#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue,

Antibacterial and photocatalytic activities of fruit-

i") Check for updates‘
extract-mediated synthesized ZnO nanoparticlesy

Cite this: Nanoscale Adv., 2025, 7, 3514

Ngoan Thi Thao Nguyen,®° Anh Nguyen Quynh Phan,® Thuan Van Tran ® *@
and Thuy Thi Thanh Nguyen*©

ZnO nanoparticles were produced using Morinda citrifolia fruit extract and evaluated for their performance
in the removal of Congo red (CR) dye under visible light, as well as their antibacterial activity against different
pathogenic strains. The ZnO photocatalyst was characterized according to crystallinity, surface elements
and morphology. Various factors related to photocatalytic activity, namely contact time, photocatalyst
dosage, initial CR concentration, and pH, were investigated. Under optimal conditions, a moderate ZnO
loading achieved a high CR degradation efficiency of 95.23% within 60 min of light irradiation, as
determined using response surface methodology (RSM) coupled with face-centered design (CCF).
Additionally, a scavenger study confirmed that superoxide radicals ("O,") and holes (h*) were major

Received 1st March 2025 reactive species in the photodegradation of CR. Furthermore, the antibacterial activity was remarkable,
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with the highest inhibition zone measuring 20.7 mm against Salmonella typhimurium. This study provides
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1. Introduction

Clean and safe water management is currently a critical chal-
lenge due to the improper discharge of organic pollutants into
water bodies from various sources. Many of these pollutants are
released into ecosystems and are highly toxic, causing signifi-
cant potential risk to both human health and the environment.*
Industries such as textiles, pharmaceuticals, cosmetics, and
plastics make extensive use of organic dyes, with Congo red (CR)
being one of the most common.> The complex and stable
molecular structure of CR dye is resistant to degradation. CR
has negative effect on respiratory, skin, eye, and gastrointestinal
system.® Therefore, the presence of CR in wastewater poses an
alarming threat to human health and ecology, requiring proper
treatment before discharge. However, conventional wastewater
treatment methods have often proven ineffective in the removal
of organic pollutants. This limitation makes it difficult to meet
increasing water quality standards.* In addition to dyes, the

“Faculty of Chemical Engineering, Ho Chi Minh City University of Technology
(HCMUT), 268 Ly Thuong Kiet Street, District 10, Ho Chi Minh City, Vietnam
*Vietnam National University Ho Chi Minh City, Linh Trung Ward, Thu Duc District,
Ho Chi Minh City, Vietnam

‘Nong Lam University Ho Chi Minh City, Ho Chi Minh City 700000, Vietnam. E-mail:
tranuv@gmail.com; tranvt@ntt.edu.vn

“Institute of Applied Technology and Sustainable Development, Nguyen Tat Thanh
University, 298-300A Nguyen Tat Thanh, District 4, Ho Chi Minh City 755414,
Vietnam. E-mail: nguyenthanhthuy@hcmuaf.edu.vn
(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d5na00211g

3514 | Nanoscale Adv., 2025, 7, 3514-3527

whilst also broadening their application as antibacterial agents.

presence of pathogens and microbial contaminants in water
has prompted researchers to improve innovative technologies
against infections and communicable diseases caused by
harmful bacteria. These efforts have led to the introduction of
effective strategies to inhibit the propagation and growth of
pathogenic bacteria.

To address water pollution, semiconductor-based photo-
catalytic processes using visible light have been developed.
Photocatalysis is one of the most effective and practical tech-
niques for organic pollutant degradation, as it has high degra-
dation efficiency and minimal formation of secondary
pollutants.>® With such advantages, explorations in photo-
catalytic applications are essential for the effective photo-
degradation of organic pollutants from water, helping to
improve water quality. The main key to this method is the
utilization of semiconductor materials as photocatalysts to
enable the efficient breakdown of organic contaminants under
visible light irradiation. Among potential photocatalysts, ZnO
nanocatalysts have attracted considerable attention due to their
remarkable photocatalytic properties, cost-effectiveness, and
non-toxicity.” ZnO exhibits strong photocatalytic activity under
ultraviolet (UV) irradiation with a wide band gap (~3.37 eV),
suitable for the photo-degradation of synthetic dyes.*® There-
fore, ZnO has been widely explored for wastewater treatment,
e.g., for the degradation of persistent organic pollutants such as
CR dye.

