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Abstract 

The concept of feasibility in green synthesis of zinc oxide (ZnO) nanoparticles has been discussed in many studies. However, size 

control using volume of plant extracts undermines the process upscaling potential. This study is aimed at improving the 

repeatability and reproducibility of green synthesis of ZnO by controlling total phenolic content of plant extracts. Leaf extracts of 

Camellia sinensis, Manilkara zapota and Elaeis guineensis were incorporated at gallic acid equivalent of 100 mgg-1 to synthesize 

ZnO. The phytochemical profile of plant extracts and physical properties of ZnO were determined. In addition, antibacterial activity 

of ZnO against Escherichia coli and Staphylococcus aureus was examined. Consistency in particle sizes of ZnO has justified the 

feasibility of using total phenolic content for size control. Under neutral pH, role of phytochemicals as chelating agents 

predominated. Under basic condition, complex phytochemicals demonstrated structure-directing effect on ZnO microparticles. The 

antibacterial strength of ZnO has been reduced by 16 times with reduction in particle size. Meanwhile, the incorporation of 

phytochemicals enhanced antibacterial activity of ZnO by fourfold. This study proposed that particle size and morphology of ZnO 

could be controlled through manipulation of total phenolic content of plant extracts and the reaction pH of green synthesis. 

 

Keywords:  green synthesis, polyphenol, zinc oxide, size control 

 

Abstrak 

Konsep dalam kebolehlaksanaan proses sintesis hijau terhadap nanopartikel zink oksida (ZnO) telah diperjelaskan dalam pelbagai 

kajian. Namun begitu, kawalan saiz menggunakan isipadu ekstrak tumbuhan menjejaskan potensi dalam meningkatkan skala 

proses. Kajian ini bertujuan untuk meningkatkan kebolehulangan sintesis hijau ZnO dengan mengawal jumlah kandungan fenolik 

ekstrak tumbuhan yang digabungkan. Ekstrak daun Camellia sinensis, Manilkara zapota dan Elaeis guineensis telah dicampurkan 

pada persamaan asid gallik sebanyak 100 mgg-1 untuk menghasilkan ZnO. Profil fitokimia ekstrak tumbuhan dan sifat fizikal ZnO 

telah ditentukan. Di samping itu, aktiviti antibakteria ZnO terhadap Escherichia coli dan Staphylococcus aureus telah diperiksa. 

Ketekalan dalam saiz partikel ZnO menjustifikasikan kebolehlaksaan penggunaan jumlah kandungan fenolik untuk kawalan saiz 
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dalam sintesis hijau. Di bawah pH neutral, peranan fitokimia sebagai agen pengkelat berdominasi. Di bawah keadaan alkali, 

fitokimia kompleks menunjukkan kesan pengarahan struktur pada mikropartikel ZnO. Kekuatan antibakteria ZnO berkurangan 

sebanyak 16 kali ganda dengan pengurangan saiz partikel. Sementara itu, penggunaan fitokimia dalam proses sintesis telah 

meningkatkan aktiviti antibakteria ZnO sebanyak 4 kali ganda. Kajian ini mencadangkan bahawa saiz partikel dan morfologi ZnO 

boleh dikawal melalui manipulasi jumlah kandungan fenolik ekstrak tumbuhan dan pH tindak balas sintesis hijau. 

 

Kata kunci:  sintesis hijau, polifenol, zink oksida, kawalan saiz 

 

Introduction 

Nanotechnology is an extensively researched field with 

an anticipated global market share of approximately 55 

million dollars by 2022 [1]. Nanomaterials are 

categorized depending on their compositions, which 

includes carbon, organic, inorganic, and composite 

compounds [2]. Metal oxide nanoparticles fall under 

composite-based nanomaterials. Metal oxide 

nanoparticles are synthesized in the laboratory via 

physical and chemical methods [3,4]. However, the 

upscaling of two methods suffers from the limitations 

due to the need for sophisticated technology, high-

energy consumption, and the use of toxic chemicals [5]. 

Recent trends in nano synthesis reveal a growing interest 

in the utilization of biological materials to react with 

metal precursors under regulated conditions [6, 7].  The 

terms "green synthesis" and "biosynthesis" are used 

interchangeably to describe the synthesis of 

nanoparticles using biological components derived from 

bacteria, fungi, algae, and plants [4]. Green synthesis 

that utilizes plant extracts as the bioreductants is a 

sustainable route since phytochemicals can be extracted 

from any plant parts [8]. Due to the essential starting 

materials which are metal precursors, plant extracts, and 

water, green synthesis of metal oxide nanoparticles are 

both cost-effective and environmentally friendly [3, 4]. 

Apart from being reducing and chelating agents, 

phytochemicals can act as capping agents to regulate the 

morphology and particle size of nanoparticles [3, 4].  

 

Zinc oxide (ZnO) nanoparticles have gained attention 

for a wide range of applications due to their distinctive 

physical and chemical properties. They have been 

described as a photocatalytic adsorbent for water 

treatment, gas sensors, solar cells, and an active 

component in cosmetics [9]. Meanwhile, the biocidal 

action of ZnO nanoparticles against harmful microbes 

has piqued the interest of researchers in 

commercializing them as preservatives and biocidal 

products [10, 11]. The versatility of ZnO nanoparticles 

has prompted the development of a green synthetic 

pathway that incorporates different plant extracts. 

However, the incorporation of plant extracts is 

expressed in weight, volume, or percentage, with no 

quantitative information on the phytochemicals present 

in the reaction. Xu et al. [12] emphasized that plant 

extract concentration is one of the major manipulating 

factors in the green synthesis of ZnO nanoparticles. 

