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ABSTRACT 

 

Zinc oxide (ZnO) is a wide direct band gap semiconductor with high exciton binding energy. Thus, it 

has superior photocatalytic performance, effectively in the photodegradation of organic pollutants. 

Nanostructures based on ZnO have many other applications such as antibacterial and antimicrobial. 

They can be synthesized by various methods, physical or chemical. Traditional approaches are costly 

and challenging to scale up while generating toxic chemicals. 

This work uses natural extracts to synthesize more biocompatible ZnO nanostructures that are 

eco-friendly, safe, simple, cost-effective, and energy-saving. These include various types of acacias (A. 

mearnsii and A. melanoxylon) and pines (P. nigra, P. sylvestris, P. pinea, and P. pinaster), Schoeno-

plectus lacustris, and Stryphnodendron. A thorough examination was conducted on each plant and the 

respective nanostructures synthesized from them. X-ray diffraction (XRD) analysis confirmed the pres-

ence of ZnO in the samples, as well as the crystallinity index. Their structural and elemental character-

ization was carried out by scanning electron microscopy (SEM) coupled with energy-dispersive X-ray 

spectroscopy (EDS). 

Plant-based ZnO nanostructures were successfully obtained by solvothermal microwave-as-

sisted synthesis at 140ºC, 100W, for 20 minutes, using a high pH solvent, with zinc acetate as the pre-

cursor. The most favorable plant-based ZnO nanostructures were obtained from A. mearnsii, P. syl-

vestris, and Stryphnodendron. Due to its substantial opportunity to complement the literature, this work 

has been centered on the latter. 

Afterward, optimal plant-based ZnO nanostructures were applied as photocatalyst agents and 

bacterial inactivators. The photocatalytic activity was evaluated under solar radiation, rhodamine B was 

the model-test contaminant indicator, and the best photocatalytic action was achieved with barbatimão-

based ZnO, reaching 59% dye degradation, compared with the reference with just 13%. However, these 

nanostructures showed no significant antibacterial properties against Escherichia coli. It is necessary to 

conduct further tests in this area to understand their antibacterial potential. 

Keywords: zinc oxide, nanostructures, green synthesis, natural extracts, photocatalysis, Bar-

batimão, Stryphnodendron, antibacterial.
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RESUMO 

O óxido de zinco (ZnO) é um semicondutor que apresenta um desempenho fotocatalítico superior, eficaz 

na fotodegradação de poluentes orgânicos. Nanoestruturas baseadas em ZnO têm muitas outras aplica-

ções, tais como antibacterianas e antimicrobianas. Estas podem ser sintetizadas por vários métodos, mas 

as abordagens tradicionais são dispendiosas, difíceis de escalar, e ainda produzem químicos tóxicos. 

Este trabalho utiliza extratos naturais para sintetizar nanoestruturas de ZnO mais biocompatíveis que 

sejam ecológicas, seguras, simples, economicamente eficientes e energicamente eficazes. Estes incluem 

vários tipos de acácias (A. mearnsii e A. melanoxylon) e pinheiros (P. nigra, P. sylvestris, P. pinea e P. 

pinaster), Schoenoplectus lacustris (bunho) e Stryphnodendron (barbatimão). Foi realizada uma análise 

detalhada de cada planta e das respetivas nanoestruturas sintetizadas a partir delas. A análise de difração 

de raios-X (XRD) confirmou a presença de ZnO nas amostras, enquanto a caracterização estrutural e 

elemental foi realizada por microscopia eletrónica de varrimento (SEM) acoplada à espectroscopia de 

raios-X por dispersão de energia (EDS). 

As nanoestruturas de ZnO à base de plantas foram obtidas com sucesso por um síntese solvotermal 

assistida por micro-ondas a 140 °C, 100W, durante 20 minutos, usando àgua deionizada alcalina e ace-

tato de zinco. As mais favoráveis foram obtidas a partir de extratos de casca de A. mearnsii, P. sylvestris 

e Stryphnodendron.  

Esta última foi aplicada como agente fotocatalítico e inativador bacteriano, devido à considerável opor-

tunidade de complementar a literatura neste tópico. A atividade fotocatalítica foi avaliada sob radiação 

solar, tendo a rodamina B sido o indicador de contaminante modelo de teste, atingindo uma degradação 

de 59% do corante, em comparação com apenas 13% da refernência. No entanto, estas nanoestruturas 

não demonstraram propriedades antibacterianas significativas contra a Escherichia coli. São necessários 

testes adicionais nesta área para compreender o seu potencial antibacteriano. 

Palavas chave: óxido de zinco, nanoestruturas, síntese verde, extratos naturais, fotocatálise, Barbati-

mão, Stryphnodendron, antibacteriano.
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1  

 

INTRODUCTION 

Water pollution poses a severe threat to ecosystems and human health, particularly pollutants such as 

antibiotics, heavy metals, chlorophenols, dyes, and pesticides (1). Antibiotics are widely used in various 

industries, including the pharmaceutical sector (2,3), which results in their continuous release into the 

environment. This uncontrolled discharge of antibiotics contributes to antibiotic-resistant bacteria emer-

gence and disrupts natural ecosystems. 

Conventional procedures used for wastewater treatment result in incomplete removal of pollutants (4), 

time consumption, and high cost. These methods can be chemical (5), physicochemical (6), or biologi-

cal, using techniques such as filtration (7), reverse osmosis (8), electrochemical treatment, distillation 

(9), ion exchange (10), and adsorption (11). 

In recent years, the increasing concern about environmental pollution and the urgent need for effective 

water treatment methods have led to significant interest in the development of advanced nanomaterials. 

Zinc oxide (ZnO) nanostructures have emerged as promising candidates in the treatment of polluted 

water due to their unique properties. 

Furthermore, ZnO nanostructures' antibacterial properties have garnered significant interest in their po-

tential applications in clinical settings. As antibiotic-resistant bacteria become more prevalent, alterna-

tive antibacterial agents become more urgently needed. ZnO nanostructures possess inherent antimicro-

bial properties, making them a promising candidate for inactivating bacteria. 

This study aims to explore ZnO nanostructure synthesis through an environmentally friendly and sus-

tainable approach. By utilizing natural extracts, such as barbatimão bark extract, as reducing, capping, 

and stabilizing agents, the green synthesis method offers several advantages, including low toxicity, 

cost-effectiveness, and eco-friendliness, enhancing their potential for these applications. 

1.1 ZnO nanostructures 

With its high melting point (2248 K) and cohesive energy (1.89 eV), zinc oxide is the hardest II-VI 

metal compound, as well as one of the most piezoelectric semiconductors (12.2×10-12 C/N) (12). ZnO 

is also characterized by a wide direct bandgap (3.37 eV) and large excitation binding energy (60 meV) 

(13). 
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Working with nanostructures or nanoparticles (NPs) has its advantages when compared with the macro-

size material, like conferring enhanced catalytic reactivity, thermal conductivity, non-linear optical per-

formance, and chemical steadiness on account of its large surface area to volume ratio (14). As well as 

adjustable and morphological, photonic, and spintronic properties. Hence, ZnO NPs are among the top 

3 most-produced nanomaterials. Most commonly, they are used in sunscreens, because their wide band 

gap allows them to transmit visible light while still effectively absorbing UV light (15). 

