paper and 7, 18% in the case of fabric.

The after-glow time for P and F showed lower val-
ues than after-flame. This is because of the property of 
the binders, which are flammable. The after-flame and 
after-glow time was recorded for bare (non-coated) 
samples, and coated samples with and without nano-
particles were tested, as shown in Fig. 6. Reduction in 
the time was observed in the case of samples coated 
with ZnO-NPs in the presence of oil and varnish. This 
is an expected outcome considering that even oil and 
varnish are flammable. However, the presence of ZnO 
NPs delayed the after-flame and after-glow time in 
both substrates. The after-flame and after-glow time 
for all the alternatives tested was delayed significantly 

Fig. 5  A–C: FESEM Micro-
graphs of un-coated/bare 
paper, wood and fabric; D–F 
FESEM micrographs of ZnO- 
NPs coated paper, wood and 
fabric in the presence of oil 
as an organic binder; H–I 
FESEM micrographs of ZnO- 
NPs coated paper, wood 
and fabric in the presence of 
varnish as a quasi-binder

200 µm 10 µm 5 µm 

200 µm 5 µm 10 µm 

200 µm 5 µm 10 µm 
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by 21, 33% in the presence of oil, 28 and 50% in the 
presence of varnish for paper, whereas for fabric 19, 
27% in the presence of oil, 50, 18% in the presence of 
varnish with the addition of ZnO-NPs. The possible 
reason behind this could be that ZnO-nanostructured 
network films are intended to serve as a protective 
layer and endow substrates with novel functionali-
ties. From Fig. 6, the finding implies that the ZnO-
NPs arrays might serve as a thermo-protective layer, 
providing the underlying substrates with flame retar-
dancy. The presence of traces of the nanofiller (NPs in 
this case) and the binders (polymer) in the cells of cor-
responding substrates indicated the impregnation of 
these heterogeneous materials into wood as revealed 
by SEM study. The significant improvement in the 
thermal property of P, W and F were observed in the 
presence of NPs with binders. The visual observations 
made in the wood strip provided similar results—
(wood coated with the NPs delayed the after-flame 
and after-glow time in the presence of both binders).

Since varnish is a common sealant for wood, this 
is a positive outcome considering usability. Overall, 
the varnish binder showcased a similar range of after-
flame time for all three materials, irrespective of the 
type of material. Varnish consists of plant-derived oils 
and resins with organic solvents. Although varnishes 
are inflammable, infusion of NPs has led to a delay in 
the after-glow point, increasing the material’s longev-
ity altogether.

Figure 7 shows the Tensile Strength for P, W and F. 
In the case of P and W, the materials are non-ductile; 
hence the yield point is the breakpoint showcasing 
ultimate tensile strength and Young’s modulus. The 
material’s tensile strength has increased in all three 
cases due to the ZnO-NPs. The yield point increase 

was observed around 8% in P, W and F with ZnO-
NPs and oil. The increase in yield point was observed 
in P, W and F as 10, 23 and 14% in the case of varnish 
binder with ZnO-NPs, respectively. Overall, an excel-
lent increase in tensile strength is observed for coated 
samples with NPs; however, NPs with varnish showed 
an increase in strength his may be because the varnish 
hardens on drying by evaporation and due to the res-
ins and solvents mixed into it, leading to an increase 
in tensile strength as that of ZnO-NPs with oil. Since 

Fig. 6  Flame retardation test 
performed on the paper (P) 
and Fabric (F) samples

Fig. 7  Tension test result on the samples
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oil is absorbed into the pores, a slight improvement in 
the tensile strength is observed. The possible reason 
would be oil penetrates in the pores of the wood, and 
varnish forms a protective outer layer on the surface.

However, the enhancement is less in the case of 
oil as though it has a lubricant nature; it offers no 
resistance to friction than that of varnish. In the case 
of varnish, it covers the material like a solid cast and 
upholds the substrate better in friction and under ten-
sion more effectively.

The observation of thermal property and mechani-
cal properties in terms of tensile strength, and flame 
delay time after coating with different binders of all 
three substrates has been tabulated in Table 1.

12  Conclusion

The ZnO-NPs were successfully synthesized using 
Moringa oleifera extract and calcined at 400 °C. From 
XRD analysis, the pure wurtzite ZnO phase was 
formed with a crystallite size of 28 nm. The UV–Vis 
absorption wavelength of ZnO-NPs is in the UV 
region, and this finding suggests that the ZnO-NPs 
coated substrates help in retarding the UV absorption. 

From FESEM micrographs, the morphology on three 
different substrates confirms the coating of ZnO-NPs. 
Infusion of NPs on the surface of three different sub-
strates i.e., P, W and F, has modified the mechanical 
property by enhancing their Young’s modulus and 
delayed the after-glow point by increasing the longev-
ity of the material altogether. The findings indicate 
that biologically synthesized ZnO-NPs can be help-
ful in improving the surface and texture of fabricated 
industrial products. This can be useful for paper, 
pulp mill, and textile industries because their quality, 
standards, and regulation must be maintained before 
manufacturing. The ZnO-NPs enhanced the property 
of the substrate through the organic and quasi-organic 
mediums. This study has opened avenues towards 
enhancing the properties of NPs with binders for 
industrial applications of suitable substrates. All the 
samples showed significant rise in tensile strength due 
to coating alone. The tensile strength increased by 7, 
5 and 5% for paper, wood and fabric in oil binder as 
compared to bare substrate. The strength was further 
augmented with the addition of nanoparticles in the 
presence of the binders 8, 8 and 8% with ZnO NPs 
addition.

Similarly, in the presence of varnish, the strength 
gain observed for paper, wood and fabric was 9, 8 and 
8%. With NPs it increased to 10, 23 and 14% with nan-
oparticle addition. The highest tensile strength out of 
the given substrate was that of fabric as it is made up 
of cellulose which consists of strong hydrogen bonds 
attached to OH molecules, making it stiff and rigid. 
The cellulose is hydrophilic and has a lesser affinity 
towards oil, making the bond strong and unaffected.

Future Scope: Visually, the wood sample show-
cased delayed after-flame time and reduced after-glow 
time, yet accurate scientific data is in progress. The 
future scope of the current work can be to explore the 
commercialization of this work.
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Table 1  Flame retardation and Mechanical test performed on 
bare and coated samples

Sample name Mechanical property Thermal prop-
erty

Tensile strength 
(MPa)

After 
flame 
(sec)

After 
glow 
(sec)

Bare paper 0.0109 14 6
Bare wood 3.6373 – –
Bare fabric 0.0196 26 11
Paper + oil 0.0117 15 8
Wood + oil 3.8080 – –
Fabric + oil 0.0205 28 13
Paper + oil + NPs 0.0118 11 4
Wood + oil + NPs 3.9413 – –
Fabric + oil + NPs 0.0211 21 8
Paper + varnish 0.0120 13 4
Wood + varnish 3.9201 – –
Fabric + varnish 0.0212 24 10
Paper + varnish + NPs 0.0121 10 3
Wood + varnish + NPs 4.4906 – –
Fabric + varnish + NPs 0.0223 13 9
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