Even though a trend was observed in which the size of 

nanoparticles decreased as the concentration of plant 

extract used increased, the method was not replicable 

because the unit employed to express the incorporation 

of plant extract was empirical. Lack of information in 

reaction mechanisms also limit the effort in advancing 

green synthesis. It is ideal for controlling the 

biologically active compounds present in the extracts. 

Polyphenols are the most prevalent phytochemicals in 

the plant kingdom [13]. They are regarded as a marker 

group for the quality evaluation of medicinal plants due 

to their significant roles in the biological activity of 

extracts [14]. In fact, a study has been carried out to 

determine the roles of isolated phenolic acids in the 

green synthesis of metal nanoparticles [15]. 

 

This work is fundamental research undertaken with the 

goal of improving the repeatability and reproducibility 

of green synthesis for ZnO size control. This study was 

also intended to elucidate the reaction mechanisms of 

the green synthesis of ZnO.  

 

Materials and Methods 

Materials 

Commercial Camellia sinensis (black tea leaves) were 

purchased from local market while leaves of Manilkara 

zapota (sapodilla) and Elaies guineensis (oil palm) were 

obtained from local plantation. Folin-Ciocalteu (FC) 

reagent, sodium carbonate (Na2CO3), benzene, 

ammonia solution, methanol, aluminium chloride 
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(AlCl3), chloroform, sulphuric acid (H2SO4), and zinc 

oxide (ZnO) were bought from Merck (Darmstadt, 

Germany). Gallic acid, sodium hydroxide (NaOH), zinc 

nitrate hexahydrate [Zn(NO3)2.6H2O], and resazurin 

sodium salt were purchased from Sigma-Aldrich Co. 

(St. Louis, MO, USA). Wagner’s solution was 

purchased from Avondale Laboratories (Banbury, 

England). Meanwhile, hydrochloric acid (HCl) and 

ferric chloride (FeCl3) were obtained from QRëC 

(Selangor, Malaysia) and R&M Chemicals (Selangor, 

Malaysia) respectively. 

 

Bacterial culture of Escherichia coli ATCC 8739 and 

Staphylococcus aureus ATCC 25923 were purchased 

from Remel Europe (Dartford, England). The 

McFarland Standard was supplied by ThermoFisher 

Scientific (Massachusetts, USA). Mueller Hinton Broth 

(MHB) and Mueller Hinton Agar (MHA) were from 

Condalab (Madrid, Spain). Meanwhile, oxacillin 

sodium salt monohydrate and ampicillin sodium salt 

were obtained from HiMedia Laboratories (Mumbai, 

India). 

 

Aqueous extraction of phytochemicals 

Commercial black tea leaves were used as-is. Fresh 

chikoo leaves and oil palm leaves were cleaned with tap 

water and dried overnight in convection oven at 65 ˚C 

(UFE500, Memmert GmbH + Co.KG, Germany). Dried 

plant leaves were ground using kitchen blender. 

Aqueous extraction method of Mercado-Mercado et al. 

[16] was employed with modification. Samples were 

decocted in deionized water through double boil method 

at 85 ˚C for 15 min. The decoction ratio was 1 part 

ground leaves to 10 parts deionized water. Decocted 

samples were filtered through muslin cloth. Then, the 

aqueous extracts were centrifuged at 1,500 rpm for 1 

min at room temperature (Centrifuge 5804 R, 

Eppendorf, Germany). The aqueous extracts were 

filtered through Whatman No. 1 filter paper. Then, the 

crude plant extracts were dried in convection oven at 65 

˚C (UFE500). Dried crude plant extracts were ground 

into fine powder using pestle and mortar. Sample codes 

for the crude plant extracts were BTLE (black tea leaf 

extract), CLE (chikoo leaf extract) and OPLE (oil palm 

leaf extract). 

 

Determination of total phenolic content 

Folin-Ciocalteu assay was performed with reference to 

method of Dudonné et al. [17]. The reaction began by 

mixing 400 μL aqueous sample solution with 2.0 mL of 

FC reagent (diluted to 10-fold in deionized water). After 

5 minutes, 1.6 mL of 7.5% Na2CO3 solution was added 

into the mixture and mixed thoroughly. The mixture was 

allowed to react for 1 h at room temperature. 

Absorbance value was measured at 765 nm using UV-

Vis spectrophotometer (Spectrophotometer T60 U, PG 

Instruments Ltd., UK). All tests were performed at 

triplicates. The calibration curve was plotted using 

aqueous solution of gallic acid.  

 

Identification of organic compounds 

The organic compounds present in crude plant extracts 

were identified using Attenuated Total Reflection - 

Fourier transform infrared (ATR-FTIR) spectroscope 

(Spectrum Two, Perkin Elmer, USA). The FTIR spectra 

of the extracts were examined by placing powder of 

crude plant extract directly onto the crystal plate of 

ATR-FTIR spectroscope. The measurement was taken 

in  the  range  of  4000-400 cm-1  with  a  resolution  of 

4 cm-1. 

 

Screening for phytochemicals 

Aqueous solutions of BTLE, CLE and OPLE were 

prepared at concentration of 1 mgmL-1 for the screening 

of phytochemicals. The aqueous plant extracts were 

screened for the presence of alkaloids, anthraquinones, 

flavonoids, saponins, steroids, tannins, and terpenoids.  

 

Wagner’s test was used to determine the presence of 

alkaloids. Few drops of Wagner’s solution were added 

to the aqueous plant extracts. Formation of brown 

precipitate indicated the presence of alkaloid [18]. The 

presence of anthraquinones was tested by adding 10 mL 

benzene to 5 mL aqueous plant extracts. Then, 10 mL 

10% ammonia solution was added to the mixture. The 

mixture was shaken vigorously. Presence of 

anthraquinones was indicated by pink, violet or red 

colour solution [19]. 