1.2 Green synthesis methods 

The synthesis of nanostructures can take a variety of approaches depending on whether it is performed 

from the top-down or the bottom-up perspective. In bottom-down manufacturing, nanomaterials are 

created from atoms or molecules, whereas in top-down manufacturing, bulk materials undergo milling 

and attrition to produce nano-scale products. 

Traditional physical methods are expensive, require large equipment, and entail high temperatures and 

pressures during operation, which makes them unsuitable in many cases. Chemical versions involve the 

use of potentially hazardous chemicals that are not environmentally friendly and can be harmful to peo-

ple and the environment (16). 

So far, several chemical methods have been practiced, including chemical microemulsion, wet chemical, 

spray pyrolysis, electrodeposition, chemical, and direct precipitation, and microwave-assisted combus-

tion (14), where no pollutant or combustible side product is produced. There can be also considered the 

physical methods of pulsed laser deposition and thermal evaporation. All are still in their infancy of 

development and still need improvement in the control of the size and shape of NPs obtained. 

To meet the growing demand for environmentally friendly nanoparticles, new green methods are being 

explored to synthesize various metal nanoparticles using renewable resources. The advantages of green 

synthesis when compared with traditional methods of manufacturing include simplicity, safety, eco-

friendliness, cost-effectiveness, biocompatibility, and scalability. 

Natural extracts and nontoxic chemicals can be used to develop ZnO nanostructures. Literature reports 

the use of the plant, leaves, fruit, flower, and seed extracts, which act as reducing materials and stabi-

lizing agents to establish the desired shape of the nanostructures. 

Plant extracts achieve these desired effects because of their phenolic compounds, which have antioxi-

dant properties and ensure the reduction process. Plants rely on flavonoids and other phenolic com-

pounds in their leaf and flowering tissues, as well as woody parts such as stems and bark. This is for 

healthy growth and defense against infection or injury (17). 

Additionally, they contain amino acids, proteins, and lipids that help stabilize growth and prevent the 

agglomeration of nanoparticles. Due to the presence of hydroxyl, carbonyl, and amine functional groups, 

these plant metabolites are reduced in size to the nanoscale when they react with metal ions (18,19). 

Thus, it is reported that the hydroxyl group from flavonoids is the cause of the reduction of metal ions 

in NPs (20). 
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 Optimum conditions 

To produce better ZnO nanostructures and achieve better results for their applications, several parame-

ters were studied and optimized throughout this project. 

Many factors influence the size, shape, orientation, and morphology, such as pH level, precursor con-

centration, doping, quenching effect, reaction (growth) time, reaction (growth) temperature, and calci-

nation (annealing) temperature, which may all be regulated (21). In this work, the goal is to use a tem-

perature inferior to 200 ºC, less than 30 minutes of synthesis, and power below 200 W.  

Regarding pH, it has been studied the effect of several pH values on the characteristics of the green 

synthesis ZnO NPs quality and obtained the optimum pH value (22). According to Mahdi Ismail et al., 

2023, the green synthesized ZnO NPs produced at pH 8 showed superior quality and a significant im-

provement compared to the ZnO NPs produced at lower pH values, therefore favoring high pH settings 

(alkaline) (22). 

The precursor of choice is zinc acetate due to its various advantages over others and favorable results in 

the literature. Nanoparticles synthesized from zinc acetate were found to possess higher bioactivity than 

zinc nitrate, sulfate, and chloride, according to the work of Gatou et al., 2022. In summary, the data 

showed that the enhanced photocatalytic and biological activity of ZnO NPs derived from zinc acetate 

precursors might have been attributed to a reduction in crystalline size, increased surface area, and a 

hexagonal crystal structure (23). 

 Natural extracts 

In recent years, there has been a growing recognition of the invaluable potential of harnessing natural 

extracts, particularly those derived from plants, in scientific research. The natural extracts tested in this 

project were from plants native to the Mediterranean and Eastern European regions. These plants include 

various types of acacias (A. mearnsii and A. melanoxylon) and pines (P. nigra, P. sylvestris, P. pinea, 

and P. pinaster), Schoenoplectus lacustris, and Stryphnodendron. The most promising results were from 

acacias and Stryphnodendron. The latter received the most attention since there aren't any publications 

on green nanostructure synthesis. This is an excellent opportunity to add to the literature on this topic. 

Based on this variety, the most widely described nanostructures in the literature are acacia-based, as 

shown in Table 10 (see annex A.1). 

This approach not only offers eco-friendly and sustainable solutions but also taps into the entirety of the 

plant's resources, reducing waste and maximizing utility. Traditionally, various components of plants, 

such as bark, leaves, and needles, often went underutilized or were considered waste material. However, 

through innovative research endeavors like this one, we aim to unlock the latent value within these 

botanical resources, opening new avenues for green synthesis and environmental applications. 
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1.2.2.1 Barbatimão 

Stryphnodendron Species, commonly known as "Barbatimão", is a native Brazilian tree, from the Fa-

baceae Lindl. Family was employed to synthesize ZnO nanostructures since it presents various ad-

vantages for this study.  

Scientific studies have explored the Barbatimão ethnopharmacological uses of various treatments, in-

cluding wound healing, anti-inflammatory measures, oral antimicrobial methods for genitourinary in-

fections (specifically targeting gram-positive bacteria and Candida species), peripheral antinociception 

for pain relief, and addressing gastric ulcers (although toxicity was observed in some cases). Addition-

ally, antioxidant effectiveness has been widely evaluated, but conclusive findings regarding anticancer 

activity have yet to be determined (24). 

These medicinal properties can be attributed to phenolic compounds, especially tannins. Tannins are 

biodegradable, non-toxic, non-corrosive, and renewable. Plants with high tannin concentrations repre-

sent a major source of inspiration for drug development. Several studies (25) have indicated that hydro-

lyzable and condensed tannins can sustain antibacterial activity against a wide range of bacteria. 

Due to its close relationship between therapeutic dose and toxicity, barbatimão is very toxic to many 

living species. It is generally considered safe for human use when used in moderation and following 

traditional practices. 

The potential for diversified use of barbatimão bark can be a significant step towards species conserva-

tion, in addition to encouraging increased plantings, since obtaining the bark can be done by non-de-

structive methods, making this study and various others relevant to sustainability. 

1.3 Photocatalytic activity 

Degradation using photocatalytic processes is an advanced oxidation process that improves biodegra-

dability and reduces the concentration of pollutants. By absorbing photons in visible, ultraviolet, and 

infrared wavelengths, pollutant molecules are oxidized and hydrolyzed. Light activates the photocata-

lytic material, causing the photo-responsive electron to migrate from the valence to the conduction band. 