The green synthesis of ZnO nanoparticles is considered an
effective approach to minimize the harmful effects associated
with conventional methods.’®** In this method, the use of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reducing and environmentally friendly agents during synthesis
is essential.”»** Meanwhile, phytochemicals such as flavonoids,
polyphenol, and alkaloids act as reducing, capping and stabi-
lizing agents in the synthesis of ZnO nanoparticles.'*> There-
fore, plant resources are considered ideal raw materials for the
bio-mediated synthesis of ZnO nanoparticles, thanks to their
abundant and environmentally friendly properties. Among
potential plants, Morinda citrifolia, commonly known as noni,
has high medicinal value in its fruit.'® Noni fruit has antibac-
terial properties and can also be used to treat bone and joint
diseases, especially osteoarthritis.'” In biological applications,
several studies took advantage of this fruit to prepare products
such as drugs to treat many diseases.'®'® Moreover, this type of
plant is also used to successfully synthesize semiconductor
materials such as ZnO.****

Recent studies have demonstrated the potential of plant-
based ZnO nanoparticles for photocatalytic applications. For
instance, ZnO nanoparticles synthesized using Bryophyllum
pinnatum extract exhibited effective photocatalytic degradation
of methylene blue dye due to their high charge carrier separa-
tion ability.>* Similarly, ZnO spherical nanoparticles prepared
from Acalypha indica leaf extract showed promising degradation
efficiency for methylene blue dye under irradiation by
sunlight.*® Additionally, ZnO nanoparticles were successfully
synthesized from Ceratophyllum demersum leaf extract, which
showed strong photocatalytic properties for Rhodamine B.** To
our knowledge, no studies have been conducted on the photo-
catalytic performance and antibacterial activity of ZnO nano-
particles mediated from Morinda citrifolia fruit (MCF) extract. In
this study, a statistical modeling approach based on CCF design
was employed to analyze and optimize the independent factors
influencing the photocatalytic degradation process. Addition-
ally, the prepared ZnO nanoparticles were studied on Gram-
negative and Gram-positive bacteria to comprehensively
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Fig.1 The process of producing ZnO nanoparticles using MCF extract.
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evaluate their potential for bacterial removal. These findings
promote the development of green ZnO nanoparticles for effi-
cient CR dye photodegradation and antibacterial applications.

2. Experimental

2.1. Materials

The Morinda citrifolia fruit (MCF) was collected from a garden in
Long An, Vietnam. Several chemicals such as zinc nitrate
hexahydrate [(Zn(CH;COO),-6H,0, reagent grade, purity
=98%)], sodium hydroxide (NaOH) and Congo red (C3,H,,Ne-
Na,04S,) were commercially purchased from Sigma-Aldrich.

2.2. Green synthesis of ZnO using MCF extract

ZnO nanoparticles were synthesized using a low-cost MCF
extract, as illustrated in Fig. 1. Typically, MCF was collected and
washed to remove low-quality fruit and dust. Afterward, these
fruits were ground into small pieces using a blender before the
extraction process. A mixture of 25 g of tiny pieces of noni fruit
in 100 mL of distilled water was heated at 80 °C for 1 h to obtain
a brown extract. Next, 2.5 g of zinc acetate was gradually added
into 30 mL of prepared extract under magnetic stirring at 75 °C
for 1 h. Then, the mixture was adjusted to pH 8 by dropping in
0.1 M NaOH solution before stirring for a further 1 h. At the end
of the process, the obtained particles were repeatedly cleaned
with DI water before drying at 80 °C. Then, they were calcined
for 6 h at 500 °C.