 

The presence of flavonoids was examined with 

Shinoda’s test, aluminium chloride test and alkaline 

reagent test. In Shinoda’s test, 4 mL aqueous plant 
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extract was mixed with 1.5 mL 50% methanol. 

Magnesium metal was added to the mixture followed by 

the addition of few drops of fuming HCl. Changes of 

colour of mixture to red indicated the presence of 

flavonoids [20]. In aluminium chloride test, 5 mL 

aqueous plant extract was added with 1 mL 1% AlCl3 

solution. The solution was shaken vigorously. Presence 

of yellow precipitates indicated presence of flavonoids 

[21]. Meanwhile, alkaline reagent test was performed by 

mixing 2 mL 2.0% NaOH solution with aqueous plant 

extract. In the presence of flavonoids, concentrated 

yellow solution would turn colourless with addition of 2 

drops of 2 M HCl [19]. 

 

The presence of saponins in plant extracts was examined 

using method of El Aziz et al. [22] with modifications. 

Five millilitres (5 mL) aqueous plant extract was 

vortexed for 2 min. Presence of saponins was confirmed 

by persistent appearance of foam lasting for at least 15 

min. Salkowski’s test was performed to confirm the 

presence of steroids. Two millilitres (2 mL) chloroform 

and 2 mL concentrated H2SO4 were added to 5 mL 

aqueous plant extract. Red colouration in lower 

chloroform layer indicated presence of steroids [19]. 

Presence of tannins was indicated by greenish black 

colouration formed from reaction between 5 mL 

aqueous plant extract and 1 mL 5% FeCl3 solution [23]. 

Screening for the presence of terpenoids commenced by 

mixing 2.5 mL aqueous plant extract with 2.5 mL 

chloroform. The mixture was evaporated to dryness. 

Then, 3 mL concentrated H2SO4 was added and boiled 

for 10 min. A grey solution would form in the presence 

of terpenoids [21]. 

 

Synthesis of ZnO 

Synthesis method of Top et al. [24] was adapted with 

modification. The combinations of reaction mixture and 

sample codes are summarized in Table 1.

  

Table 1.  Combinations of reaction mixture and sample codes of zinc oxide 

Reaction Mixture 
Molar Ratio of  

Zn(NO3)2.6H2O to NaOH 

Sample Codes of ZnO with Reference to  

Incorporated Crude Plant Extract 

BTLE CLE OPLE 

B 1.0 : 2.0 ZnOBTLE(B) ZnOCLE(B) ZnOOPLE(B) 

C 1.0 : 1.8 ZnOBTLE(C) ZnOCLE(C) ZnOOPLE(C) 

D 1.0 : 1.6 ZnOBTLE(D) ZnOCLE(D) ZnOOPLE(D) 

E 1.0 : 1.4 ZnOBTLE(E) ZnOCLE(E) ZnOOPLE(E) 

F 1.0 : 1.2 ZnOBTLE(F) ZnOCLE(F) ZnOOPLE(F) 

G 1.0 : 1.0 ZnOBTLE(G) ZnOCLE(G) ZnOOPLE(G) 

Control sample 

A 1.0 : 2.0 ZnOcontrol(A) 

H 1.0 : 1.0 ZnOcontrol(H) 

 

 

The pH of reaction mixture was measured using pH 

meter (pH 700, Eutech Instrument, USA). The 

concentration of crude plant extracts employed for green 

synthesis was computed from volume of gallic acid 

equivalent (GAE) based on the results of total phenolic 

content (TPC) obtained prior to synthesis. All crude 

plant extracts were added at 100 mg GAE g-1. The 

reaction mixtures were incubated in incubator shaker at 

60 ˚C for 1 hour with constant agitation (KS 4000 i 

control, IKA, Germany). After 1 hour, the precipitates 

were collected through centrifugation followed by twice 

washing with deionized water (Centrifuge 5804 R). The 

collected precipitates were dried in convection oven at 

60 ˚C for 24 hours (UFE500). Calcination was 
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conducted at 500 ˚C for 3 hours (ELF 11/14 Chamber 

Furnace, Carbolite Gero, UK). Each synthesis pathway 

was performed in triplicates. Representative samples 

were prepared for further analysis. 

 

Determination of minimum inhibitory concentration 

and minimum bactericidal concentration 

The viability of E. coli and S. aureus under exposure to 

different concentrations of ZnO was determined through 

Resazurin Cell Viability Test using method by He et al. 

[25] with modification. Bacterial culture was grown in 

MHB and incubated in incubator shaker at 37 ˚C for 24 

hours with constant agitation (KS 4000 i control). The 

overnight bacterial cells were suspended in sterilized 

0.9 % saline solution and adjusted to 2.0 McFarland 

Standard and 3.0 McFarland Standard for S. aureus and 

E. coli respectively. 

 

Samples of ZnO were suspended in sterilized distilled 

water at concentration of 8 mgmL-1. The suspension was 

mixed thoroughly with vortex mixer for 1 min (MX-S, 

Dragon Laboratory Instruments Ltd., China). The 

samples of ZnO were deployed with twofold dilution at 

starting concentration of 8 mgmL-1 for S. aureus and 16 

mgmL-1 for E. coli. To each well containing 100 μL ZnO 

suspension, 100 μL bacterial suspension and 20 μL 

0.02% resazurin solution were added. Positive control 

(without ZnO samples) and negative control (without 

bacterial suspension) were included in each plate. The 

96 well microtiter plate was incubated at 37 ˚C for 24 

hours (INB500, Memmert GmbH + Co.KG, Germany). 