As a result of photochemical reactions, electrons and holes produced by the photo process react with 

oxygen, water, and hydroxyl groups to produce reactive oxygen species, such as hydroxyl radicals and 

superoxide radical anions (26). By interacting with pollutant molecules, these radicals can partially or 

entirely degrade persistent pollutants. ZnO nanostructures photocatalytic mechanism can be understood 

from the scheme in Figure 1. 

The most used photocatalysts have some limitations since they only show photocatalytic effect in the 

UV region, which is caused by the wide band gaps between the valence and conduction bands. Hence, 

these materials require higher energy light sources. However, the plant-based ZnO nanostructures will 

be evaluated in VIS region, since ZnO exhibits a high absorption capacity with a broad solar spectrum.  
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After synthesizing the most favorable nanostructures, their photocatalytic activity will be assessed by 

investigating the degradation efficiency of pollutants, under simulated sunlight conditions, thereby ad-

dressing energy and environmental concerns (27). 

1.4 Antibacterial activity 

Antimicrobial resistance severely threatens public health worldwide, affecting several treatments' effi-

cacy. These nanostructures have a high potential to be an antibacterial agent, both because of the me-

dicinal properties of barbatimão, as mentioned before, as well as the inherited properties of ZnO NPs. 

It has been suggested that ZnO nanoparticles might damage the cell membranes of bacteria. This would 

lead to the lysis of the internal contents of the cells and ultimately result in the cells' death (37). It should 

be noted that the antimicrobial action of ZnO nanostructures occurs in a manner that destroys cell integ-

rity whilst forming reactive oxygen species (ROS) and releasing metal ions such as Zn(II) (38). 

As referred to in Chapter 1.2.2, the plants' high tannin content enhances their antibacterial capacity. This 

may be attributed to the inhibition of extracellular microbial enzymes, deprivation of microbial growth 

substrates, or direct action on microbial metabolism through the inhibition of oxidative phosphorylation. 

Another option may involve iron deprivation (30). 

Escherichia coli is a Gram-negative bacterium commonly used in teaching and research laboratories. It 

can also indicate possible sewage contamination because it is frequently found in human and animal 

feces. Therefore, due to the antibacterial and photocatalytic potential, the plant-based ZnO nanostruc-

tures, namely the optimized ones with barbatimão bark extract, were tested to inactivate E. coli, with 

and without LED irradiation.  

 

 

Figure 1. Illustration of photocatalytic mechanisms of ZnO nanostructures. Created in BioRender.com 
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MATERIALS AND METHODS 

2.1 Natural extracts 

Various plants native to the Mediterranean and Eastern European regions were tested for their ability to 

produce ZnO nanostructures. Namely, from the Cyperaceae Family: Schoenoplectus lacustris, from the 

Pinaceae Family: Pinus pinea, pinaster, sylvestris, and nigra, and from the Fabaceae Family: 

Stryphnodendron (Barbatimão), Acacia mearnsii, and melanoxylon. These extracts were either from 

bark, needles, or wood. All were provided by ISA (Instituto Superior de Agronomia) and were properly 

characterized for their phytochemicals.  

The natural extracts were prepared by adding a varying quantity of extracts (from 0.1g to 1g) to 100 ml 

of solvent (deionized water). The mixture was boiled at 80 ºC for 1 hour with a 600 rpm stir. Then it 

was filtered with a paper filter and stored in the fridge for later use. 

2.2 MW-assisted synthesis 

The ZnO structures were synthesized by adding the precursor to the plant infusion that was previously 

prepared, following a standardized ratio of 1.375 g of zinc acetate dihydrate, ACS, 98.0-100.0% crys-

talline Zn(OOCCH3)2·H2O by Alfa Aesar (zinc precursor) per 100 mL of deionized water, with two 

different pH (6.8 and 9.1) (solvent). 

Discover ® SP Microwave Synthesizer was employed to assist the reaction, taking 20 ml of mixture, 

for 20 minutes, with maximum pressure set to 280 psi, and power of 100W to test the different temper-

atures: 100, 140, and 180 ºC. 

The resulting structures were cleaned by alternating deionized water and isopropanol, recurring to a 

Centrifuge Neya 8 and 16, set to 6000 rpm for 3 minutes each time at room temperature. Then, the 

supernatant was discarded, and the nanostructures were left to dry in open tubes in a fume hood for 3 

days. A scheme of this procedure can be found in Figure 19 in annex A.1. 

2.3 Characterization 

The morphology of the nanostructures has been characterized by Scanning Electron Microscopy (SEM) 

using a a Hitachi Regulus 8220 Scanning Electron Microscope (Mito, Japan) equipped with an Oxford 

X-ray Energy Dispersive Spectrometer (EDS)  detector. X-ray Diffraction (XRD) measurements have 

been carried out by an X-ray diffractometer by PANalytical X'Pert PRO MRD, from 15º to 70º (2θ), 
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with a scanning step size of 0.016º. Simultaneous thermal analyzer STA 449 F3 Jupiter was employed 

to study the natural extracts for its Differential Scanning Calorimetry (DSC) and Thermogravimetry 

(TG) features, in an air atmosphere until it reached 550 ºC with a heating rate of 10 K/min, and an 

aluminum (Al) crucible where, approximately, 14 mg of sample was placed. 

2.4 Photocatalysis Experiments 

A preliminary test was done to test the different plants used to synthesize ZnO nanostructures for their 

photocatalytic potential, considering dye degradation. 

Firstly, a 30 ml aqueous suspension of Rhodamine B (RhB) dye from Sigma-Aldrich loaded with a 

photocatalyst, with an initial concentration of 10−5 M, was mixed with 25 mg of sample. The suspension 

was allowed to attain adsorption-desorption equilibrium in a dark atmosphere and stirred for 15 min. 

This time is typically higher, but with the various tests done, it was needed to shorten it. This is because 

the reactions between the powder and RhB happened very quickly. 

Solar light exposure was conducted by using a WAVELABS LS-2 LED solar simulator (Germany) with 

AM 1.5 spectrum, at an intensity of 100 mW/cm2.  In some cases, these tests were also conducted in 

natural sunlight at peak hours with (a UV index of approximately 7). 

Every sample was duplicated in the dark for control, as well as an individual test of the RhB solution 

alone. ZnO and the plant extract, individually, were used as references for our plant-based ZnO 

nanostructures. 

The solution samples were withdrawn at 15 to 60-minute intervals and centrifuged at 10000 rpm for 1 

minute at room temperature. The change in the absorbance at a maximum wavelength (λmax = nm) of 

dye was monitored using a PerkinElmer double-beam LAMBDA 365+ UV/Vis Spectrometer (Waltham, 

MA, USA). The absorbance (A) was obtained from 400 to 700 nm. 

2.5 E. coli inactivation by photocatalyst 

E. coli colony was grown in LB (Luria-Bertani) medium following a standard protocol by Tuttle, Tra-

han, and Son, 2021 (28). Firstly, an isolated colony of E. coli was tipped with 300 mL of LB medium. 

