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a b s t r a c t

Micron sized metallic zinc dust (99.9%, Davg = 40 lm) was mechanically milled to have zinc oxide seed
nuclei on its surface, eventually transforming it into ZnO nanostructures by microwave irradiation for
15 min. Effect of milling on the growth of seed layer, oxidation kinetics, particle size distribution, nano
ZnO morphologies, phase purity, dispersion and UV absorption properties were studied and reported.
ZnO rods with length 5–6 lm and diameter of nearly 200 nm were successfully synthesized in bulk
through this facile route. The products were systematically characterized and studied with the motive
to design multifunctional nano-products. A paint formulation was made by blending the as-
synthesized nano ZnO with a natural organic resin; cashew nut shell liquid (CNSL) and surface coatings
were developed over glass and metal substrates. ZnO–CNSL paint coatings were further studied for
NIR reflectance, optical transparency and hydrophobic surface property. Its effective corrosion resistance
has been validated with highly corrosive Mg-alloy substrates, an upcoming key material for automobiles.
The ZnO–CNSL paint developed showed about 33% enhancement in NIR shielding and about 156%
improvement in corrosion resistance when compared to their uncoated counterparts. The study strongly
recommends microwave accelerated oxidation as a technologically competent process for the bulk
preparation of multifunctional nano ZnO.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Metallic Zinc (Zn) and Zinc oxide (ZnO) have great industrial
relevance owing to their inherent multi-functional properties
[1–5]. Zn is a hexagonally close packed [6] and dense material
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Table 1
Ball milling parameters chosen for milling the raw Zn dust.

Vessel volume (cm3) 250
Powder charged (g) 15
BPMRa 4.5:1
Zirconia Ball diameter (mm) 10
Milling medium (liquid carrier) Distilled water
Milling atmosphere Air
Rotar speed (rev/min)b 250
Milling time (h) 12–72

a BPMR– Ball to Powder Mass ratio.
b Rotar speed was measured using a Tachometer, in revolutions per minute

(rev/min).
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[7] widely used for automotive alloys [8], protective coatings
[7,9,10], pigments [11] and even in water-splitting thermo-
chemical reactions [12,13]. Similarly, ZnO due to its wide band
gap (3.36 eV) coupled with high excitation binding energy
(�60 meV) [5,14], is an attractive material for transparent conduc-
tors, sensors, functional cosmetics and catalysts [4]. Use of nano
ZnO in surface coatings has endowed properties such as improved
corrosion resistance [7,9], UV and IR shielding [15,16], antifouling
[17], self-cleaning [18] and anti-icing [19] capabilities. At present,
industrial demand for nano ZnO is steadily growing and many ZnO
nanostructures such as nanorods, nanowires, nanobelts, nan-
otubes, nanotetrapods, nanocombs and nanocages [20,21] are
being explored for diverse applications, specifically in nano-
electronic device fabrication. Meanwhile, various synthesis proce-
dures like thermal evaporation [22,23], sol–gel [24], hydrothermal
[25], mechano-chemical [26], sonochemical [27], etc. are well
verged for nano ZnO production. However, new techniques for
the economical production of nano ZnO with high product yield,
speckled morphologies and enriched properties are still emerging.
Maciel et al. [28] reported the synthesis of nano ZnO via thermal
oxidation method, described it as a simple, low cost, low energy
and catalyst free technique. Direct oxidation of Zn foils at different
temperatures was studied by Yuan et al. [29] for developing varied
ZnO morphologies in nano scale. In the work, Nano needles having
diameters ranging from 80 nm to 20 nm (root to tip) were devel-
oped by direct oxidization of Zn foils at 500 �C. Though direct oxi-
dation appears to be simple and clean, Zn–ZnO conversion by
routine thermal treatment processes need extensive reaction time
and high operational temperatures. Application of microwave
heating is an impressive and rapid technique that can be exploited
for the bulk production of nano ZnO [30].

Microwave at a frequency of 2.45 GHz develops volumetric
heating through molecular interaction depending upon the dielec-
tric nature of the material [30]. Use of microwave energy in solu-
tion chemistry for the nucleation and growth of nano scaled
inorganic oxides are widely reported, but only for laboratory scale
production [30]. Microwave-assisted synthesis has been described
as an environment friendly approach for developing high quality
nanostructures [30]. Zou et al. [31] adopted a microwave assisted
hydrothermal method for synthesizing submicron (200–500 nm)
Cu/Cu2O nano-heterostructures with enhanced photo-
degradation efficiencies (92.1%) and improved absorption ratios.
Wu and co-workers [32], successfully synthesized highly pure
nano crystallites of SnO particles with size <30 nm using micro-
wave assisted technique. The formation of mono-dispersed spher-
ical ZnO in clusters (sizes from 274 nm to 50 nm) by a rapid
microwave-polyol based process was reported by Hu et al. [33].
ZnO nanostructures with flower like morphology were attained
without the aid of any ionic liquids or surfactants, using micro-
waves (irradiated for 10 min) was reported by Krishnakumar
et al. [34]. Similarly, Phuruangrat et al. [35] prepared hexagonal
nano flowers of ZnO having spear shaped nano rods in them with
an aspect ratio in the range 40–80 by microwave irradiation
(180 W/20 min) of the aqueous precursors. However, till date there
are no reports on microwave aided direct thermal oxidation of
micron sized Zn dust, which is addressed in this work.