To compare effectiveness of ZnO samples and 

commercial antibiotics against the tested strains of 

bacteria, Resazurin Cell Viability Test was performed 

by employing ampicillin and oxacillin at starting 

concentration of 8 mgmL-1 under the same protocol. 

 

Colour changes were observed and recorded after 

incubation period. The lowest concentration of ZnO 

samples that inhibited visible growth of microorganisms 

after overnight incubation was considered the minimum 

inhibitory concentration (MIC). A loopful of aliquot 

from the MIC well was transferred and streaked on 

MHA. The streak plates were incubated at 37 ˚C for 24 

hours. Viability of bacterial cells was observed after 24 

hours for the determination of bactericidal or 

bacteriostatic properties at MIC of ZnO samples. All 

tests were conducted at triplicates. 

 

Statistical analysis 

The results of replicated tests were expressed as mean 

value with standard deviations. Comparison between 

means of independent groups was analysed by one-way 

analysis of variance (ANOVA) followed by Tukey’s 

honestly  significant  difference  (HSD)  post  hoc  test 

(p<0.05). Correlation analysis was performed using 

Pearson’s correlation coefficient (R) in bivariate linear 

correlations (p<0.01). All statistical analysis was 

computed using IBM SPSS Statistics 22.0. 

 

Results and Discussion 

Morphology, particle size and elemental composition 

of ZnO 

The designed pathways resulted in the synthesis of 

nano- and microsized zinc oxide (ZnO). In the current 

study, ZnO particles smaller than 100 nm were referred 

to as ZnO nanoparticles, while those larger than this size 

limit were defined as ZnO microparticles. Table 2 

summarizes the particle sizes of ZnO obtained from the 

study. Morphologies of ZnO nanoparticles and ZnO 

with defined microstructures are shown in Figure 1. 

Elemental analysis validated the purity of all samples. 

 

Reaction mixtures E, F, and G with the incorporation of 

CLE and OPLE and reaction mixture G with the 

incorporation of BTLE were capable of producing ZnO 

nanoparticles. The irregularly shaped nano- and micro-

particles agglomerated into microstructures with no 

defined morphology as the molar ratio of Zn(NO3)2 to 

NaOH increased. Zinc oxide microparticles in the shape 

of microflower were obtained using the reaction 

mixtures control(A), BTLE(B), and CLE(B), while ZnO 

in the shape of spheroid microstructure was obtained 

from reaction mixture OPLE(B). It is important to 

highlight that the morphologies and size ranges of 

ZnOcontrol(A) and ZnOcontrol(H) are similar to those of their 

respective green synthesis counterparts. 

 

The particle sizes of ZnO decreased within the crude 

plant extract group in response to a reduction in the 

molar ratio of Zn(NO3)2 to NaOH and a simultaneous 

increase in the ratio of plant extracts used at a 
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concentration of 100 mg GAE g-1. Likewise, standard 

errors, which represent the range of particle size 

distribution, decreased along with the trend. However, 

the sample of ZnOCLE(G) contained a heterogeneous 

mixture of nanoparticles and microparticles. As the 

condition was an isolated case that was not observed in 

other samples produced under the same conditions 

(ZnOBTLE(G), ZnOOPLE(G), ZnOcontrol(H)), particle size 

measurements were only performed on nanoparticles 

that were not arranged into microstructures. 

 

Table 2.  Particle sizes and morphologies of zinc oxide 

Reaction 

Mixture 
Shape and Morphology Particle Size, nm 

ZnOBTLE ZnOCLE ZnOOPLE 

B Microflower (ZnOBTLE and 

ZnOCLE); spheroid (ZnOOPLE) 

Length: 838.97 ± 

195.97a; width: 

608.80 ± 112.67a 

Length: 1736.63 

± 405.47b; width: 

885.43 ± 196.06b 

Length: 943.30 ± 

118.61a; width: 

719.53 ± 176.59a 

C Agglomerated  microparticles 214.02 ± 39.69a 317.68 ± 48.30b 217.40 ± 42.99a 

D Agglomerated  microparticles 159.30 ± 46.92a 239.72 ± 48.63b 154.92 ± 42.59a 

E Agglomerated  microparticles 149.33 ± 32.00a 92.55 ± 23.89b 81.15 ± 26.17b 

F Agglomerated  microparticles 121.80 ± 32.02a 71.22 ± 21.65b 80.62 ± 27.37b 

G Nanoparticles 70.77 ± 21.74a 41.87 ± 15.52b 63.80 ± 21.33a 

A Microflower Length: 1193.30 ± 193.31; width: 700.47 ± 145.09 

H Nanoparticles 81.17 ± 21.02 

Analytical 

grade ZnO 

Nanorods Length: 196.80 ± 79.93; width: 81.20 ± 29.65 

a,b denote significant difference for data within row (p<0.05) 

 

 

 

Figure 1.  FESEM images of ZnO observed under magnification of 50,000x (a) ZnOcontrol(A), (b) ZnOBTLE(B), (c) 

ZnOCLE(B), (d) ZnOOPLE(B), (e) ZnOcontrol(H), (f) ZnOBTLE(G), (g) ZnOCLE(G), (h) ZnOOPLE(G) 
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Meanwhile, particle sizes of ZnO were found to differ 

significantly (p <0.05) across the group of crude plant 

extracts. However, a statistically significant linear 

relationship with the trend in particle size reduction was 

observed for ZnO synthesized with the incorporation of 

crude extracts of black tea and oil palm leave (p <0.01). 

A positive linear relationship with a strong magnitude of 

association was observed (r=0.997). It is deduced that 

there is a potential in using the total phenolic content of 

plant extracts for size control of ZnO through the 

proposed pathway when different plant extracts are 

employed.  