The Erlenmeyer was incubated at 37 ºC ON. Control was made with LB medium and a sterile tip that 

was also incubated at 37 °C ON to check the sterility of the tips and the culture medium. Afterwards, an 

E. coli cell suspension was made with an optical density (OD) of approximately 0.4 which corresponds 

to ~ 107 CFU / mL. Calibration measurements on the radiometer were also taken so that the plant-based 

ZnO nanostructures could be tested on the bacterial cell suspension. 

The photocatalysis tests included positive controls (bacteria without any treatment) and negative con-

trols (bacteria treated under non-photocatalytic conditions), with a total of 20 minutes of exposure. Fol-

lowing the tests, the initial samples were diluted. Then, the dilutions were incubated on to the plates for 

later counting. These studies were conducted in iBET-ITQB NOVA (Instituto de Biologia Experimental 

e Tecnológica - Instituto de Tecnologia Química e Biológica António Xavier). 
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RESULTS AND DISCUSSION 

3.1 Optimized Synthesis Parameters 

 Temperature study 

Firstly, three ZnO reference samples (without natural extracts) were synthesized at different tempera-

tures: 100, 140, and 180 ºC, to determine at which of these there was the formation of ZnO from the 

zinc acetate precursor. Remember that the goal is to use lower temperatures, preferably less than 200 

ºC. XRD was used to provide the samples' chemical composition, structural characteristics, and physical 

properties. 

Considering our references, we can observe that ZnO wasn't formed at 100 ºC, but it was possible to 

obtain it at 140 ºC. The peaks of ZnO reference synthesized at 140 ºC coincide with the stick pattern of 

ZnO 01-080-0074, as can be observed in Figure 2. Therefore, there isn’t the need to reach the higher 

temperature of 180 ºC that had been hypothesized. 

Figure 2. XRD patterns for standard ZnO and ZnO reference samples (without natural extracts) synthesized with zinc acetate 

at 100 and 140 °C, in a MW for 20 minutes. 
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The Crystallinity Index (CI), which is a quantitative indicator of crystallinity, was calculated after con-

firming the presence of ZnO in the reference samples at 140 ºC. It is the ratio of the crystalline peaks to 

the crystalline plus amorphous peaks, as can be seen in the equation (29): 

 𝐶𝐼 =
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑎𝑙𝑙 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑝𝑒𝑎𝑘𝑠

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑎𝑙𝑙 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑎𝑛𝑑 𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝑝𝑒𝑎𝑘𝑠
 (1) 

From XRD Integration Method, using Origin software, it was possible to calculate a CI as high as 76% 

for the ZnO reference at 140 ºC. 

3.1.1.1 Natural extracts 

DSC allows studying at which temperature it begins to degrade. Combined with TG, this device 

measures mass changes and thermal effects over time and temperature. It is helpful for comparisons 

since it is known that zinc acetate decomposes at around 230 ºC, allowing us to better determine the 

working temperature for our plant-based ZnO nanostructures. This ensures that the nanostructure's size 

and shape aren´t affected by the integrity of the plant extract. 

The first indication of mass loss in barbatimão bark extract, Figure 3, may imply the loss of water re-

sidual in natural extracts such as this one, so it isn't considered a degradation of the sample at that 

temperature. It is only the second mass change that is relevant. The natural extract begins to degrade at 

approximately 160 ºC, but not significantly until 200 ºC, which corroborates the temperature choice of 

140 ºC. 

The other plant extracts used were also submitted to this study (see Figures 20 to 22 in annex A.2). A 

summary of this analysis can be found in Table 1. Even though acacias have a higher working temper-

ature than their counterparts, the smallest temperature interval of all the natural extracts combined must 

be the one considered. Here, the highest minimum temperature and the lowest maximum temperature 

are 100 and 150 ºC, respectively. As a result, this is the working temperature interval that is common to 
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Figure 3. Barbatimão bark extracts simultaneous thermal analysis with DSC. 
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all plants, and thus, the optimum temperature for the synthesis of ZnO falls within this range, which 

indicates that 140 ºC is the perfect temperature to conduct this study. 

Table 1. Working temperature intervals of plant extracts used, with DSC analysis. 

Plant Extract Working temperature interval (ºC) 

Acacia mearnsii [60, 210] 

Acacia melanoxylon [60, 190] 

Stryphnodendron [100, 160] 

Schoenoplectus lacustris [70, 150] 

Pinus nigra [70, 150] 

Pinus sylvestris [60, 180] 

Pinus pinea [80, 160] 

Pinus pinaster [70, 150] 

Intersection [100, 150] 

 pH study - solvent 

As mentioned in 1.2.1, more alkaline solvents enhance the synthesis. Therefore, two water pH were 

tested, 6.8 pH and 9.1 pH deionized water. The alkaline water with 9.1 pH was obtained using a Miracle 

Max™ Royale water ionizer by Chanson, with continuous electrolysis, antibacterial filter with silver 

coated activated carbon, and calcium addition to alkaline water. 

Our research began with the use of bunho (Schoenoplectus lacustris), which was the first natural source 

we could access to synthesize the green ZnO nanostructures. It was used at the concentrations of 0.1 g / 

100 mL and 1.0 g / 100 mL (minimum and maximum, respectively), and SEM characterization was 

employed to reach conclusions about the size and morphology of the nanostructures generated (see fig-

ure 4). 

The nanostructures obtained in the reference and with 0.1 g/ 100 mL of bunho were bigger than desired 

for the applications intended. The aim is to achieve nanostructures with dimensions closer to 50 nm. 

With higher water pH the structures were smaller than with lower pH.  
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The flakes present in the samples with higher pH were more interesting than the prisms or rods, as they 

presented more surface area and potentially smaller sizes if not agglomerated. Their irregularity, how-

ever, makes it difficult to control their behavior and possible interactions during application. 

Preliminary SEM images (see Figure 5) of ZnO nanoparticles synthesized with 1.0 g of bunho revealed 

better results than with less natural extract quantity, resulting in nanoparticles with dimensions around 

50 nm. Overall, the samples with a solvent with higher pH present smaller structures, which enhances 

the synthesis, so de-ionized water with 9.1 pH will be favored in the rest of the work.  

 Concentration of reagents 

Concentrations of natural extracts between 0.1 g and 1.0 g per 100 mL of solvent were tested for the 

synthesis of ZnO nanostructures. For this section, barbatimão was used in the following concentrations: 

0.1, 0.3, 0.5, 0.7, and 1.0 g per 100 mL of solvent. Considering the conclusions from the previous 

Figure 4. SEM images of: ZnO reference samples synthetized with de-ionized water with pH: a) 6.8 and b) 9; and bunho-based 

ZnO samples synthetized with a concentration of 1.0 g of plant extract per 100 mL of deionized water with pH: c) 6.8 and d) 

9.1. 

Figure 5. SEM images of bunho-based ZnO samples synthetized with zinc acetate and a concentration of 1.0 g of plant extract 

per 100 mL of deionized water with pH: a) 6.8 and b) 9.1, in a MW at 140ºC for 20 minutes. 
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chapters the temperature of synthesis was 140 ºC and the solvent was deionized water with 9.1 pH. The 

results can be found in Table 2. 