Distinctive material modification via mechanical milling is pro-
foundly discussed nowadays owing to its advantages like increased
reactivity at lesser reaction time and with higher product yield and
quality [36]. Ball milling process triggers surface oxidation on zinc
metal, initiating an atomic scale seed layer formation which is a
quite attractive initial modification procedure for the raw dust
before the subsequent thermal oxidation steps [37].

In this work, direct thermal oxidation of ball milled Zn dust was
conducted using a domestic microwave oven (at maximum power
rating – 600W, 2.45 Hz) and also a conventional muffle furnace for
comparison. The NIR reflectance and anti-corrosion imparted by
nano ZnO dispersed in a low cost organic natural resin (CNSL) were
studied with the motive to develop low cost functional coatings for
aforementioned applications. Thus, this work look forward to
report a novel industrial scale-up route for nano ZnO synthesis
from raw Zn dust resource which is simple, green, cost effective
and energy efficient, with salient final functional potentials.

2. Experimental details

2.1. Raw material activation: milling of Zinc dust

Zn dust (99.9%) having particle size in the range 30–50 lm
gifted by Binani Zinc Pvt. Ltd. was used as the source for the pro-
cessing of bulk nano ZnO. Zn dust was charged into poly propylene
containers along with ceramic milling-media and distilled water.
Milling was employed for different time periods 12, 24, 48, 60
and 72 h in order to reduce the particle size. Typical milling condi-
tions and process parameters chosen for the study are given in
Table 1.

The milled Zn dust was again hand milled using mortar and pes-
tle for a period of 15 min with graphite powder (10% by wt.). Gra-
phitic Zn dust readily interacts with microwaves and generates
volumetric heat at a faster rate [30,38].

The thermal conductivity of the reactant mixture is also
improved, aiding the rapid heat absorption and thus reducing the
reaction time for oxidation. Graphite will be burnt out during the
heating process and will no way affect the final oxide formed [39].

2.2. Thermal oxidation of Zn dust

The thermal oxidation of the Zn dust was conducted via two
routes; (i) Conventional thermal oxidation route (CTO) and (ii)
Microwave assisted oxidation route (MW). In both the techniques,
the milled Zn dust were spread into thin uniform bed of about
�2 mm thickness in a rectangular alumina boats of size
15 mm � 8 mm � 10 mm.

The crucible was loaded into a domestic Teflon-lined micro-
wave cavity (Samsung; Power 1100W and 2.45 GHz) for the
microwave assisted oxidation besides into a closed muffle furnace
for conventional oxidation. The maximum microwave power irra-
diated in pulse mode was 600W, while in conventional heating;
the power rating of the electrically operated muffle furnace was
7.5 kW. The whole milling and oxidation steps were randomly
optimized. Table 2 shows the details of the oxidation conditions
and constraints, the condition chosen for the final product synthe-
sis is shown bold in the table.

Holding time and operating temperature were the two con-
straints chosen in the case of conventional oxidation technique
whereas irradiation time and power in the case of microwave
method. Zinc dust milled at regular time intervals viz. 24, 48,
72 h were used for the heat treatment in both the processing



Table 2
Process details for conventional thermal oxidation (CTO) and microwave oxidation
(MW).

Processing route Processing conditions

Milling time (h), Holding temperature (�C),
Holding time (h)

Conventional thermal
oxidation (CTO)

24,450,4
24,600, 5.5
24,750,7
48,450,4
48,600,5.5
48,750,7
72,450,4
72,600,5.5
72,750,7

Milling time (h), Irradiation power (W),
Irradiation time (min)

Microwave assisted
oxidation (MW)

24,450,15
24,600,10
24,600,15
48,450,15
48,600,10
48,600,15
72,450,15
72,600,10
72,600,15

Values shown in bold are the optimal processing conditions chosen.
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routes. The schematic of the final processing route is shown in
Fig. 1.

