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Zinc oxide nanoparticles from
microwave-assisted solvothermal
process: Photocatalytic performance
and use for wood protection against
xylophagous fungus
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Abstract
Nano- and micro-oxides are promising materials due to several interesting characteristics such as photocatalytic and
antimicrobial role. In this work, zinc oxide nanorods were obtained by microwave-assisted solvothermal process and their
photocatalytic performance and action for wood protection against wood-decay fungus was studied. The morphological
(scanning electron microscopy and transmission electron microscopy analyses), microstructural (X-ray powder diffrac-
tion analysis) and chemical (infrared spectroscopy) characteristics of the oxide-based nanostructures were investigated.
Moreover, photocatalytic performance was evaluated using methylene blue and methyl orange. The nanostructured zinc
oxide was impregnated to pinewood samples at 1–5% content and tested for decay resistance using a white-rot fungus.
Zinc oxide nanorods agglomerated as urchin-like structures presented high crystallinity, high purity, and high photo-
catalytic activity. Zinc oxide impregnation was effective in improving pinewood decay resistance, yielding similar pro-
tection compared to traditional wood preservative.
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Introduction

A photocatalytic process consists of several chemical

events wherein an electron–hole hþ is used for oxidizing

and, sometimes, capturing electrons for a reduction pro-

cess, leading to the formation of superoxide anions and

hydrogen peroxide (H2O2) from oxygen.1 According to

Serrano et al.,1 a heterogeneous photocatalytic process

starts when a photon riches the photocatalyst surface with

an amount of energy equal to or greater than its band gap

(BG), leading to the formation of mobile electrons in the

conduction band (CB) and positive holes in the valence

band (VB).

Studies on the photocatalytic performance of some

metal oxides have been conducted since the 1970s. More

recently, micro- and nanoceramics have been designed to

act as absorbents of ultraviolet (UV) radiation, which may
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be of interest for applications such as photovoltaic cells for

direct conversion of solar energy into storable electrical

energy, sensing devices, air and water purifiers and coat-

ings of organic substrates to prevent weathering.2,3

Ceramic particles such as titanium dioxide (TiO2) have

also been incorporated into wood to increase its mechani-

cal, hygroscopic and antimicrobial properties,4 being an

alternative for traditional wood preservatives based on

waterborne salts, for example, copper-based formulations

such as chromium, copper, arsenic and chromium, copper,

boron (CCB). These products are effective but remain in

the wood for several years after the end of their useful life,

bringing environmental issues related to their disposal.4,5

A promising substitute for TiO2 is zinc oxide (ZnO),

which has wide BG of 3.37 eV and similar photocatalytic

capacity,6 although it presents higher photocorrosion sus-

ceptibility when illuminated by UV rays.7 Its morphology,

especially the position of BG potentials and recombination

of charge carriers generated by UV irradiation, limits its

absorption capacity to wavelengths below 387 nm.8

Adekele et al.9 described the photocatalytic reaction

mechanism of ZnO particles in the presence of methylene

blue (MB) as adsorption of MB on ZnO particles; electrons

(e�) in the VB of dye-sensitized ZnO are excited to the CB

under UV light, with simultaneous production of holes (hþ)

in the VB; the dissolved oxygen (O2) in aqueous solution

acts as electron scavenger and reacts with e� to yield active

free radicals; the separated holes react with e� donors

yielding active free radicals; and finally, surface-adsorbed

MB molecules are attacked by the generated holes and

other free radicals, leading to discoloration and opening-

ring reactions.