The weight of the powder generated by the synthesis as well as the morphology and size of the 

nanostructures were considered to determine the optimal concentration. Logically, when more quantity 

of plant is used, more quantity of powder will be obtained in the synthesis, but the goal is to find an 

equilibrium point where the plant isn't coating too much of the ZnO, which compromises its properties 

and makes it unusable for certain applications, as well to economize the plant extracts. And, at the same 

time, we want to have enough plant that enhances the original ZnO nanostructures and contributes to 

their eco-friendliness.  

Table 2. Summary of barbatimão-based ZnO nanostructures samples synthesized in a MW at 140 ºC for 20 minutes, for ideal 

concentration study. 

Amount of plant extract per 

100 mL of solvent (g) 

Powder weight obtained 

per synthesis (mg) 
Size (nm) Shape 

0.1 21.1 n.d. Irregular 

0.3 16.2 n.d. Irregular, Spherical 

0.5 33.6 25-31 Spherical 

0.7 45.6 20-33 Spherical 

1.0 51.1 26-35 Spherical 

 

As Figure 6 suggests, the initial and second concentrations of the samples are irregularly shaped. They 

appear to be nanostructured, but not well-defined. They are highly agglomerated and tightly packed, so 

their size cannot be determined precisely. Hence, 0.1 and 0.3 g of plant extract wasn’t enough. While in 

the samples with 0.5, 0.7, and 1.0 g of plant extract exhibit well-defined spheres with adequate dimen-

sions that can be used for a multitude of applications. 

With XRD it is possible to analyse the contents of the samples. These samples are amorphous but with 

0.5 g of barbatimão it is possible to distinguish some peaks that coincide with ZnO. The samples with 

higher concentrations of plants are more amorphous and don’t have as distinguishable and intense peaks.  

Since samples with 0.7 and 1.0 g of plant extract provide no significant advantages over sample with 

0.5 g, the one with the lowest plant concentration is selected as the ideal concentration. 
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3.2 Plant-based nanostructures 

The synthesis temperature was set at 140 ºC, the solvent was de-ionized water with a pH of 9.1, and the 

concentration of plant extract was 0.5 g / 100 mL of solvent, considering that the precursor concentration 

was constant at 1.1 g / 100 mL, we can now test all the different plant extracts to determine which one 

is best for the synthesis of plant-based ZnO.  

Several variables were considered for this study, including the size and shape of the nanostructures with 

SEM, the zinc and oxygen contents using EDS analysis, the XRD peaks of the samples that correspond 

to the standard ZnO and our reference, as well as how much powder was generated during one synthesis.  

Figure 6. SEM images of plant-based ZnO samples synthesized with zinc acetate and: a) 0.1 g, b) 0.3 g, c) 0.5 g, d) 0.7 g, and 

e) 1.0 g of barbatimão bark extract per 100 mL of de-ionized water (9.1 pH) in a MW at 140 ºC for 20 minutes. 
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 Quantity 

It is ideal to generate more than 25 mg of powder per synthesis to be efficient since this is the amount 

required for a single photocatalysis experiment. In Table 3 it can be observed that the plant extracts that 

belong to the bark produce more quantity of powder than wood or pine needles. 

Table 3. Quantity of powder generated by one synthesis for all the different plant extracts studies, each in a concentration of 

0.5 g per 100 mL of de-ionized water (9.1 pH) synthesized in a MW at 140 ºC for 20 minutes. 

Plant extract Type of extract Powder weight (mg) 

A. mearnsii 
Wood 12.00 

Bark 51.30 

A. melanoxylon 
Wood 14.60 

Bark 28.40 

P. sylvestris Bark 44.20 

P. nigra Needle 14.40 

P. pinea Needle 20.30 

P. pinaster Needle 24.20 

Schoenoplectus lacustris Wood 15.20 

Stryphnodendron Bark 33.60 

 

A tree's bark is generally thinner than its woody part, while both the inner bark (secondary phloem) and 

the wood (secondary xylem) are created by the vascular cambium layer of cells. The bark appears on 

the outside, where the oldest layers slough off, and the wood appears on the inside, where it accumulates 

as dead tissue. The moisture content of the inner bark/phloem is usually 7 to 10 times greater than that 

of the outer bark. In elemental analyses, bark differs from wood only in its ash components (Table 4). 

The phloem and the outer bark are much richer in minerals than wood (30) and pine needles. Combined, 

these factors may explain why bark, even when it comes from the same plant (for example with acacias), 

produces more powder rather than wood and needle extracts upon synthesis. 

Table 4. Chemical Compounds of Spruce Wood and Bark (Ugolev 1986). 

 Carbon (%) Hydrogen (%) Oxygen (%) Other Elements (%) 

Wood 50.0 6.0 43.5 0.5 

Inner bark 51.5 5.7 38.8 4.0 

Outer bark 44.4 6.4 45.4 3.8 

 

Therefore, the samples that meet the criteria stated above belong all to bark extracts and are A. mearnsii, 

A. melanoxylon, P. sylvestris, and Stryphnodendron (barbatimão). 
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 Dimensions and Morphology 

As for size, it should be less than 50 nm, with 30 nm being the ideal diameter for clinical applications, 

with spherical shapes making it easier to predict and control their behavior. 

Regarding the different Acacias studied, it is possible to compare the same plant from a different type 

of extract and the same type of extract for different plants within the same family species. In Figure 7 it 

is possible to examine that A. mearnsii tends to form spheres, though they are not discernible in the 

wood extract, they are very distinct in the bark extract. This makes the latter more advantageous for use 

in the applications. On the other hand, A. melanoxylon, both bark and wood extracts, is characterized by 

flake-like structures that are quite large. 

 

In Figure 8, it is possible to see pine-based nanostructures. In the first one, P. sylvestris is the only 

sample of the four pines that originate from bark extract, while the other pines are from pine needles, 

and the distinction is clear as it has perfect nanospheres. In contrast, P. nigra, pinea, and pinaster result 

in structures that aren’t possible to define regarding their shape and size.  

 

 

 

 

 

Figure 7. SEM images of plant-based ZnO samples synthesized with zinc acetate and 0.5 g of: a) A. mearnsii wood, b) A. 

mearnsii bark, c) A. melanoxylon wood, and d) A. melanoxylon bark extracts, per 100 mL of de-ionized water (9.1 pH) in a 

MW at 140 ºC for 20 minutes. 
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Lastly, Schoenoplectus lacustris (bunho) wood extract resulted in flake-like structures that even though 

have small sizes, are irregular and too agglomerated, while Stryphnodendron (barbatimão) bark extract 

results in well-defined spheres with an appropriate size in the nanoscale, as can be seen in Figure 9. 

Regardless of the type of plant that is being referred to, bark-type extracts provide better results in this 

synthesis than wood or needles. Table 5 consists of an overview of all the data collected from the SEM 

analysis. 