2.3. Characterization of nano ZnO

The change in size and shape of micron sized Zn and the nature
of particle fracturing due to milling was studied using Stereomicro-
scope (Leica DM 2500 P). The nano ZnO seed formation during
milling was identified from the absorption spectra using UV–vis
spectrophotometer (UV-2401 PC, Shimadzu, Japan), within the
wavelength range of 200–800 nm. Thermo gravimetric analyses
(TGA, Shimadzu TGA-50 Thermal Analyzer) of mechanically
modified raw Zn dust were conducted in oxygen atmosphere from
Fig. 1. Process scheme for th
room temperature to a temperature of 700 �C at a heating rate of
10 �C min�1 to understand the advantage of milling operation in
the conversion of Zn dust to nano ZnO. Powder X-ray Diffraction
analysis (XRD, Philips X’pert pro PW 1710) was used to confirm
the growth of ZnO seed nuclei with milling and for the final oxide
formation. Crystallinity was measured within the angle range
2h = 20�–80�. The lattice parameters of the ZnO formed was
calculated from the XRD data using the equation [40]:

1=d2 ¼ 4=3½1=a2� þ ½1=c2� ð1Þ
where ‘d’ is the interplanar distance, ‘a’ and ‘c’ are the lattice param-
eters in nm (for hexagonal c/a = (8/3)1/2). The nano crystallite size of
the ZnO seeds and the final ZnO were also calculated from the XRD
data, using Debye–Scherrer equation [40]:

DXRD ¼ ð0:9kÞ=ðb CoshÞ ð2Þ
where DXRD refers to the average nano crystallite size in nm
obtained from the calculation, ‘k’ is the wavelength of the X-ray
radiation in nm, ‘b’ is the full width at half maximum intensity mea-
sured in radian, and ‘h’ is the diffraction angle in degrees. The aver-
age particle size (Davg) distribution (Zeta-Size, Malvern Instrument,
NANO ZS) of the ZnO seeds formed was also analyzed using
dynamic light scattering (DLS) technique in water medium. The
morphological features were perceived using Scanning Electron
Microscopy (SEM, Zeiss, EV018) and Transmission Electron Micro-
scopy (TEM, FEI Tecna 30G2S – Twin Transmission). Selected area
electron diffraction (SAED) patterns were also used for ascertaining
the crystallinity of the samples.

2.4. Application study

The industrial applications of Zn dust derived ZnO was tested
for multifunctional paint coatings with NIR reflectance and corro-
sion resistance. Cashew Nut Shell Liquid (CNSL, Vijayalaxmi
Cashew company Pvt. Ltd., Kerala), a cheaply available organic base
was selected as the paint medium. The synthesized nano ZnO (5
and 10 vol%) was dispersed in CNSL using mechanical stirrers
and ultrasonication. The paint formulation obtained was coated
e synthesis of nano ZnO.
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on glass substrates using a computer controlled dip-coater (KSV
instruments, Netherlands) and on AZ31 Mg alloy surface using
brush. The Contact Angle (CA) measurement was done using a Ten-
siometer (Dataphysics-DCAT 11, Germany) via ‘Wilhelmy balance
method’ to determine the wettability of the coating. The near infra-
red reflectance (NIR) spectra of the coatings were measured using
UV–vis–NIR spectro-photometer (Shimadzu, UV-3600 with an
integrating sphere attachment, ISR 3100) using Teflon (PTFE) as
Ref. [41]. The IR data was recorded in the range from 700 to
2500 nm. The NIR solar reflectance (R⁄) in the wavelength range
from 700 to 2500 nm, which is the fraction of the incident solar
radiation reflected by a surface, is the irradiance weighted average
of its spectral reflectance, r(k), at the mentioned wavelength range.
This can be calculated using the relationship (as per ASTM
Standard E891-87) [41].

R� ¼
Z 2500

700
ðrðkÞ � iðkÞ � dðkÞÞ=

Z 2500

700
ðiðkÞ � dðkÞÞ ð3Þ

where ‘r(k)’ is the experimentally obtained spectral reflectance
(Wm�2) and ‘i(k)’ is the solar spectral irradiance (Wm�2 nm�1).

For corrosion testing, the as cast Mg alloy AZ31 was used. The
specimens were machined to cylindrical blocks (4 mm D � 1 mm
H). The face to be coated was polished with emery paper
(#1600) and was cleaned and degreased using acetone and ethanol
respectively. The corrosion test was conducted with (Electrochem-
ical Analyser, CH instruments, Inc., Model no. 608E) 3.5% NaCl solu-
tion (salt water) as per standard guidelines in ASTM G5-94. The
Corrosion potential (Ecorr) and Corrosion current (Icorr) were mea-
sured using the instrument software. The corrosion was studied
at ambient temperature conditions (27 �C) over a test surface area
of 200 mm2 with a test run period of 2400 s.