 

Moreover, the particle sizes of representative samples 

from the triplicate synthesis procedure showed no 

significant difference (p >0.05), implying that the 

synthesis pathway is repeatable. The designed protocol 

is feasible for size control in order to achieve 

consistency in the particle size of ZnO. 

 

Phytochemical analysis of the crude plant extracts 

The total phenolic content (TPC) of crude plant extracts 

differed significantly (p <0.05), with CLE containing the 

highest phenolic compounds (1.07 ± 0.13 mg GAE g-1), 

followed by BTLE (0.87 ± 0.09 mg GAE g-1) and OPLE 

(0.37 ± 0.10 mg GAE g-1). During the green synthesis 

incorporation, significant differences in TPC of crude 

plant extracts had translated to significant weight 

differences. The OPLE was incorporated at the highest 

weight per volume.  

 

A broad band recorded between 3650 and 3250 cm-1, 

accompanied by the absorption bands between 1600 and 

1300 cm-1 and 1200 and 1000 cm-1 indicated the 

presence of hydrogen bonds [26]. Grasel et al. [27] 

reported that bands in 3500 to 3100 cm-1 resulted from 

hydroxyl (–OH) group stretching, were common 

characteristics of polyphenolic compounds. The 

aromatic ring stretching group frequency was 

determined to be between 1615 and 1580 cm-1 [26, 28]. 

Absorption peaks around 2970-2950 cm-1 and 2880-

2860 cm-1 were evidences of saturated aliphatic groups 

[28]. All tested plant extracts showed absorption peaks 

in the specified wavenumbers ranges except for alkanes 

(Figure 2). The spectra provided pieces of evidence for 

the presence of phenolic compounds with –OH and –

COOH side chains in the samples. 

 

 

Figure 2.  The crude plant extracts were composed primarily of phenolic compounds. OPLE registered the most 

number of peaks in the IR spectra. It is inferred to be composed of relatively more complex organic 

compounds compared to CLE and OPLE 
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Phytochemicals of OPLE were speculated to be larger 

organic molecules compared to those of BTLE and CLE. 

The presence of amine groups (C-N) were only observed 

in OPLE samples at 920.74 cm-1 and 535.74 cm-1. 

Moreover, absorption bands less than 1000 cm-1 were 

only observed in OPLE. Bands at around 750-500 cm-1 

were associated with alkenes =C-H bending [29]. The 

alkane C-C bending vibrations were manifested as 

absorption peak below 500 cm-1 [29]. In addition, the 

presence of absorption bands at wavenumbers less than 

1000 cm-1 was claimed to be an indicator for the 

presence of isoprenoid [30,31]. The presence of 

isoprenoid in OPLE was speculated.  

 

The phytochemical composition of plant extracts is 

summarized in Table 3. Oil palm leaf extract was the 

only crude plant extract that was screened positive for 

alkaloids. In addition, the absorption peaks at 

wavenumber 920.74 and 535.74 cm-1, which were 

assigned to N-CH3 symmetric stretching and C-N-CH3 

deformation of alkaloids [32], were observed in IR 

spectrum of OPLE. Although the IR fingerprint for 

isoprenoid was only observed in OPLE’s IR spectrum, 

saponins, which is a form of polar isoprenoids, were 

found to be present in all crude extracts. 

 

By combining the observations from the Folin-Ciocalteu 

assay and FTIR analyses, it was determined that all plant 

extracts were primarily composed of phenolic 

compounds. Overall, in comparison to both BTLE and 

CLE, OPLE contains relatively more complex 

phytochemicals, made up of phenolic compounds with 

hydroxyl, carboxyl, and amine groups. The complexity 

of phytochemicals in OPLE had contributed to the 

inconsistency in process output, in terms of 

morphologies of ZnO, across different crude plant 

extracts. 

 

Table 3.  Phytochemical compounds present in aqueous plant extracts 

Phytochemical Compounds Type of Aqueous Plant Extract 

BTLE CLE OPLE 

Alkaloids - - + 

Anthraquinones - - - 

Flavonoids 

- Shinoda’ test 

- Aluminium chloride test 

- Alkaline reagent test 

 

- 

- 

- 

 

- 

- 

- 

 

- 

- 

- 

Saponins + + + 

Steroids + + - 

Tannins + + + 

Terpenoids + - + 

                      + denotes present, - denotes absent 

 

 

Effects of pH and concentration of plant extracts on 

the formation of ZnO 

The pH of reaction mixtures did not differ significantly 

when the molar ratio of Zn(NO3)2 to NaOH was changed 

from 1.0:1.0 to 1.0:1.8 (p >0.05). The pH of the reaction 

mixtures was determined to be neutral (Table 4). 

However, significant difference was observed when the 

molar ratio of the reaction mixture was raised to 1.0:2.0 

(p <0.05), where the pH increased to 11.44. It is worth 

noting that despite bearing no pH difference, a trend of 

particle size reduction was observed from reaction 

mixtures C to G. The trend was attributed to the additive 

effect of phytochemical capping properties, in addition 

to the size reduction effect of reaction pH
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Table 4.  The pH of reaction mixtures 

Molar ratio of Zn(NO3)2 to 

NaOH 
pH 

1.0 : 2.0 11.44 ± 0.25a 

1.0 : 1.8 7.59 ± 0.24b 

1.0 : 1.6 7.46 ± 0.02b 

1.0 : 1.4 7.34 ± 0.03b 

1.0 : 1.2 7.23 ± 0.01b 

1.0 : 1.0 7.16 ± 0.03b 

 a,b denote significant difference (p <0.05) 

 

Studies showed that the degree of organization of ZnO 

nanoparticles increases with an increase in pH of 

reaction mixture [33, 34]. Meanwhile, studies in green 

synthesis of ZnO nanoparticles revealed that increasing 

the pH resulted in particle size increment despite the 

acclaimed function of plant extracts as capping agents 

[35-37].  