 

 

 

 

Figure 8. SEM images of plant-based ZnO samples synthesized with zinc acetate and 0.5 g of: a) P. sylvestris bark, b) P. nigra, 

c) P. pinea, and d) P. pinaster needle extracts, per 100 mL of de-ionized water (9.1 pH) in a MW at 140 ºC for 20 minutes. 

Figure 9. SEM images of pant-based ZnO samples synthesized with zinc acetate and 0.5g of: a) bunho wood and b) barbatimão 

bark extracts per 100 mL of de-ionized water (9.1 pH) in a MW at 140ºC for 20 minutes. 
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Table 5. Summary of the samples' shape and size with SEM characterization. 

Plant extract Type of extract Shape Size (nm) 

A. mearnsii 
Wood Irregular n.d. 

Bark Spherical 52.6 

A. melanoxylon 
Wood Irregular n.d. 

Bark Irregular n.d. 

P. sylvestris Bark Spherical 36.3 

P. nigra Needle Irregular, some spheres 39.4 

P. pinea Needle Irregular n.d. 

P. pinaster Needle Irregular, some spheres 18.6 

Schoenoplectus lacustris Wood Irregular n.d. 

Stryphnodendron Bark Spherical 27.2 

 

Out of the four acacia samples, A. mearnsii bark extract shows the best shape and size. Regarding the 

pines, P. sylvestris bark extract is the best. Lastly, Stryphnodendron bark extract also meets the criteria. 

Therefore, these three samples will continue forward in the study. 

 ZnO content 

To evaluate if there is ZnO in the plant-based samples, XRD characterization was used to study the 

peaks associated with ZnO.  

In Figure 10 the plots that belong to A. mearnsii, P. sylvestris, and Stryphnodendron bark extracts based 

ZnO nanostructures can be observed. In the last two plant extracts, there is a slight curve in the beginning 

of the plot (even after baseline calibration), it can indicate that the sample is mostly amorphous, which 

is normal because of the plant coating. The contrast between acacia and barbatimão can be seen that by 

the distinctive peaks present in barbatimão sample that coincide with the ZnO ones (even if they don't 

match in intensity), that don't appear in the acacia sample. The pine sample hasn’t the characteristic 

curve of amorphous sample, and the peaks are clearly distinctive. 
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Consequently, the last sample barbatimão bark extract was the selected one to continue forward to the 

application's tests since it meets the criteria of this study, and it represents a good opportunity to enrich 

the literature with more data about this natural extract when compared with acacias or pines that are 

already more common in the literature. 

 

With EDS it was possible to evaluate the zinc and oxygen content present in the samples. In Figure 11, 

the EDS layered image of the ZnO reference on the right shows a stronger zinc signal than that of the 

plant-based ZnO on the left, which may be due to the plant coating at the nanostructure's core. 

More accurately, the atomic percentage is the number of atoms of that element, at that weight percent-

age, divided by the total number of atoms in the sample multiplied by 100, and can be found in Table 6. 

The aim is to find partially equal parts of zinc and oxide. It may be impossible to adhere strictly to these 

criteria because of the plant's coating. 

Figure 9. EDS layered image of ZnO reference and barbatimão-based ZnO samples, synthesized with de-ionized water (pH 

9.1) and zinc acetate in a MW at 140 ºC for 20 minutes. 

Figure 8. XRD patterns of standard ZnO and plant-based samples with P. sylvestris, A. mearnsii, and Barbatimão, synthe-

sized with zinc acetate and 0.5 g of bark extracts per 100 mL of de-ionized water (9.1 pH), in a MW at 140 ºC for 20 minutes. 
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Table 6. Overview of the atomic percentage of oxygen and zinc in the ZnO reference and plant-based ZnO with barbatimão 

bark extract samples, synthesized in a MW at 140 ºC for 20 minutes. 

Sample 
Atomic % 

O Zn 

ZnO reference 50.15 49.85 

Barbatimão-based ZnO 57.86 42.14 

3.3 Photocatalytic activity via RhB degradation 

Based on the VIS absorption spectrum of barbatimão-based ZnO nanopowder, Figure 12, it exhibits 

high absorption in the 200 - 340 nm wavelength range. The barbatimão-based ZnO had a very dark 

brown color that made it impossible for the band gap energy to be calculated because the nanopowder 

hardly reflected light. 

An overview of all the measures taken to evaluate the photocatalytic activity of the green ZnO 

nanostructures can be found in Figure 13. 

Figure 11. Schematics of sample distribution used in the photocatalysis experiments. Created in BioRender.com 

Figure 10. Absorbance plot of barbatimão-based ZnO nanostructures synthesized with de-ionized water (9.1 pH) and zinc 

acetate in a MW at 140ºC for 20 minutes. 
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In general, organic dyes obey the apparent first-order kinetics which supports the general Langmuir-

Hinshelwood mechanism (34): 

 𝑟 =
−𝑑𝐶

𝑑𝑡
=

𝑘𝐾𝐶

1
+ 𝐾𝐶 (2) 

where r is the degradation rate of the reactant, C represents the concentration of the reactant, t is the 

illumination time, K is the adsorption coefficient of the reactant and k is the reaction rate constant. If C 

is very small, then the above equation can be written as: 

 𝑙𝑛 (
𝐶0

𝐶
) = 𝑘𝐾𝑡 ≈ 𝑘𝑎𝑝𝑝𝑡 (3) 

The photocatalytic degradation efficiency, at various time intervals, has been evaluated using the for-

mula (35): 

 % 𝑜𝑓 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 = (
𝐶0 − 𝐶

𝐶0
) × 100 = (

𝐴0 − 𝐴

𝐴0
) × 100 (4) 

where C0 is the initial concentration, and C is the concentration corresponding to different time intervals, 

t. Similarly, A0 denotes the initial absorbance whereas, A represents the absorbance at time, t. Hence, 

the degradation of RhB will be given by: 

 % 𝑜𝑓 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 = (
𝐴0 − 𝐴

𝐴0
) × 100 (5) 

The RhB photodegradation was observed by monitoring the evolution of the absorption band intensity 

at 554 nm upon continued exposure. The efficiency of dye degradation with the ZnO reference, plant-

based ZnO and the plant extract, in three and a half hours, was calculated from equation 5. In this period, 

the ZnO reference degraded, about, 13% of the RhB dye, while the barbatimão-based ZnO samples 

displayed more efficiency, roughly 59%. It was also possible to investigate with only the barbatimão 

bark extract, with approximately 23% of dye degradation. A rundown of the data collected can be seen 

in Table 7. 

Table 7. Dye degradation efficiency with photocatalysis experiments data of ZnO reference and plant-based ZnO, using equa-

tion 5. 

 ZnO Reference Barbatimão-based ZnO Barbatimão bark extract 

A0 0.96695 0.85586 0.58900 

A3.5 h 0.83874 0.35033 0.45359 

Dye degradation (%) 13.259 59.067 22.989 

 

Figure 14, on the left side, presents the RhB photodegradation in the presence of ZnO reference, bar-

batimão-based ZnO, and barbatimão bark extract. On the right, it is the degradation rate for each sample 

and the reusability of the barbatimão-based ZnO nanostructures.  