3. Results and discussions

3.1. Mechanical activation of Zn dust

Mechanical milling produces kinetically active reactant mixture
with decreased particle size and defective lattice structure which
can catalyze chemical transformations at low temperatures
[35,42]. The mechanical operation is considered as an effective
activation step to achieve direct oxidation of Zn dust at low tem-
peratures. In the current study, the micron sized raw Zn dust
was initially milled with the motive to reduce the particle size. Zinc
is a low hardness (2.5 in Mohs scale) possessing metal having a
HCP crystal structure with high axial ratio [c/a = 1.856]. The
Fig. 2. SEM images of (a) un-milled raw Zn dust, (b) 12 h mille
reduction in number of slip systems in the crystal results in shear-
ing under the application of a mechanical force [43]. The effect of
ball milling on the size, morphology and surface of the micron
sized raw Zn dust at various stages of milling are shown in Fig. 2.

In Fig. 2a, the SEM image confirms that the as received raw Zn
dust is a dense, spherical particle. Continuous milling induces
sequential morphology changes in this inherently soft Zn particle.
During milling, the Zn dust undergoes a ductile to brittle transition
[43] causing the shearing and tearing of the particle leading to the
powdering of Zn dust, which is evident from the SEM images
(Fig. 2b–e). In Fig. 2b, the SEM image shows that 12 h of milling
has produced physically elongated, flaky Zn discs clearly revealing
the shearingwhich has taken place due to high impact energy. After
24 h of milling, these elongated Zn flake structurally collapse into
weakly bonded fragments of size <5 lm. At this stage, the brittle
fracture is clearly evident and the particle cleavage growth is more
perceptible andwide spread (Fig. 2c). FromFig. 2d it can be observed
that, 48 h ofmilling has caused further outspreading of the cleavage
growth, resulting in the formation of a physically weak porous
metal-frame work, indicating its readiness to get powdered within
fewhours ofmilling. It is evident from Fig. 2e that the fine powdered
particles are having a physical size <2 lm after 72 h of milling.

The sequential break down of the metallic Zn dust during ball
milling is further viewed at 24, 48 and 72 h of milling under optical
microscope to validate the mechanism proposed. Fig. 3 shows the
optical microscopic images of the Zn dust at various stages of
milling.

Initially, the Zn dust shows extensive plastic deformation.
Shearing and particle elongation is clearly seen at this stage. Later,
a transition of polycrystalline Zn from ductile to brittle was
observed. In hexagonally close packed crystalline Zn metal the
basal cleavage cracks usually occurs at the (0001) plane [43].
Milling generates micro cracks during shearing due to high impact
energy. Upon continuous shearing, the micro-cracks produce
mechanically weak zones where the necking develops. The multi-
ple cleavage cracks developed at different regions of the particle
finally lead to metal fracturing. In addition to this accommodation
mechanism other failure mechanisms like twinning, kinking and
limited slips also induce metal cleavage and resulting fracture [43].

The aqueous milling of Zn dust produces ZnO seed nuclei due to
the oxidation of surface Zn atoms. The ZnO seeding triggered by
milling is evident from the UV–vis spectra of the milled Zn dust
dispersion collected at different time intervals (viz 24, 48, 72 h).
The UV analysis in Fig. 4a clearly gives the characteristic absorp-
tion peaks of ZnO in the UV region with maximum absorption in
d, (c) 24 h milled, (d) 48 h milled, (e) 72 h milled Zn dust.



Fig. 3. Schematic illustration of the cleavage growth and particle fracturing occurring at different time intervals during milling (supported with optical images at different
time intervals).

Fig. 4. (a) UV–vis spectrum, showing traces of ZnO in the milled and sonicated Zn dust. (b) XRD patterns of the Zn dust milled for different time intervals. (c) TGA of Zn dust in
oxygen atmosphere (0–700 �C) (Inset shows drop in the oxidation onset temperature milled and un-milled Zn dust).

S. Balanand et al. / Chemical Engineering Journal 284 (2016) 657–667 661
the wavelength range 360–370 nm, indicating the seeds grown
during milling. The XRD results shown in Fig. 4b also confirms
the ZnO seeding with the milling of Zn dust. The diffraction peaks
obtained at the 2h positions 36.28, 39.07, 43.33, 54.32, 70.35 and
70.72 corresponds to the lattice planes (002), (100), (101),
(102), (103), and (110) of pure Zn metal (JCPDS PDF #00-004-
0831). In the unmilled Zn dust these characteristic peaks were
prominent while no traces of ZnO were observed. Milling this Zn
dust for about 24 h, ensued the sprouting of ZnO peaks in the pow-
der, the peaks obtained at positions 31.91, 34.45, 36.28, 47.60,
56.64, 62.82, and 67.93 corresponds to the (100), (002), (101),
(102), (110), (103) and (112) lattice planes of wurtzite phase
ZnO (JCPDS no: 36-1451). With increase in the milling time from
24 h to 48 h, these ZnO peaks became more apparent validating
the claim of ZnO seeding. After about 72 h of milling, all the major
peaks corresponding to ZnO became distinct and clear showing the
ZnO seeding due to the faster growth of surface ZnO with milling.
The progressive drop in the peak intensity of Zn with milling time
is also a clear indication of the conversion happening with milling
(Fig. 4b).