2.3. Photocatalytic experiments

The photocatalytic experiment was conducted using a batch
system. Initially, the CR dye solution was prepared at a pre-
defined concentration, transferred into the reactor, and placed
within a cooling system. The required mass of ZnO sample was
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then measured and added to the reactor. To achieve adsorption
equilibrium, the experiment was first conducted in darkness for
30 min before exposure to 40 W LED lights. Samples were
collected at 30 min intervals, and their absorbance was analyzed
using a UV-vis spectrophotometer.

2.4. Face-centered design (CCF)

A CCF design was chosen for the experiment to assess the
combined impact of four independent variables: irradiation
time (A), ZnO mass (B), CR concentration (C), and pH (D). By
default, the components were coded +1 for high and —1 for low,
as shown in Table S2.f The 30 randomized trials generated
through the RSM-CCF designed experiments are presented in
Table S3,1 including both predicted values and experimental
data obtained using Design-Expert software. As a result, the
actual and anticipated results are nearly identical, indicating
that the model can be utilized to navigate the chosen experi-
mental space.

2.5. Antibacterial activity

The inhibition zone method was employed as a semi-
quantitative assay to assess the antibacterial properties of
ZnO materials and amoxicillin antibiotic as a positive reference
standard. Bacterial colonies were suspended in a 0.85% w/v
sterile saline solution and distributed on Mueller-Hinton agar
(MHA) plates. Wells, 8 mm in diameter, were created in the agar
medium and filled with 50 pL of the test compound. Following
24 h of incubation at 37 °C, bacterial inhibition zones were
visualized using a digital camera and precisely measured with
a millimeter ruler.

3. Results and discussion
3.1. Effect of pH and Zn>" concentration

The effect of Zn** concentration on the particle size and
formation of ZnO nanoparticles was assessed through investi-
gations at different concentrations, as depicted in Fig. 2a. In
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detail, the synthesis process was conducted by adding four
concentration levels of Zn>* (0.05 M, 0.10 M, 0.15 M, 0.20 M)
into the prepared extract. The following steps were similar to
those of the above-mentioned process. Then, the solution ob-
tained after the end of the process was collected, and the UV-vis
spectrum was measured to confirm the intensity and wave-
length position of the peak. According to the results, the
synthesized samples recorded a strong absorption peak at
a wavelength of 368 nm, showing the successful formation of
ZnO nanoparticles. An increasing trend was observed with
increasing Zn>" concentration. Furthermore, at a concentration
of 0.05 M, the absorption peak was observed at 368 nm, which
shifted to higher absorption bands at 368, 368.5, 369, and
369.8 nm as the preparation concentration increased to 0.1 M,
0.15 M, and 0.20 M, respectively. This red shift may be due to
aggregation in the ZnO samples under the effect of higher
concentrations of zinc ions. Specifically, at higher concentra-
tions of Zn”* in the reaction mixture, a deficiency of functional
groups for complex formation occurs to enhance the aggrega-
tion of growing nanoparticles, resulting in larger sized nano-
particles.*® Moreover, the intensity of peaks witnessed
a significant decline from 0.92 to 0.58, which indicated the
decrease in the formation of ZnO nanoparticles with increasing
concentration of zinc ions.

The pH of the extract is an aspect that influences both the
textural qualities and the size of the produced particles. Fig. 2b
shows UV-vis spectra of the ZnO nanoparticles synthesized
using noni fruit extract at various pH values: 7, 8, 9, and 10.
There was a slight growth in the intensity of the characteristic
peak of ZnO from pH 7 to 9 (between 0.85 and 0.9). The
formation of ZnO is a favourable process at high pH due to the
abundant OH ions in the solution facilitate the formation of
Zn(OH), nuclei and crystal growth. Nevertheless, a further
decrease in intensity was observed to 0.81 when the pH reached
10. Excess NaOH dissolves the zinc hydroxide precipitate by
generating bulky zincate ion complexes (Zn(OH),>"), resulting
in decreased production of ZnO. The results also showed that
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Fig. 2 The UV-vis absorbance of ZnO nanoparticles produced using MCF extract at different Zn?" concentrations (a) and pH of extract (b).
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there is a slight shift in the peak toward higher wavelength with
increasing pH, suggesting that the particle sizes of ZnO grad-
ually increased with an increase in pH. The rise in particle size
with rising pH is due to the Ostwald ripening effect, in which
small ZnO particles dissolve and are deposited on larger
growing particles.** This phenomenon occurs because larger
particles are energetically preferred to smaller particles.