The antimicrobial mechanism of ZnO has been

described as ZnO forms free electrons from its CB and

positively charged emissions in the VB when subjected to

a light source; their vacancies reduce the O2 from water

yielding free radicals and anions; and these products oxi-

dize lipids present in bacteria and fungi membranes and

may break their DNA strand and also oxidize nucleotides

(responsible for the production of nucleic acids), amino

acids and proteins from catalytic centres, leading to the loss

of genetic content and consequently hindering the repro-

ductive process.10

There are several methods for the production of micro-

and nanoparticles from ZnO, including sol–gel, pulsed

laser deposition, chemical vapour deposition, electrodepo-

sition, spray pyrolysis, microwave irradiation and hydro-

thermal synthesis.11 The use of microwaves allows shorter

cycles, lower reaction temperatures and homogenous heat

transfer. The solvothermal method leads to the absorption

of microwave radiation (2.45 GHz frequency and wave-

length operation range of 12.25 cm) and conversion to heat,

which increases nucleation rate of the crystal formation.12

Regarding solvothermal methods, there is a number of

recently published studies that confirm the importance of

optimizing the process parameters for each possible

solvent, since particles and nanoparticles with different

chemical and morphological characteristics require in-

depth studies to assess new technological applications for

ZnO. For instance, Golic et al.13 synthesized, via solvother-

mal reactions, ZnO from ethanolic zinc acetate solutions in

the presence of lithium hydroxide. The powder consisted of

a large number of small hexagonal particles, single-crystal

rods, some single-crystal plates and irregular-shaped parti-

cles. They also reported that the planar structure of the

precursor molecule played a major role in the growth of

the structures in a slightly acid solution.

Mao et al.14 produced ZnO micro/nanostructures with

different morphologies though a solvothermal process in

the presence of surfactants. The as-synthesized ZnO sam-

ples comprised nanospheres, hexagonal disks, hexagonal

bilayer disc-like structures and three-dimensional (3D)

flower-like hierarchitectures due to the surfactant effect.

High photocatalytic efficiency was achieved and attributed

to the formation of hierarchical structures with good crys-

tallinity, which led to the efficient separation of photogen-

erated electrons and holes.

Zhu et al.15 described the production and properties of

ZnO rod-assembled microspheres prepared by the

microwave-assisted hydrothermal method. Their ZnO pow-

der consisted of nanorods with the diameter of 300 nm and

the length of 1 mm. They also reported that the improved

catalytic activity may be attributed to structural difference,

including morphology, surface orientation and surface

defects.

Salah et al.11 described the production of size-controlled

ZnO nanostructures by a microwave-assisted route. They

obtained a powder that consisted of 25-nm spherical nano-

particles and micro-sized hexagonal nanorods, which were

evaluated as an antimicrobial agent against Gram-negative

(Escherichia coli), Gram-positive (Bacillus subtilis) bac-

teria and yeast (Saccharomyces cerevisiae). Their results

showed significant inhibition of the bacterial growth even

at low ZnO concentrations.

Since both photocatalytic and antimicrobial effects of

these particles are relatively well explained in the literature,

their use for wood protection against xylophagous agents

seems plausible. Thus, in the present work, ZnO rod-like

nanoparticles were produced via microwave-assisted sol-

vothermal (MAS) process and their photocatalytic perfor-

mance and action for wood protection against wood-decay

fungus was studied.

Materials and methods

Synthesis and characterization of ZnO nanoparticles

ZnO nanoparticles were produced by the MAS method

using a developed formulation rich in organic solvent

(i.e. ethanol). For that, 3 mmol of zinc nitrate hexahydrate

(purchased by Sigma-Aldrich brand, Unites States) and 60

mmol of sodium hydroxide were solubilized in 5 mL of

2 Nanomaterials and Nanotechnology



deionized water. Then, 1 mmol of polyethylene glycol,

molecular weight of 440 g mol�1, was solubilized in a

mixture of 50 mL of anhydrous ethanol and 10 mL of

deionized water. The obtained solution was homogenized

in an ultrasonic bath for 10 min. This pre-synthesis was

done directly in a polytetrafluoroethylene recipient, which

was then placed into a microwave oven (a Panasonic equip-

ment, Japan) at 140�C for 10 min. The final solution was

washed at room temperature with distilled water by centri-

fugation until complete neutralization (pH ¼ 7) and subse-

quently dried at 50 + 2�C for 24 h.

The morphological structure of ZnO was assessed by scan-

ning electron microscopy (SEM) analysis, in a JSM 6610LV

equipment (JEOL brand, Japan), and transmission electron

microscopy (TEM), in a JEM 1400 equipment (JEOL brand,

Japan). Mean particle diameter, wurtzite length, rod radius

and rod length were determined based on TEM micrographs.

For that, the Fiji software, developed by Schindelin et al.,16

was used to calibrate the pixels from the TEM images.

Degree of crystallinity, particle dimension and related

characteristics were analysed using X-ray powder diffrac-

tion (XRD) patterns recorded using a D8 Advance diffract-

ometer (Bruker brand, Unites States), with copper Ka
radiation (l ¼ 0.15406 nm), in the 5–120� 2q range, with

0.025�min�1 increments. The chemical structure was eval-

uated by infrared spectroscopy using an IRPrestige-21

equipment (Shimadzu brand, Japan) on powder samples

homogenized with potassium bromide pellets. A total of

64 scans (500–4000 cm�1 range) in direct transmittance

were performed at 4 cm�1 resolution.