Zn dust in its pure form has a theoretical melting point at 419 �C
and a boiling point of 908 �C. However, the aqueous milled Zn dust
develops seeds of zinc oxy hydroxide on its surface. The TG analy-
sis of the 24 h milled Zn dust showed a mild weight loss between
51 �C to 142 �C (Fig. 4c). It is probably due to the decomposition of
these Zn(OH)2 formed as a result of the hydrolysis reaction. The Zn
(OH)2 formation is earlier reported to have very low decomposition
temperature in around 130 �C [12]. However, this weight loss is not
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seen in the TGA curves of the Zn dust milled for longer time inter-
vals such as 48 and 72 h, respectively as seen in Fig. 4c. When the
milling time increases, due to the high milling impact energy, con-
version of these hydroxides to more stable oxides readily takes
place as per the reactions:

ZnðsÞ þ 2H2OðlÞ ! ZnðOHÞ2ðsÞ þH2ðgÞ ð4Þ
ZnðOHÞ2ðsÞ ! ZnOðsÞ þH2OðlÞ ð5Þ
With further increase in temperature, oxidation of the Zn dust

starts at around 400 �C causing a steep rise in the TGA curve. It is
evident from the TGA curves; a gradual shift in the oxidation onset
temperature with an increase in the milling time. From Fig. 4c, as
the milling time is increased from 24 h to 48 h, the onset oxidation
temperature drops by 35 �C from 471 �C to 436 �C. The TGA results
indicate a further decrease of 35 �C when the milling time was
raised from 48 to 72 h making the final oxidation onset tempera-
ture as 401 �C. Thus, the TG analysis clearly confirm a reduction
of 98 �C in the oxidation onset temperature for milled Zn dust
(72 h milled) compared to the un-milled raw Zn dust (Inset TGA
curves in Fig. 4c). This effect in the onset oxidation temperature
can be attributed to the increase in the specific surface area of
the zinc dust due to particle size reduction during milling. Apart
from the size effect, the formation of the atomic level ZnO surface
seed-layer with milling also accelerated the reaction kinetics.

In fact, the seed particles slowly disperse in aqueous medium
and in the absence of any surfactants, they tend to form primary
ZnO seed-clusters and agglomerates. The particle size distribution
analysis (DLS) of the seed suspension obtained at different milling
Fig. 5. (a) Size distribution (DLS) of ZnO seeds formed during milling for different time p
value of 48.53 lm (Inset). (b) SEM image of ZnO seeds formed during milling after 72 h.
on ZnO seed cluster size (nm) measured by DLS.
time is presented in Fig. 5a. The pH of the milled mediumwas mea-
sured to be in the range 8.7–9.15 at the time when the measure-
ment was taken. After 24 h of milling, the particle size analysis of
ZnO seed-clusters in the suspension showed an average size of
about 537 nm which was decreased to 217 nm when the milling
time was increased from 24 to 72 h. The crystallite size of the seed
particles from the milled dispersion was measured using Debye–
Scherrer relation, these values also showed a similar trend. The
crystallite size of the ZnO seeds formed decreased from 52.78 nm
for 24 h milled samples to 42.22 nm for 48 h milled samples and
further to 35.18 nm for 72 h milled.

The SEM and TEM images of the ZnO seeds formed after 72 h
milling is shown in Fig. 5b and the inset in Fig. 5b. The clusters size
of the seeds formed were measured to be �135 nm. Thus the UV,
XRD, TGA, TEM and DLS analyses confirmed the germination of
nano sized ZnO seeds with the milling operation, which in effect
favors the thermal oxidation of Zn dust into nanocrystalline ZnO
at low temperatures without the aid of any catalysts.
3.2. Conventional (CTO) and microwave assisted (MW) thermal
oxidation of Zn dust

After mechanical activation by milling, the oxidation of the
modified zinc was conducted in both conventional and microwave
conditions at well-above its on-set oxidation temperature. In the
CTO route the zinc dust milled for 72 h was oxidized at
750 �C/7 h. This condition was found to be optimal for complete
oxidation of Zn dust to nano ZnO. Anisotropic growth of ZnO was
observed in this technique due to the slow heating and variation
eriods, SEM image of an unmilled raw dust particle having an average particle size
(Inset, TEM of the ZnO seeds formed after 72 h milling). (c) Influence of milling time



Table 3
Lattice constants a, b, and c corresponding to the (101) crystal plane for ZnO
synthesized through conventional (CTO) and microwave (MW) routes.