3.2. Characterization

3.2.1. DRS. The optical properties of the green ZnO nano-
catalysts were assessed through the DRS technique. Fig. 3a
presents the Tauc plot for the prepared ZnO nanoparticles,
shown as (ahv)® versus hv. Accordingly, the direct band gap (Ej)
of the ZnO materials was calculated to be 3.18 eV. Typically, the
band gap value is an important factor in determining the pho-
tocatalytic performance of materials. Due to the high band gap
energy of ZnO nanoparticles, they exhibit increased absorption
efficiency in the UV range, with potential extension into the
visible-light region, thereby improving their photocatalytic
activity within these spectral regions. The band gap value in this
study is also in accordance with that of ZnO nanoparticles
synthesized from both green and chemical approaches in
previous studies.?”®

3.2.2. FTIR. In synthesized ZnO nanoparticles, the main
absorption bands are 3452, 2905, 1638, 1140, and 470 cm ™, as
shown in Fig. 3b. The wide peak at 3452 cm ™" corresponds to
O-H stretching vibrations found in flavonoids and phenolic
compounds from the leaf extract.”® The peak at 1140 cm™" is
due to the C-O stretching of groups of alcohols in plants.* In
this study, ZnO nanoparticles exhibit a significantly strong
absorption band at 470 cm '.*' This indicates that phyto-
chemicals contribute to the biotransformation of zinc acetate to
oxides. Obviously, plant phytochemicals play a reducing and
stabilizing role for Zn®*" from a salt precursor, contributing to
the formation of ZnO nanoparticles. In general, the bio-
synthesized ZnO nanoparticles in this study showed many
characteristic peaks related to biomolecules, suggesting the
existence of phytochemicals on ZnO nanoparticles. Studies by
Kamarajan et al and Ahmad et al. also showed similar
results.”**?
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3.2.3. XRD. The crystalline characteristics of ZnO nano-
particles were analyzed using the XRD pattern. Fig. 4 shows
sharp peaks at 26 = 31.82°, 34.43°, 36.22°, 47.53°, 56.67°,
62.93°, 66.48°, 68.12°, 69.14°, 72.73°, and 76.97° corresponding
to the (100), (002), (101), (102), (110), (103), (200), (112), (201),
(004), and (202) lattice planes of hexagonal wurtzite ZnO crystals
(JCPDS No. 5-0664).** Moreover, a, b, ¢, and cell volume are
similar to those of standard ZnO JCPDS 5-0664 (Table S1t). The
low dislocation density and microstrain also indicate the low
distortion in the ZnO matrix, highlighting the structural
stability and high quality of the materials. The average crystal-
lite size of ZnO was determined to be 37.6 nm based on the
Debye-Scherrer formula, as shown in eqn S1.}

3.2.4. DLS and zeta potential. DLS was employed to
confirm the particle size distribution of ZnO in colloidal solu-
tion, as illustrated in Fig. 5a. The size distribution of synthe-
sized materials in a colloidal state is observed to exceed 100 nm.
Furthermore, zeta potential measurement is a key technique for
assessing the stability of nanoparticles, with values indicating
the surface charge. The zeta potential of ZnO nanoparticles
using noni fruit extract is shown in Fig. 5b. According to the
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Fig. 4 XRD spectra of ZnO nanoparticles synthesized using MCF
extract.
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Fig. 3 DRS (a) and FTIR (b) spectra of ZnO nanoparticles synthesized using MCF extract.
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Fig. 5 DLS analysis (a) and zeta potential (b) of ZnO nanoparticles synthesized using MCF extract.