 

The observations necessitate the answers to the 

following questions, 'Is the addition of base necessary in 

green synthesis?', 'Would the addition of base negate the 

effect or alter the role of plant extracts?' and 'What is the 

advantage of ZnO produced through green synthesis 

over the one produced through direct reaction between 

Zn(NO3)2 and NaOH when both exhibit the same 

morphology?'. 

 

Proposed mechanisms for the green synthesis of ZnO 

nanoparticles 

Plant extracts are widely accepted to act as reducing 

agents in green synthesis [38,39]. In the current work, 

no precipitation was observed when Zn(NO3)2 and plant 

extracts were used as the only process inputs. In fact, 

precipitation was observed upon mixing of NaOH and 

Zn(NO3)2 in the absence of phytochemicals. 

Additionally, it was observed that precipitates bearing 

the color of the incorporated plant extracts were 

produced following the addition of NaOH. Fine white 

ZnO powder was produced after calcination.  

 

A review of recent studies reveals that all three pathways 

illustrated in Figure 3 are employed and classified as 

green synthesis. Pal et al. [7], Suresh et al. [38] and 

Sharmila et al. [40] implemented pathway B to produce 

ZnO nanoparticles, while Matinise et al. [41] adopted 

pathway C. Meanwhile, pathway A involves the 

addition of NaOH as an alkalizing agent or precipitating 

agent [42-44]. To elucidate the reaction mechanism, 

emphasis was made on the nature of divalent zinc (Zn2+) 

ions and phytochemicals. Divalent zinc ion acts as an 

intermediate Lewis acid, which can interact with a wide 

range of ligand bases to form Zn complexes with up to 

six coordination numbers [45,46,47]. The nature of zinc 

relies on the redox potential and pH values, where it 

exists as hydrated zinc complexes in acidic conditions 

and as zinc hydroxo complexes in alkaline conditions 

[46].  

 

 

Figure 3.  NaOH acts as alkalizing agent in pathway A1 and precipitating agent in pathway A2. Process endpoints of 

pathway A1, A2 and B are indicated by precipitation of zinc salts while that of pathway C is indicated by 

colour changes of reaction mixture. 



Zing et al:  POLYPHENOL-MEDIATED GREEN SYNTHESIS OF ZINC OXIDE AND THEIR 

ANTIBACTERIAL PROPERTIES: A NOVEL SIZE-CONTROLLED APPROACH 

 

10   

Zinc oxide nanoparticles are formed in pathways B and 

C through the complexation of zinc with 

phytochemicals. The organic compounds are vaporized 

by calcining the zinc complexes. Based on the reaction 

mechanism, it is more precise to classify the 

phytochemicals as chelating agents rather than reducing 

agents. Since the mechanisms do not involve the 

nucleation and growth of ZnO particles, the 

nanoparticles produced should be smaller in size. 

However, the complexity of phytochemicals limits the 

repeatability of the pathway. Fluctuation in 

phytochemical quality would have a substantial impact 

on process yield and overall process duration. 

 

Despite having a similar process flow with pathway B, 

pathway A2 requires the addition of NaOH at the end of 

synthesis. The acidity value (pKa) of the complex is 

determined by the acid-base properties of the ligand, 

where strong binding results in an increment of pKa 

[46]. A stable complex would precipitate at higher pH. 

The addition of NaOH is essential for the precipitation 

of Zn complexes after being subjected to a specific time 

and temperature control.  

 

Present study employed pathway A1, which involved 

adding NaOH to the one-pot mixture of Zn precursor 

and plant extracts. The reducing properties of 

phytochemicals depend on their antioxidative activities. 

An antioxidant compound exhibits its properties via the 

hydrogen atom transfer (HAT) reaction and transfer 

reaction of a single electron (SET) [48]. Cited as 

reducing agents, the phytochemicals are favorable for 

their electron transfer tendency that would result in the 

formation of Lewis bases for Zn complexation. As per 

this study, deprotonated plant phenolic compounds were 

targeted as the main driving force in the formation of 

ZnO nanoparticles. 

 

Depending on their pKa, phenolic compounds in liquid 

media exist as either weak acids or weak bases. 

Generally, the pKa of phenolic compounds lies between 

pH 8 and pH 10 [49]. When the pH of the surrounding 

falls below 8, the phenolic compounds exist as weak 

acids. Without the help of an alkalizing agent, a range of 

activation energies must be overcome for the –OH group 

of phenolic compounds to deprotonate. In present work, 

the addition of NaOH is crucial to accelerate the green 

synthesis of ZnO nanoparticles by aiding in 

phytochemical deprotonation. 

 

In addition to assisting deprotonation of 

phytochemicals, an increase in reaction pH promotes the 

deprotonation of hydrated zinc complexes. This 

condition has a substantial effect on predominant 

species and the roles of phytochemicals. According to 

Krężel et al. [46], the deprotonation of hydrated zinc 

complexes begins at pH 7.8, and zinc hydroxo 

complexes predominate when the pH of the solution 

surpasses 8. The reaction ends at pH 11.8, with the final 

product being [Zn(OH)4]2- complex [46]. Equations 1 – 

4 represent the progression of hydrolysis and 

deprotonation. 