Samples Processing conditions Lattice parameter
a = b (Å)

Lattice
parameter c
(Å)

a Microwave assisted oxidation
(600 W/15 min)

3.21 5.24

b Microwave assisted oxidation
(600 W/10 min)

3.24 5.29

c Conventional thermal
oxidation (750 �C/7 h)

3.23 5.27

a, b and c are the samples presented in the Fig. 6(b).
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in the oxygen concentration at the different regions of the muffle
furnace. In the microwave route, the Zn dust milled for 72 h was
irradiated for 15 min at the maximum power of 600 W. Here the
direct transfer of electromagnetic energy to thermal energy causes
rapid and uniform volumetric heating of the milled Zn and thus
reducing the reaction time. The ZnO powders synthesized were
characterized to compare and validate the two routes viz the
Conventional Thermal Oxidation (CTO) and Microwave assisted
Oxidation (MW).

3.3. Zn dust derived nano ZnO

Fig. 6 shows the XRD pattern of the Zn dusts after the thermal
oxidation. Out of the several oxidation constraints tried (as shown
in Table 2), complete oxidation of the Zn dust was achieved only in
few cases. The XRD analysis conducted on randomly selected sam-
ples showed immature peaks of ZnO indicating the incompleteness
in the oxidation process (Fig. 6a). In addition; the presence of cer-
tain contamination peaks also validates the incomplete oxidation.
The phase analysis of the completely oxidized Zn dust by both
the CTO (750 �C/7 h) and MW (600W/10 min and 600 W/15 min)
routes are shown in Fig. 6b. The XRD spectra of these samples con-
firmed the presence of phase pure hexagonal wurtzite ZnO in both
the routes. All the crystalline peaks are matching well with the
JCPDS file no: 36-1451. There are no peaks representing any sort
of characteristic impurity phases, indicating a complete thermal
conversion of Zn dust to nano crystalline ZnO.

It is noteworthy that in MW route, the oxidation is completed
within 15 min showing the competitiveness of the technique. Even
though, such rapid heating occurs in microwave fields, the crys-
talline quality of the end product, nano ZnO is not affected which
is confirmed from the obtained lattice parameter values. ZnO has
typical lattice parameter values, a = 3.24 Å and c = 5.21 Å, respec-
tively [44]. Table 3 shows the lattice parameter values of the nano
ZnO processed via MW and CTO routes. Interestingly, these values
of ZnO derived by both techniques are near to the standard values
revealing the processing advantage of the techniques. The lattice
parameter values a and c confirms, the Zn dust derived nano ZnO
is of wurtzite structure having hexagonal unit cells with the ratio
c/a = 1.633 belonging to the space group C4

6v in the Schoenflies nota-
tion and P63mc in the Hermann–Mauguin notation [45]. The XRD
Fig. 6. (a) XRD patterns of randomly selected constraints from Table 2. (b) XRD patterns o
(101) crystalline plane is highlighted).
analysis further confirms that the increase in microwave exposure
improves the crystallinity of the nano ZnO compared to conventional
oxidation route.
3.3.1. Morphological features of nano ZnO
Fig. 7 shows the SEM and TEM microstructures of nano ZnO

obtained from CTO and MW techniques. The CTO route produced
dense irregularly shaped, agglomerated ZnO nanoparticles
(Fig. 7a). However, the TEM image (Fig. 7b) confirms the formation
of rod shaped crystallites having length �100 nm and diameter of
around 10 nm. On the other hand, SEM analysis (Fig. 7d) of the ZnO
prepared via MW route seems to show nano-rod morphology
where the length varies in micrometer range and the diameter in
sub-micron scale. The TEM images (Fig. 7e) also confirms the per-
fect ZnO micro-rods having diameter of approximately 200 nm and
length about 5–6 lm obtained through MW route. This drastic
variation in the morphology of microwave oxidized ZnO can be
attributed to the seed-assisted nucleation and growth. When com-
pared to the conventional technique, the homogeneous reversible
temperature gradients and rapid heat build-up in microwave
assisted heating cause such an excessive, directionally uniform
growth of the ZnO rods in MW route.