results, the zeta potential is —70.4 mV, confirming the high
stabilization of the prepared nanoparticles. In fact, nano-
particles with zeta potentials above +30 mV are generally
considered stable; the significantly negative value recorded in
this study suggests strong electrostatic repulsion, minimizing
aggregation and ensuring long-term colloidal stability.** Addi-
tionally, the high negative zeta potential correlates with the
presence of negatively charged functional groups on the nano-
particle surface, which means the role of phytochemicals
directly affects both nanoparticle formation and stability.
3.2.5. SEM and TEM. SEM is the technique mainly used for
examining the morphology and size of materials. The SEM

9mm x120k SE(M) 400nm

images of ZnO nanoparticles biosynthesized from MCF extract
are exhibited in Fig. 6a-c. According to the results, ZnO nano-
particles exhibit a homogeneously spherical shape with some
individual crystals clearly visible. Moreover, several particles are
agglomerated, resulting in larger particle size. Fig. 6d demon-
strates the particle size distribution histogram, showing that
the average diameter of ZnO is 37.7 nm. This result further
confirmed the above-mentioned XRD results for average crys-
tallized particle size. As shown in Fig. 7, the particle size of ZnO
nanoparticles is determined to be in the range of 27.97-
46.96 nm via the TEM method. TEM images also show the
formation of low-clustering ZnO nanoparticles with uniform

Ok SE(M)

Particle size (nm)

Fig. 6 SEM images (a—c) and histogram (d) of the particle size distribution for the corresponding SEM images of ZnO nanoparticles synthesized

using MCF extract.
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Fig. 7 TEM images of ZnO nanoparticles synthesized using MCF extract.

spherical shape and high porosity, which enhances the high
adsorption capacity for dye molecules.

3.3. Antibacterial activity

The antibacterial activity of bio-mediated ZnO was evaluated on
four bacterial pathogens, representing two groups: a Gram-
positive group (Bacillus cereus and Staphylococcus aureus) and
a Gram-negative group (Escherichia coli and Salmonella typhi-
murim). Fig. 8 depicts the inhibition zones of ZnO nanoparticles
for these bacterial strains. The results demonstrated the anti-
bacterial potential of ZnO materials, with maximum inhibition
zones of 10 + 0.90 mm for B. cereus, 10.9 + 0.31 mm for S.
aureus, 19.6 £ 1.15 mm for S. typhimurim, and 14.1 £+ 0.98 mm
for E. coli. These results were considered highly effective and

Fig. 8 The inhibition zone of bio-mediated ZnO nanoparticles for B.
cereus (a), S. typhimurim (b), S. aureus (c), and E. coli (d).

© 2025 The Author(s). Published by the Royal Society of Chemistry

competitive with the amoxicillin-treated control samples
(Fig. S11). Accordingly, ZnO nanoparticles from noni fruit
extract demonstrated stronger antibacterial activity against
Gram-negative bacteria than against Gram-positive bacteria.
This phenomenon might be due to the structural difference in
bacterial cell walls. In fact, gram-(+) bacteria have a thicker
peptidoglycan layer, while gram-(-) ones have a thinner cell
wall, making them more vulnerable to ZnO nanoparticles.*
Furthermore, strong electrostatic interactions between Zn**
ions and Gram-negative bacteria enhance their antibacterial
effectiveness. These results were in accordance with those of
previous studies.>”**

3.4. Antibacterial mechanism

The antibacterial activity of ZnO nanoparticles is mainly due to
their characteristic properties, including high surface area and
ease of inducing oxidative stress.*” Accordingly, ZnO nano-
particles can release Zn>" and interact with the bacterial cell
membrane, leading to cell membrane disruption and penetra-
tion into bacterial cells.®® Additionally, ZnO might generate
reactive oxygen species (ROS), including O, *, OH', and H,O0,.
Both the generated ROS and Zn>" cause a series of types damage
to intracellular components: (i) enzyme disruption, (ii) mito-
chondrial inhibition, (iii) protein denaturation, and (iv) inhi-
bition of DNA replication.* These comprehensive attacks
ultimately result in bacterial cell death, as shown in Fig. 9.