 

[Zn(H2O)6]2+ + H2O ⇌ [Zn(H2O)5(OH)]+ + H3O+               (1) 

[Zn(H2O)5(OH)]+ + H2O ⇌ [Zn(H2O)4(OH)2] + H3O+                            (2) 

[Zn(H2O)4(OH)2] + H2O ⇌ [Zn(H2O)3(OH)3]- + H3O+                    (3)  

[Zn(H2O)3(OH)3]- + H2O ⇌ [Zn(OH)4]2- + 2H2O + H3O+                   (4) 

 

According to Krężel et al. [46], the precipitation of the 

uncharged [Zn(H2O)4(OH)2] results in the formation of 

an amorphous Zn(OH)2 and five distinct types of 

Zn(OH)2 crystals. The crystal forms of Zn(OH)2 are 

unstable [46, 50], and their decomposition leads to the 

formation of ZnO nuclei. Meanwhile, [Zn(OH)4]2- 

serves as growth template for the growth of ZnO nuclei 

in addition to decomposing into ZnO. 

The pH profile of the reaction mixture reveals that the 

formation of ZnO nuclei occurs through the outlined 

mechanisms, with reaction mixtures A and B producing 

unstable [Zn(OH)4]2- while reaction mixtures C, D, E, F, 

and G producing unstable Zn(OH)2 crystals. According 

to LaMer's mechanism, this phase is critical for size 

control of ZnO nanoparticles since a high nucleation rate 

during a protracted reaction will result in the formation 
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of larger particles. This is evidenced by the fact that the 

particle sizes of ZnO generated from reaction mixtures 

A and B were larger than those of the other reaction 

mixtures. This reaction mechanism explained the effect 

of pH and NaOH concentration on the particle size of 

ZnO. 

 

The roles of phytochemicals in green synthesis are 

inferred to be dependent on the reaction pH and the 

dominant species in the reaction mixture. In present 

study, the roles of phenolic compounds were defined 

with reference to particle sizes of green synthesized 

ZnO. When NaOH is added to the one-pot mixture, the 

role of phytochemicals as ligand bases for the formation 

of zinc complexes is expected to be diminished, while 

their role as capping agents, which stabilize the ZnO 

nuclei, becomes prominent under basic conditions. 

Nevertheless, increasing the pH of the solution would 

aid in the deprotonation of phenolic compounds [49]. 

Phenoxide ions could interact with the Zn hydroxo 

complexes to achieve ligand substitution. However, the 

role of phytochemicals as capping agents was more 

significant in this investigation, as demonstrated by the 

morphological differences between ZnOcontrol(A) and 

ZnOOPLE(B). Meanwhile, when the concentration of 

NaOH used was relatively low, the involvement of 

phytochemicals as ligand bases for the formation of zinc 

complexes predominated in pathway A1. The condition 

was demonstrated by the decrement in particle sizes of 

ZnO as reaction pH was reduced. It is important to note 

that the addition of NaOH in pathway A1 does not 

negate the function of phytochemicals since 

deprotonation of phytochemicals is required for 

subsequent reactions. 

 

In present study, phytochemicals and hydrated zinc 

complexes competed for NaOH to achieve 

deprotonation. Under basic conditions, the moiety rich 

in [Zn(OH)4]2- complex ions will facilitate the growth of 

ZnO along the [0001] direction [50, 51]. In the 

meantime, the deprotonated phytochemicals with 

negative charges will be drawn to the Zn polar plane 

[0001], as well. A high concentration of [Zn(OH)4]2- led 

to anisotropic growth and thus the formation of ZnO 

microflowers. As the concentration of [Zn(OH)4]2- 

complex ions decreased, the adsorption of deprotonated 

phytochemicals on Zn polar plane became dominant. 

 

The structure-directing effect of OPLE, as demonstrated 

by ZnOOPLE(B), could be attributed to its phytochemical 

complexity. It is speculated that the higher dosage of 

OPLE, which exhibited lower TPC, contributed to a 

higher content of amphiphilic phytochemicals in the 

aqueous plant extracts of green synthesis. This condition 

resulted in the isotropic growth of ZnO owing to the 

uniform adsorption by the phytochemicals.  

 

Previously, the terms 'reducing agent', 'chelating agent', 

'capping agent', and ‘structure-directing agent' were 

used interchangeably, and the definitions were 

ambiguous. Deprotonated phytochemical, which is a 

form of ligand base, is structurally a chelating agent 

when it interacts with either zinc hydroxo complexes or 

ZnO nuclei in the green synthesis. In the event that Zn 

complexes are formed, deprotonated phytochemicals 

shall be referred to as chelating agents; meanwhile, 

when deprotonated phytochemicals interact with ZnO 

nuclei to achieve electrostatic stabilization, they shall be 

defined as capping agents for precision. A structure-

directing agent, on the other hand, possesses a structure-

directing effect to control the growth of the 

nanoparticles [52]. It is illustrated in Figure 4 that 

nucleation and growth of ZnO nanoparticles occur via 

pathways A1 and A2, whereas the formation of Zn 

complexes occurs via pathways C and B. 

 



Zing et al:  POLYPHENOL-MEDIATED GREEN SYNTHESIS OF ZINC OXIDE AND THEIR 

ANTIBACTERIAL PROPERTIES: A NOVEL SIZE-CONTROLLED APPROACH 

 

12   

 

Figure 4.   Deprotonated phytochemicals act primarily as capping agent when [Zn(OH)4]2- is the predominant species 

while their roles as chelating agent are more prominent at neutral pH where Zn complexes are the 

predominant species. 