The selected area electron diffraction (SAED) patterns clearly
shows the polycrystalline and mono-crystalline characters of the
conventionally and microwave synthesized samples respectively
f the ZnO synthesized using the finally optimized and fixed CTO and MW routes (the



Fig. 7. SEM and TEM images and SAED patterns of ZnO synthesized via CTO route (a–c) and MW route (d–f). (Inset in (d) shows the SEM image of a single nanorod obtained by
MW route).
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(Fig. 7c and Fig. 7f). The microwave energy acting on the bulk Zn
reduce the surface energy causing unidirectional growth [46],
resulting in the formation of highly crystalline nano-structures,
like nano rods in this case. The optimized routes and the brief
morphological and dimensional statistics of the final ZnO formed
is given in Table 4.
4. NIR reflective and anti-corrosive studies of nano-ZnO
functional coatings

The applicability of Zn dust derived ZnO nanoparticles for
obtaining multifunctional coatings was tested. Blends were pre-
pared with CNSL resin as the matrix and Zn derived nano ZnO pow-
der as the filler. The coatings were examined optically for
microstructural defects and the results are presented in Fig. 8a–f.
The optical images of the neat CNSL coating was compared with
the CNSL base loaded with different volume percentages (5% and
10%) of the nano ZnO synthesized via CTO and MW routes. Its is
evident that in the case of pure CNSL coatings, there are many deep
level drying-cracks and possible detachment of the layer from the
glass surface/substrate. However, the addition of nano ZnO into
CNSL base has clearly reduced this problem and has formed uni-
form coatings. It is also observed that CNSL base loaded with 10
vol% of nano ZnO synthesized through MW route, ZnO (MW) 10
(Fig. 8f) is forming the best in class coating. This can be attributed
to the typical morphology of the ZnO which roots an excellent knit-
ting effect forming good and crack free coatings, when compared to
the coatings of pure CNSL and CNSL with ZnO prepared through
conventional route, with the same percentage loading, ZnO (CTO)
10 (Fig. 8e). Thus the loading percentage of synthesized ZnO for
coatings was fixed at 10 vol% for further application studies. The
Table 4
Brief statistics of the final ZnO through both the routes (CTO and MW).

Samples Milling time/oxidation condition Morphology DL

CTO 72 h/750 �C/7 h Assorted �4
MW 72 h/600 W/15 min 1D nanorods –
XRD analysis (Fig. 8g) of the coatings developed confirmed the
amorphous nature of CNSL resin. When this CNSL was loaded with
ZnO, the coatings showed the characteristic crystalline peaks of
ZnO at their respective positions. It is also clearly apparent that
the XRD peaks are more prominent in the case of coatings having
ZnO (MW) 10 compared to those with ZnO (CTO) 10. This can be
attributed to the better crystalline purity of ZnO synthesized
through the MW route [47].

The water contact angle measured for the CNSL + ZnO coatings
was compared with the uncoated surface and is shown in Fig. 8h.
Overall the coatings found to have significant hydrophobic surface
character. The contact angle value obtained was 34� for uncoated
glass, showing the hydrophilic nature of the glass surface. With
pure CNSL coatings the contact angle is increased to 91�, showing
the significant hydrophobic character imparted due to the pres-
ence of cardonol. Chemically unmodified cardonol is known to
have inherently long-hydrophobic hydrocarbon chains with a
slightly polar phenolic ring, and hence showing good water repel-
lent character [48]. As seen in the optical images (Fig. 8a and b),
crack growth in pure CNSL coatings makes the surface more rough,
infact reducing its characteristic water repellent nature [49]. How-
ever, this effect seems to be minimal as the coating still maintains
its hydrophobicity.

With the inclusion of nano ZnO into the CNSL matrix, the con-
tact angle values marginally dropped to 86� and 78� for CTO and
MW derived ZnO, respectively. These nanostructured ZnO, in the
absence of any surface active agents such as silane is known to
have high hydrophilic nature [4]. Also, there is a reduction in the
number of reactive surface hydroxyl groups in the CNSL base with
filler addition [48]. These two factors together contribute to the
reduction in the contact angle values. At the same time, due to
the reduced crack generation tendency of the coatings, the surface
S (nm) DXRD (nm) DTEM (nm) Aspect ratio
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Fig. 8. Optical images of coatings made over glass. (a and b) Pure CNSL. (c and d) CNSL with 5 vol% ZnO synthesized via CTO and MW routes respectively. (e and f) CNSL with
10 vol% ZnO synthesized via CTO and MW routes respectively. (g) XRD patterns of the coatings, pure CNSL and CNSL loaded with 10% (by vol) of ZnO. (h) Contact Angle
measured for uncoated glass, CNSL and CNSL + ZnO 10% (by vol) coated glass surfaces.