3.5. Photocatalysis

3.5.1. Effect of time. Experiments were conducted to eval-
uate the effect of light and materials on the CR degradation
process, as shown in Fig. 10. Accordingly, photocatalytic
degradation experiments were performed under controlled
conditions, including a pH of 7, an initial CR concentration of
20 ppm, a ZnO dosage of 0.2 g L™, and a distance of 10 cm
between the catalyst-dye solution and the light source. As
a result, the findings reveal that both light and catalytic mate-
rials enhance the CR degradation process (Fig. 10a and b).

Nanoscale Adv., 2025, 7, 3514-3527 | 3519
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Fig. 9 Antibacterial mechanism of ZnO nanoparticles synthesized
using MCF extract.

Additionally, Fig. 10c illustrates that minimal degradation
occurred when catalytic materials were absent.

For kinetic models, the photodegradation kinetics of the
reaction are described by zero-order model, pseudo-first-order
model, and second-order model, according to eqn S2-S4.F
The obtained results show that the first-order model is the best
fitting model with a & value of 0.009 (min ") and a R* of 0.997, as
shown in Fig. 10d. According to Fig. 10e and f, the k values of the
zero-order and second-order models ranged from 0.0372 to
0.00032 min~*, while the R*> values were 0.996 to 0.993,
respectively. The good fitness of the first-order model was also
reported in the previous studies.****

The effectiveness of ZnO using MCF extract is expressed by
calculation of turnover number (TON) and turnover frequency
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(TOF). Accordingly, TON indicates how many reaction cycles
each photocatalyst site undergoes before deactivation, while
TOF represents the reaction rate per catalyst site over time.** We
calculated TON and TOF using the definitions:

TON = moles of degraded pollutant/moles of catalyst

(1)
(2)

According to the results, the obtained TON value was 16.003,
which mean that each Zn atom in the ZnO catalyst facilitates the
decomposition of approximately 16 molecules of CR before
losing its catalytic activity. The reaction rate per active site was
0.106 min~" based on the TON value.

3.5.2. Effect of dosage. The dosage of the ZnO photo-
catalyst is also an important factor in the degradation process
that needs to be surveyed. Quantities of ZnO nanoparticles of
0.1, 0.15, 0.2, and 0.25 g L™ " were used to degrade a 20 ppm CR
dye solution, at pH 7 over 150 min, as shown in Fig. 11a and b.
The efficiency of photocatalytic degradation increased gradually
as the dosage varied from 0.1 to 0.2 g L™". Corresponding to the
enhancement in dosage, more active sites were available for
a photon adsorbtion process from visible light, resulting in
a growth in photocatalytic degradation from 58% to 82%.
Afterward, the process plateaued at equilibrium for a further
enhancement in dosage, i.e., 0.25 g L' with a degradation rate
of approximately 70%. The main reason is that the interactions
between CR molecules and ZnO enable an increase in the
surface coverage of materials, shielding light from interacting
with the active surface of the photocatalyst. Moreover, after the
optimum dose is achieved, an excessive amount of

TOF = TON/reaction time
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Fig. 10 (a) The change in dye solution at each interval. (b) The absorbance spectra used to assess CR removal efficiency on ZnO. (c) The CR

degradation under visible light with ZnO and without ZnO. (d) The zero-order model. (e) The pseudo-first-order model. (f) The second-order

model.
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Fig. 11 The effect of dosage (a and b), initial concentration (c and d), and pH (e and f) on the degradation efficiency for CR dye.

photocatalyst can cause ZnO clusters, which means 0.2 g L™*
was the dosage chosen for further experiments. This finding
was in agreement with previous studies.***