Photocatalytic performance

Two dyes based on MB and methyl orange (MO) were used

for evaluating photocatalytic response of ZnO nanocera-

mics. For that, 100 mL of aqueous solution was prepared

with 1.25 mg L�1 of dye and 0.002 g L�1 of ZnO nano-

particles. The solution was kept under magnetic stirring and

placed into a prismatic black wooden box (internal dimen-

sions: 50 � 20 � 20 cm3, height is the larger dimension),

where it was subjected to UV radiation from a 9-W com-

pact lamp (Osram brand, Germany), with a wavelength of

315–400 nm (UV-A) and dimensions of 16.7 � 1.2 cm2

(length � diameter). Aliquots were hourly sampled for 8 h

and analysed by UV-VIS spectroscopy in an SP 1105

equipment (Bel Photonics brand, Italy). Two parameters

related to dye degradation were calculated, namely ln C0/

C and rate constant (k), as described in the literature.9 The

former represents the concentration of aqueous solution in

the dye, and the latter is the linear fitting coefficient for

single dyes and dyes with ZnO particles.

Wood treatment and decay tests

Three healthy pine trees were randomly selected in a homo-

genous forest located at Southern Brazil following ASTM

D5536. From each felled tree, a 2.0-m long baseline log

was obtained at a height of 10 cm from the ground. From

the logs, 8-cm-thick central planks were obtained and then

subjected to outdoor drying for about 3 months. After that,

prismatic wood samples were cut with the following

dimensions: 2.5� 2.5 � 0.9 cm3 (length � width � thick-

ness). The ZnO powders were mechanically homogenized

in distilled water:ethanol (1:1) solution at three concen-

trations, 1%, 2.5% and 5%. This solution was placed in a

desiccator under an initial vacuum of 600–700 mmHg for

30 min and then impregnated into the wood samples under

constant pressure of 8 bar for 1.5 h, following a modified

Bethell process. A final vacuum of 600–700 mmHg was

applied for 15 min to remove non-impregnated

substances.

The lab test of resistance to fungal decay was carried out

based on modified ASTM D2017. Sabouraud agar was

inoculated with a white-rot fungus (Ganoderma applana-

tum) into Petri dishes (120 mm diameter). Pristine wood

and wood samples treated with ZnO particles were evalu-

ated and compared to samples treated by CCB impregna-

tion as the positive control group. For that, 1 L of 3%
aqueous solution of CCB (63.5% of potassium dichromate,

26% of copper sulphate and 10.5% of boric acid) was pre-

pared according to ABNT NBR 9480. The decay tests were

performed at 23 + 2�C and relative humidity (RH) of 60 +
5% for an incubation period of 16 weeks inside a laminar

flow hood. The wood samples were then conditioned in a

climatic chamber at 23 + 2�C and RH of 50 + 5% until

constant mass. Mass loss due to fungal attack was calcu-

lated based on the initial dry mass.

Rockwell hardness was acquired on the transverse plane

of the wood with a benchtop durometer (Digimess brand)

for pristine and decayed samples. A one-fourth-inch sphe-

rical penetrator was used and 10 Newtons (N) preload was

applied. Hardness data were statistically analysed using

Figure 1. XRD pattern of the produced ZnO nanoparticles.
XRD: X-ray powder diffraction; ZnO: zinc oxide.
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one-way analysis of variance test, followed by mean tests

according to Tukey method.

Chemical changes in wood due to the decay exposition

were evaluated by infrared spectroscopy using the same

procedure and equipment mentioned above. The infrared

spectra were mathematically modified to present the differ-

ences between reads before and after the decay, as sug-

gested in the literature.17

Results and discussion

Structure and morphology

Figure 1 shows the X-ray diffractograms, wherein all main

peaks are attributed to hexagonal wurtzite structures, in

agreement with the Inorganic Crystal Structure Database

Card (ICSD card no. 57450). This hexagonal form for ZnO

has lattice constants of a ¼ 0.3249 nm and c ¼ 0.5206 nm

(JCPDS, no. 36-1451), and this indicates that the prepared

sample is pure ZnO of high crystallinity and free from

impurity phases.7,15 Moreover, an average crystallite size

of 154.5 nm was determined in accordance with previous

studies.18 Nevertheless, it is important to mention that dis-

tinct particle shapes and dimensions could be obtained

using other synthesis methods (e.g. sol–gel),7,18 based on

other equations or calculations after SEM analysis14 and

dynamic light scattering (DLS) measurements.19

Figure 2(a) to (f) shows SEM and TEM images of the

produced nanorods. The MAS process originated nanorods

Figure 2. SEM (a) to (c) and TEM (d) to (f) images of the produced nanorods agglomerated as urchin-like structures. SEM: scanning
electron microscopy; TEM: transmission electron microscopy.
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or needle-like particles with the largest dimension along the