Both in the plant-based ZnO and the plant extract samples, the absorbance doesn’t begin as close to 

100%, which is what happens with the ZnO reference, as expected. This reaction may be accelerated by 

plant phytochemicals, especially tannin, which happens as soon as the powder is combined with the 

RhB solution. It takes about half an hour or more to reach the absorption-desorption equilibrium, but 

with plant extracts, this can't be applied. Upon the mixture of the ingredients, the plant-based ZnO 
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samples start to degrade the dye right away and when it is time to put the sample in the cuvette to collect 

the spectrum data, the absorbance is already on its way down at t0. 

The experiment with only the plant extract has a dye degradation capability comparable to the ZnO 

reference, although not as effective the combination of both. Therefore, it is expected that ZnO and the 

plant extract together result in a much faster photodegradation. 

To study the recyclability of the barbatimão-based ZnO nanopowder after one experiment, they were 

cleaned with de-ionized water and dried overnight at 80ºC to be tested again in a second cycle in a new 

RhB solution. Other possible cleaning treatment to experiment with in the future would be to do a UV 

treatment to the nanopowder to completely degrade the remaining RhB that may be attached to the 

nanostructures. The results showed a reduction in the degradation of dye, from 59% in the first cycle to 

42% in the second. Thus, it is possible to reuse the nanopowder, though their photocatalytic activity will 

decrease with each use. 
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To understand if this is a photocatalysis reaction instead of just a catalyst one by the plant-based ZnO 

nanostructures, the samples were subjected to experiments both in the dark and with light irradiation. It 

can be stated, from the results shown in Table 8, that light exposure enhances this reaction. The dye 

degradation efficiency is higher with light exposure than without it. There is still a small dye degradation 

in the dark, which is due to the presence of the plant that inherently contributes to the reaction, but it is 

much higher in light. There were multiple replicate experiments, which heightened the level of repro-

ducibility in the results. 

 

Figure 12. Photocatalytic degradation of RhB over time in the presence of a) ZnO reference (without natural extracts), bar-

batimão-based ZnO nanostructures synthesized with de-ionized water and zinc acetate at 140 ºC, and barbatimão bark extract, 

under a VIS radiation; b) absorbance versus exposure time for different photocatalysts; c) cycling runs in the photocatalytic 

degradation of a RhB solution in the presence of plant-based ZnO nanostructures. 
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Table 8. Comparison between the dye degradation efficiency of barbatimão-based ZnO in the dark and with light exposure. 

Barbatimão-based ZnO In the dark With light exposure 

A0 0.86855 0.85586 

A3.5 h 0.73906 0.35033 

Dye degradation (%) 12.949 59.067 

 

It is important to remark that we are working with many variables that influence this data. For instance, 

the time it takes to transport the samples from the chemical to the optoelectronics laboratories, and the 

local place with the best direct sunlight when natural light was used. It is also impossible to stop the 

reactions from happening during the time the measurement are being taken, and when we are doing 

more than one sample at once this period extends. Therefore, the time stamps aren't absolutely uniform. 

During the light irradiation, the samples tend to overheat, even with refrigerating systems, which may 

lead to the evaporation of a small portion of the solution that may cause irregularities in the results. 

3.4 E. coli inactivation by photocatalyst 

A calibration curve for the positive control (bacteria without any treatment) was done with light expo-

sure with different wavelengths. The graph with the results is in Figure 15, and the LED wavelength 

chosen of 365 nm is within the interval therefore it’s use is appropriate. 

The E. coli inactivation by photocatalyst tests can be summarized in Figure 16. The first control of 

bacteria in the dark was collected at the beginning and at the end of the experiment, after 20 minutes (t0 

and t20, respectively), and the bacteria control with LED irradiation was collected with a 5-minute inter-

val between collections. The goblets with plant-based ZnO powder were collected within smaller time 

periods (30 seconds).  

 

 

 

Figure 13. E. coli control calibration curve. 
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Following the tests, the various samples collected during the experiment were diluted as suggested in 

Figure 17. Then, they were incubated on to the plates for later counting.  

The microorganism plate counting method was used to analyse the colonies that grew after the experi-

ment, following the equation: 

 
𝐶𝐹𝑈/𝑚𝐿 =

𝑁𝑜. 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 ∗ 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑝𝑙𝑎𝑡𝑒
 

(6) 

The initial bacterial concentration was of 4.70 × 106 for a dilution of 1:103 and the bacterial counts 

before and after treatment can be found in Table 9. Granting, the bacterial colonies couldn’t be counted 

with the same dilutions for all the tests. 

Table 9. Bacterial counts before and after treatment. 

Bacterial 

Counts 

(CFU/mL) 

Dark LED 

E. coli E. coli + plant-based ZnO E. coli E. coli + plant-based ZnO 

t0 4.20 × 106 3.15 × 106 4.40 × 106 4.73 × 106 

t20 min 5.80 × 106 5.72 × 106 2.13 × 105 3.66 × 106 

 

An overview of the bacteria colonies over the time of the experiment for the different conditions can be 

found in Figure 18, to evaluate the reduction in bacterial viability. Only the control with bacteria and no 

LED has a proportional relationship between the number of bacteria and the time spent on the 

Figure 15. Schematics of initial samples dilutions. Created in BioRender.com. 

Figure 14. Schematics of sample distribution used in the photocatalytic experiment on the E. coli inactivation assay. Created 

in BioRender.com 
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experiment. This direct proportion indicates that the bacteria are multiplying over time since there are 

no factors to inhibit them. However, when the LED and nanostructure variables are inserted, this behav-

ior is irregular and incoherent during the experiment. 

 

When only considering the initial and final time stamps of the experiment, E. coli with LED, with and 

without powder, are the only cases where colony formation diminishes. Therefore, it isn’t possible to 

conclude that plant-based nanostructures play a role in inhibiting bacteria. 

The results obtained weren’t conclusive, so it’s not possible to determine that the plant-based nanostruc-

tures have antibacterial potential. However, more studies could be done to test different bacteria and 

different conditions. 

Other considerations may also have influenced these results, explicitly contamination in the lab hotte 

since the control plaque had 58 colonies, which is already a significant number. Nonetheless, even with 

the possibility of contamination in the working environment, there wasn’t any relationship between 

bacteria inactivation and the presence of plant-based ZnO nanostructure with or without LED irradia-

tion. There is also the complexity of nanostructure-bacteria interactions that should be considered and 

better understood since it can depend on various factors.
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Figure 16. Bacterial inactivation assay results with barbatimão-based ZnO nanostructures powder and LED irradiation. 
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4  

 

CONCLUSIONS AND FUTURE PERSPEC-

TIVES 

In the quest to harness the potential of plant-based ZnO nanostructures, this study embarked on a journey 

of discovery, exploration, and application. By merging the natural world's offerings with cutting-edge 

technology, we endeavored to uncover novel solutions for water treatment and antibacterial applications. 