Fig. 9. (a) CNSL based transparent coatings made on glass. (b) NIR reflectance spectra of different coatings made, (c) NIR solar reflectance (R⁄) of different coatings made on
glass, with the bar chart showing R⁄ value of different coatings.
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Fig. 10. (a) Tafel Plots of the different coatings made over AZ31 alloy. (b) Variation of the Corrosion Potential (Ecorr) and Corrosion Current (Icorr) for the different coatings.
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roughness decreases which results in an increase in the contact
angle value. However, inspite of all these factors affecting the con-
tact angle value, the overall change in the value is not so signifi-
cant, and the coatings still maintains its water-repelling character.

4.1. IR shielding characteristics

Fig. 9 shows the NIR reflectance of the coatings developed. From
Fig. 9a it is evident that the coatings developed have good optical
transparency with the possibility for obtaining brown tinted trans-
parent functional coatings. The NIR reflectance efficiency of these
CNSL based transparent ZnO coatings were measured and com-
pared with pure CNSL coatings and uncoated glass surfaces.
Fig. 9b shows the NIR reflectance properties of CNSL coatings pre-
pared with and without addition of nano ZnO. It is evident that
bare glass have low NIR reflectance value (below 3%) but when it
was applied with CNSL coatings, it attained considerable NIR
reflecting property.

The CNSL coatings containing nano ZnO showed nearly 35%
improvement in NIR reflectance. It also has to be noted that, among
the MW and CTO derived nano ZnO, the coatings made with MW
derived nano ZnO has better NIR reflecting property. The Solar
NIR reflectance is also enhanced (Fig. 9c) with the incorporation
of the as-synthesized ZnO in the organic base.

4.2. Corrosion resistance study

The electro chemical corrosion resistance property of the nano
ZnO dispersed CNSL coatings was evaluated using AZ31 Mg alloy
which is prone to corrosion. Fig. 10a shows the respective Tafel
plots of the coatings prepared. The Mg alloy coated with both pure
CNSL and nano ZnO dispersed CNSL showed remarkably better per-
formance than the uncoated surface. It can be seen that there is a
shift in the corrosion potential (Ecorr) from the negative to the pos-
itive values; showing the corrosion resistance efficiency of the
ZnO/CNSL coatings over the bare alloy. The Ecorr value increased
from �1.56 V for bare alloy to a value of 0.887 V for the surface
coatings prepared with CNSL + ZnO(MW) 10. The cardanol due to
its phenolic character and the long alkly side chain has corrosion
deterring ability [50]. Moreover, the rod shaped nano ZnO particles
synthesized via MW route effectively by-pass the current conduc-
tion path due to a the better knitting of the particles when com-
pared to CTO synthesized ZnO. The decrease in the corrosion
current (Icorr) value (as shown in Fig. 10b) also shows the corrosion
resistance imparted by ZnO/CNSL coatings. The corrosion current
value obtained was �8.004 A for the uncoated alloy surface, which
gradually decreased to �10.3 A for CNSL + ZnO(MW) 10 coated
surface. Thus it can be inferred that, ZnO dispersed CNSL based
coatings forms an effective protective outer crust for similar
corrosion prone alloys.
5. Conclusions

Nano ZnO synthesis throughmicrowave assisted thermal oxida-
tion was optimized and the product was validated for special func-
tional coatings. Mechanically modified Zn dust showed the growth
of ZnO seed nuclei in 48 h of milling and the milled Zn dust under-
goes comparatively early oxidation. A complete conversion of Zn
dust into nano ZnO is accomplished within 15 min reaction time,
under microwave heating. Further in the oxidation part, it can be
seen that the microwave assisted oxidation shows significant
advancement in the particle morphology. Thus, single phase,
mono-crystalline nano ZnO rods can be successfully synthesized
by the microwave assisted oxidation (600 W/15 min) of mechani-
cally modified (ball-milled for 72 h) raw Zn dust under the opti-
mized conditions. The application studies conducted with the
synthesized ZnO also turned out to be positive. A functional paint
coating prepared by dispersing nano ZnO in CNSL resin showed sig-
nificant improvement in the NIR reflectance. A measured NIR
Reflectance value of <3% for bare glass is enhanced to 24% for
CNSL + ZnO (CTO) 10 coatings which was further improved to
33% for CNSL + ZnO (MW) 10. The corrosion studies conducted
through an electrochemical route also showed remarkable
improvement in the corrosion resistance imparted by these coat-
ings on the bare Mg alloy. With the coating of CNSL + ZnO (MW)
10, about 156% improvement in the corrosion resistance compared
to uncoated surface was observed. Thus in nutshell, the whole
work focuses on developing a new, cost effective, catalyst-free
technique for synthesizing nano grade ZnO from raw Zn dust
that will transpire into various special multipurpose coating
applications.
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