c-axis, and mean dimensions of 0.167 + 0.05 mm � 1.63

+ 0.33 mm (diameter � length) based on 60 measurements

performed in the square are shown in Figure 2(d). This

particle diameter average (approximately 0.167 mm) is sim-

ilar to that crystallite size measured by XRD diffraction

(approximately 0.154 mm), which indicates that the ZnO

nanorods may be single crystals. Therefore, it is also impor-

tant to consider that Scherrer’s formula is not applicable for

long particles like the ZnO nanorods of the present study,

which presented 1630 nm in average length (c-axis, along

the (001) direction), determined by SEM.

Those SEM and TEM micrographs indicate that these

rods have attached ends, that is, urchin-like structures,

which are the typical hexagonal wurtzite structure of ZnO

crystalline.15,20 When incorporated into ceramic compo-

sites, however, these particles can resemble nanospheres,14

hexagonal disks,14 hexagonal bilayer disc-like structures,14

3D flower-like hierarchitectures14 or pine cones,3 which

may depend on the initial solution pH.19 Other studies, such

as Benhebal et al.,7 used the sol–gel method and obtained

uniform spherical particles (around 0.5 mm diameter)

agglomerated as lamellar clusters.

Qualitative chemical analyses by infrared spectroscopy

indicate the presence of typical peaks of ZnO (Figure 3),

such as those at 510 and 1090 cm�1 related to metal oxide

stretching vibrations of Zn–O bonds.21 The peaks at 1380

and 1740 cm�1 represent stretching vibrations of C¼O

bonds, and a broad band at 3450 cm�1 represents stretching

vibrations of O–H bonds, which can indicate the presence

of impurities and moisture, respectively.9,21,22 The peak at

1740 cm�1 can also be related to an additional common

band attributed to the bending mode of absorbed water.23

Moreover, in their study, Pholnak et al.24 used the same

precursor and reported its spectrum with prominent peaks

at 840, 1090 and 1380 cm�1, which were attributed to

various vibration modes of its nitrate groups.25

Photocatalytic performance

Figure 4(a) and (b) shows UV-VIS spectra of the two dyes

used to study the photocatalytic response of the ZnO par-

ticles. The spectra show broad absorptions within 550–

700 nm and 350–520 nm, with peaks at 660 and 450 nm

for MB and MO, respectively. MO also presented two

humps at 400 and 500 nm, while MB displayed a single

hump at 620 nm. Similar results have been reported for

ZnO particles and some doped ceramics.9,11,26 The absor-

bance peaks gradually decreased as the irradiation time

increased, which confirm dye degradation in some of its

chromogenic groups.

Ln(C0/C) data for single dyes and dyes with ZnO par-

ticles displayed linear correlation with irradiation time, as

shown in Figure 4(c), similar to literature results.15 Com-

pared to neat dyes, higher R2 and k values (Figure 4(d))

were obtained for the dyes in the presence of the nano-

ceramics, indicating a photocatalytic effect related to the

ZnO. The parameter k is mainly dependent on particle

morphology (i.e. dimension and shape),15 which varies

with the type of precursor, the heating time and the micro-

wave power.11 For Adekele et al.,9 a high photocatalytic

performance is related to particles with the presence of

more reactive ions (species), larger surface area and

increased acting sites.

Decay resistance of ZnO-wood nanocomposites

All ZnO treatments led to improved biological resistance

compared to the pristine wood samples (Table 1). More-

over, incorporation of 2.5% or 5% of ZnO particles led to

wood protection levels comparable to that of the treatment

with CCB (positive control), which confirms the potential

application of ZnO particles as wood preservative.