 

Antibacterial strength of the green synthesized ZnO 

Antibacterial activity of ZnO samples against 

Staphylococcus aureus and Escherichia coli was 

examined. There was a lack of antibacterial action 

against the latter. The minimum inhibitory concentration 

(MIC) of ZnO samples against S. aureus decreased with 

increasing ZnO particle size (Table 5). However, a slight 

dip was observed from ZnOCLE(E) to ZnOCLE(F). The 

condition was attributed to the colloidal stability of ZnO, 

which was dependent on the interplay of particle sizes 

and surface properties. It is worth noting that the 

antibacterial strength of ZnO synthesized through the 

incorporation of plant extracts (ZnOBTLE(B), ZnOCLE(B), 

and ZnOOPLE(B)) were superior to that of ZnOcontrol(A). In 

addition, the ZnO microstructures exhibited stronger 

antibacterial effects against S. aureus when compared to 

ampicillin and oxacillin. The two antibiotics showed no 

antibacterial activity when deployed at the same starting 

concentrations of 8 mgmL-1 under the same 

experimental setup. 
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Table 5.  Minimum inhibitory concentration of zinc oxide samples against Staphylococcus aureus 

Reaction mixture Minimum inhibitory concentration, mgmL-1 

ZnOBTLE ZnOCLE ZnOOPLE 

B 0.0313* 0.1250 0.1250* 

C 0.2500* 0.2500 0.2500 

D 1.0000 0.2500* 0.5000 

E 1.0000 1.0000* 1.0000* 

F 1.0000* 0.5000 2.0000* 

G 2.0000 2.0000 2.0000* 

A (control) 0.5000* 

Analytical grade ZnO 0.0625* 

Oxacillin not effective 

Ampicillin not effective 

*denotes minimum bactericidal concentration of ZnO samples 

 

 

The antibacterial strength of ZnO microstructures had 

improved by at least fourfold when plant extracts were 

incorporated. Despite having similar morphologies, 

ZnOBTLE(B) and ZnOCLE(B) exhibited enhanced 

antibacterial effects against S. aureus than ZnOcontrol(A). 

The capping of phytochemicals on the ZnO 

microstructures are speculated to have an additive effect 

on their antibacterial properties. However, no organic 

compounds were observed in the FTIR spectra of ZnO 

samples. This condition might be related to the method 

sensitivity, where particle size of samples negatively 

affected penetration depth of the IR light and intensity 

of bands the spectra [53]. 

 

Theoretically, the decrement in particle size would 

essentially enhance the antibacterial strength of 

nanoparticles since smaller particles have higher surface 

energy to aid in dissolution [54,55,56]. Raghupathi et al. 

[57] and Naqvi et al. [58] discovered the inversed 

relationship between particle size of ZnO and 

antibacterial activity against S. aureus. Contradictory to 

the theory, present studies found that the antibacterial 

strength against S. aureus reduced with a decrement in 

particle sizes, whereas ZnO with defined 

microstructures exhibited better antibacterial strength. It 

is speculated that the dissolution properties of 

nanoparticles might have contributed to the condition.  

 

The dissolution of nanoparticles is affected by the 

chemistry of the administered condition, which includes 

ionic strength, pH, and temperature of the medium [59, 

60]. The presence of dissolved organic matters would 

improve the colloidal stability of nanoparticles, which in 

turn reduces the rate of agglomeration [60, 61]. In the 

current investigation, however, ZnO samples and 

bacteria were suspended in sterile distilled water and 

0.9 % saline. Peng et al. [60] reported that presence of 

inorganic ions would disrupt the electrostatic stability of 

nanoparticles. The presence of inorganic ions is 

speculated to be the factor contributing to the lack of 

ZnO nanoparticles' antibacterial action in present study.  

 

The attack mechanisms of ZnO nanoparticles were 

theorized to be through the formation of ROS, cell 

internalization of abrasive ZnO, and the release of Zn2+ 

[9,62]. Despite being deployed at higher starting 

concentrations (16 mgmL-1), ZnO samples and 

antibiotics had no antibacterial effect against E. coli. 

Meanwhile, Jin et al. [63] discovered that the UV 

irradiated spherical ZnO nanoparticles at 0.05 mgmL-1 

had a remarkable activity against E. coli. The ZnO 
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samples were used without any prior treatment in the 

present study. The absence of antibacterial activity 

against E. coli might be attributed to the incompatibility 

of attack mechanisms. 

 

Based on these observations, it is postulated that the 

morphology of ZnO played a substantial role in its 

antibacterial properties against S. aureus. The 

abrasiveness and defined surface morphology of ZnO 

microstructures contribute to their improved 

antibacterial properties when compared to ZnO 

nanoparticles under the given experimental conditions. 

Meanwhile, the lack of antibacterial activity against E. 

coli might be due to the concentration-dependent effect 

of ZnO. Besides, the physical properties of ZnO 

microstructures and nanoparticles employed in this 

work are speculated to be incompatible with the target 

site of the tested strain of E. coli, making them incapable 

of exhibiting antibacterial activity. 

 

Conclusion 

The designed pathway is stable and repeatable for the 

green synthesis of ZnO nano- and micro- particles. 

Manipulation of total phenolic content is a feasible 

method to control concentration of incorporated plant 

extracts. The proposed synthesis pathway is feasible for 

size control of ZnO. Green synthesis is accelerated by 

the addition of NaOH where it assists deprotonation of 

phytochemicals to commence Zn chelation. Reaction pH 

influenced the roles of phytochemicals. The role of 

deprotonated phytochemicals as capping agent, which 

possesses structure-directing effect, is prominent under 

basic condition. Meanwhile, their role as chelating 

agent, which enhances particle size reduction, is 

prominent under neutral condition. In addition, it was 

deduced that the morphology of ZnO played a more 

substantial role in determining its antibacterial strength 

compared to particle size. In addition to quantitative 

phenolic profile, future studies are recommended to 

establish the interrelation between qualitative 

phytochemical profile of plant extracts and particle size 

of ZnO produced to improve universality of the green 

synthesis pathway. 
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