This journey led us through the domains of green synthesis, characterization, and multifaceted testing. 

Zinc oxide nanoparticles were successfully fabricated using the green synthesis facilitated method using 

bark extracts from Stryphnodendron, A. mearnsii, A. melanoxylon, and P. sylvestris, wood extracts from 

A. mearnsii and A. melanoxylon, and needle extracts from P. nigra, P. pinea, and P. pinaster.  

Considering the intensive study of all the different natural extracts, A. mearnsii, P. sylvestris, and 

Stryphnodendron bark extracts showed the best results during the study. It is also important to note that 

bark type of extracts was the most promising. Still, barbatimão (Stryphnodendron) bark extract can be 

reflected as the most pertinent because of its rich tannin content that provides more potential and other 

intrinsic properties for a variety of applications. Besides, the literature on the green synthesis of 

nanostructures could benefit from additional documentation on this plant. 

The study reports a non-toxic, inexpensive, and environmentally friendly method of nanoparticle syn-

thesis. The optimal synthesis included natural bark extracts, zinc nitrate as the precursor, and de-ionized 

water with 9.1 pH as the solvent, in a microwave at 140 ºC for 20 min, and 100W power.  

In the barbatimão-based ZnO nanostructures, the presence of nanoparticles was confirmed by SEM 

analysis revealing the compound as zinc oxide whose composition was provided by EDS and RDX 

analysis. As a photocatalyst, it demonstrated 59% dye degradation within 3.5 hours, whereas the ZnO 

reference was only 13%, demonstrating its practical significance for potential applications in water treat-

ment for pollutant degradation. 

Unfortunately, the E. coli inactivation by the optimized plant-based nanostructures did not yield con-

clusive results, no correlation could be found. The initial results did not match the hypothesis of anti-

bacterial activity, but some experimental variability was encountered during the assays that were chal-

lenging. 

In future studies, it may be interesting to vary other factors such as test conditions, nanostructure con-

centrations, and bacterial strains used. Only after that, can it be concluded with certainty that the lack of 

observed antibacterial activity may not necessarily imply the absence of all antibacterial potential. 

While the initial hypothesis of antibacterial activity was not supported by the current experiments, fur-

ther investigation is needed to reach a definitive conclusion. Various tests and conditions can be 
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explored to determine whether the nanostructures have any antibacterial potential, including tests with 

different bacterial strains, concentrations, and exposure times. Other directions can also be followed, 

such as trying UV instead of VIS and exploring other studies that have already been done in iBET (e.g., 

UV degradation kinetics and modeling of pharmaceutical compounds in laboratory grade and surface 

water via direct and indirect photolysis at the appropriate wavelength, oxidation of pharmaceuticals 

during ozonation and advanced oxidation processes, or quantifying the hydroxyl radical/ozone ratios 

during ozonation processes). 

Despite the absence of conclusive antibacterial activity results, they underline the significance of the 

present study in advancing the knowledge of plant-based ZnO nanostructures and their possible appli-

cations. The successful photocatalytic activity results have tangible implications for water treatment and 

pollution control, demonstrating the value of these research outcomes. 

As this chapter is closed, it’s important to recognize that science thrives on both successes and chal-

lenges. While the anticipated antibacterial prowess of our nanostructures did not manifest as expected, 

this work illuminated new paths for investigation. The significance of this research, highlighted by the 

successful photocatalytic prowess of our ZnO nanostructures, inspires further inquiries, collaborations, 

and breakthroughs in sustainable and impactful technologies.
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SUPPORT INFORMATION 

A.1 State of the Art 

Table 10. Summary of literature on the green synthesis of ZnO nanostructures with plant extracts. 

Plant extract Synthesis Precursor Size and Shape Application Refs. 

Acacia 

Acacia caesia 

(bark) 

65 ºC for 40min + calci-

nation 400 ºC for 2h 

Zinc nitrate 

hexahydrate 

32nm 

Hexagonal 

Photocatalytic and 

antimicrobial 
(36) 

Gum acacia 60 ºC for 2h Zinc sulphate 40-60 nm Antimicrobial (37) 

Gum acacia 
70 ºC for 3h + calcination 

500 ºC for 3h 
Zinc acetate 

16 nm 

Hexagonal 
Photocatalytic  

Acacia nilotica 

(fruit) 

80 °C for 2 h + 80 °C for 

2 h + calcination 400 °C 

for 2 h 

Zinc nitrate 

94 nm 

Hexagonal, irregu-

lar, spherical 

Antimicrobial (38) 

Acacia moringa 

oleifera 

70 ºC for 4h + calcination 

400 ºC for 4 h 
Zinc nitrate n.d. Antibacterial (39) 

Acacia modesta 70 ºC for 4h 
Zinc nitrate 

hexahydrate 

70 nm 

Rods 

Antibacterial, 

wound healing 
(40) 

Acacia arabica 

(leaf) 

60 °C overnight + calci-

nation 400 °C 

Zinc nitrate 

hexahydrate 

20 nm 

Rods 

Antibiofilm and 

antioxidant poten-

tial against food-

borne pathogens 

(41) 

Pine 

Pinus brutia (leaf) 

75 °C for 30 min + 75 °C 

for 8 h + 2 h calcination at 

500 °C calcination 

Zinc nitrate 

hexahydrate 

37-74 nm 

Hexagonal 
Dye degradation (22) 

Pinus latteri 

90 °C for 90 min + 60 

min + calcination 600 °C 

for 120 min 

Zinc chloride 
30-100 nm 

Hexagonal 

Photocatalysis 

and antibacterial 
(42) 

Pinus densiflora 

(pinecones) 

80 °C for 12 h + evapora-

tion 100–150 °C for 10–

12 h+ calcined at 400 °C 

for 1 h 

Zinc nitrate 

10-100 nm 

Hexagonal (wurtz-

ite), triangular, 

Antibacterial and 

antifungal 
(43) 
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spherical, and oval-

shaped 

Pine (leaf) 
75 °C for 8h + calcination 

550 °C for 3 h 
Zinc nitrate 

56 nm 

Nanocomposites 

Removal of heavy 

metals from aque-

ous media 

(44) 

A.2 Green Synthesis 

The green synthesis method specified in Chapter 2.2 can be summarized in Figure 19. 

A.3 DSC 

In Chapter 3.1.1.1 the working temperatures regarding the different plant extracts were retrieved with 

the data from Figures 20, 21, and 22. 

Figure 18. Acacia mearnsii and melanoxylon simultaneous thermal analysis with DSC. 

Figure 17. Illustration of the green synthesis of ZnO nanostructures from plant extracts by a solvothermal method assisted 

with a MW. Created in BioRender.com 
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Figure 19. Pinus sylvestris, nigra, pinea, and pinaster extracts simultaneous thermal analysis with DSC. 

Figure 20. Schoenoplectus lacustris (bunho) extracts simultaneous thermal analysis with DSC. 
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