Although the ZnO antimicrobial mechanism is not yet fully

understood, its antimicrobial performance is well corre-

lated with the degree of crystallinity, particle dimension

and amount of H2O2 generated at the surface of ZnO crys-

tals and can be estimated based on its lattice constant.11

Similar improvements in wood biological resistance were

found for woods treated with TiO2.4,5

Table 1 also presents hardness results for pristine and

treated woods after the decay tests. The statistical analysis

of the mass loss (F ¼ 320.17; p < 0.01) and hardness (F ¼
8.66; p < 0.01) values, treatments with 2.5% and 5% of

ZnO particles led to significant protection of the pinewood

against fungal attack and contributed to make the surface

stiffer, perhaps modifying their viscoelastic behaviour.

Also, the ZnO-wood nanocomposites reached similar hard-

ness levels among them.

However, the ZnO treatments were not able of

achieve greater protection compared to the CCB

Figure 3. Infrared spectra of the ZnO nanoparticles. ZnO: zinc
oxide.
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treatment, and the mass loss results were in fact inferior.

Even so, pristine and CCB-treated wood samples pre-

sented slightly larger deviations, perhaps due to a not

fully known effect associated to surface roughness. In

wood, the surface quality is dependent on anatomical

features, moisture content, machinability and so on, but

the effect of each mentioned factor may distinctively

affect wood roughness and hardness.

As shown in Figure 5, several peaks commonly

related to wood biodegradation were identified in Fourier

transform infrared spectra, especially those related to

hemicelluloses, including prominent peaks at 1200 and

1740 cm�1, representing unconjugated C¼O stretching

in xylan and C¼O bond of the carboxylic group, respec-

tively.27 No peaks related to CCB impregnation were

identified.

Table 1. Mass loss, decay ratings (by ASTM D2017) and hardness
for pristine and treated woods.

Groups Mass loss (%)a Decay ratings
Hardness

(kgf)a

Pristine 26.06+1.95 D Moderately
resistant

14.83+2.44 A

CCB 5.91+1.03 A Highly resistant 26.50+4.26 B
ZnO 1% 10.96+1.33 C Resistant 20.66+0.47 AB
ZnO 2.5% 9.22+0.46 BC Highly resistant 26.00+2.16 B
ZnO 5% 8.63+0.23 B Highly resistant 25.00+1.02 B

ZnO: zinc oxide; CCB: chromium, copper, boron; kgf: kilogram-force.
aMeans with the same letters do not present statistical difference at 95% of
confidence level according to Tukey test.

Figure 5. FTIR spectra of the differences between exposed and
unexposed wood samples. FTIR: Fourier transform infrared; ZnO:
zinc oxide; CCB: chromium, copper, boron.

Figure 4. Absorbance spectra of MB (a) and MO (b) dye solutions, linear fitting of the Ln(C0/C)� Time data for both dyes and dyes with
nanopowder (c) and photocatalytic performance (d). MB: methylene blue; MO: methyl orange; ZnO: zinc oxide.
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The pristine wood sample presented a valley at 1066

cm�1, whereas the other samples presented a prominent

peak at this wave number. According to Gallio et al.,27 this

peak may represent C–H deformation in guaiacyl units

belonging to lignin that are strongly impacted by white-

rot fungi. This also indicates stronger biodegradation rate

in pristine wood compared to treated woods, ratifying pre-

vious mass loss and hardness results. A prominent peak at

1630 cm�1 for the ZnO-wood nanocomposites is also

related to low degradation rates, since it is associated to

C¼O stretching vibrations in peptide bonds (Amide I) as a

result of fungi colonization.28 Moreover, this peak at 1630

cm�1 can also be attributed to a bending mode of absorbed

water.29

Conclusions

ZnO nanorods agglomerated as urchin-like structures have

been successfully synthesized by the MAS method. The

ZnO presented high crystallinity, high purity and high

photocatalytic activity for decolorization of MB and MO

solutions under UV light.

The ZnO impregnation was effective in improving the

pinewood decay resistance against white-rot fungi, espe-

cially above 2.5% content, hindering the access of the fun-

gus to the lignin proteins, as confirmed by infrared

spectroscopy and mass loss results. The wood protection

induced by ZnO nanoparticles was similar to that of tradi-

tional CCB impregnation, as confirmed by hardness results,

which confirms the potential of ZnO particles to be used as

wood preservative. These results suggest that pinewood

treated via impregnation of ZnO nanoparticles can be used

for indoor applications. Further studies may include leach-

ing tests after ZnO impregnation into wood to ascertain the

potential of this nanocomposite for outdoor use.
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