3.5.3. Effect of concentration. The initial concentration of
CR was also examined to determine the extent to which the ZnO
nanocatalyst degrades CR dye in wastewater. In this survey, the
concentration of CR was investigated from 5 to 40 ppm, while
maintaining pH, dosage, and exposure time (Fig. 11c and d).
Obviously, as the initial concentration increases from 5 to
40 ppm, the degradation efficiency witnesses a significant
decline. The reduction in degradation efficiency may result
from the blockage of incident light by the higher dye concen-
tration, limiting its penetration to the catalyst surface.
Furthermore, the adsorption of CR molecules onto the catalyst
surface inhibited the formation of reactive species, causing
a subsequent drop in degradation efficiency.*®

3.5.4. Effect of pH. The pH value is one of the most
important factors to evaluate whether the degradation perfor-
mance of a ZnO catalyst for CR aligns with the pH environment.
Accordingly, the pH value of CR solution at different levels of 3,

© 2025 The Author(s). Published by the Royal Society of Chemistry

5, 7, and 9 was examined with a fixed condition of dye
concentration (20 ppm) and dosage (0.2 g L"), as shown in
Fig. 11e and f. The results obtained showed that pH ranging
from acidic to basic conditions enhances the photodegradation
performance of ZnO for CR. It is evident that the degradation
efficiency was 71% at pH 3, then rose to nearly 82% corre-
sponding to an increase in pH to 7. However, at pH 9, the
performance decreased markedly to 57%. This is explained by
the fact that the point of zero charge (pHp,) of ZnO materials
was determined to be 8.43 (Fig. 12). At pH below 8.43, the ZnO
surface acquires a positive charge, which enhances the gener-
ation of ROS that effectively degrade the anionic dye.” In
contrast, at higher alkaline pH values (pH > 8.43), there were no
significant electrostatic attractions between the negatively
charged ZnO and CR dye molecules.”® Therefore, the photo-
catalytic degradation of CR dye was found to be more effective
under acidic conditions. To sum up, at neutral pH, ZnO nano-
particles still demonstrated high degradation efficiency, and
hence, they may have suitability for real wastewater.

Nanoscale Adv., 2025, 7, 3514-3527 | 3521
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3.6. RSM for optimization

3.6.1. Quadratic equation. A quadratic polynomial model
was used to illustrate the relationship between the selected
variables and the predicted response (eqn (3)). Specifically, this
equation expresses the dye removal performance (%) of CR as
a function of the independent variables. These coded equations
are crucial for comparing factor coefficients and assessing the
relative significance of the components.

CR removal (%) = 57.84 + 4484 — 36.02B + 5.44C — 2.36D
+3.224B - 0.634C — 0.0184D — 0.65BC
+ 1.40BD + 1.15CD + 0.754>
+4.16B% — 8.31C* — 3.99D? (3)

3.6.2. ANOVA data. To evaluate the adequacy of the model,
ANOVA was applied (Table 1). The significance threshold of the
model was indicated by the probability p-values below the 5%
and 1% significance levels (meaning the confidence intervals

Table 1 ANOVA data for the proposed model

View Article Online
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were 95% and 99%, respectively).** The p-value of the regression
model was very low (<0.0001). Therefore, this model was proved
to be statistically significant at both the 5% and 1% significance
levels. The results indicated that the first-order univariate
analysis of contact time (4), initial concentration (B), dose of
ZnO (C), pH (D), and the multivariate analysis between time (A)
and CR concentration (B) had reasonable effects on the CR
degradation process, because the p-values were less than 0.05.
In addition, the second-order univariate analysis of ZnO dosage
(C?) exhibited a significant influence on the CR photocatalytic
degradation process. The obtained values demonstrated that all
four independent parameters had a direct impact on the pho-
tocatalytic removal of CR catalyzed by ZnO mediated by the noni
fruit extract. Furthermore, the linear regression coefficient (R?)
for CR (0.9912), the adjusted R> (0.9830), the predicted R?
(0.9538), and the adeq precision (36.2935) all had high values,
indicating strong agreement between the expected and
observed responses. Finally, the F-value of LOF (lack of fit) was
1.35, which is related to the pure error. A non-significant LOF is
required for a good model.*®

3.6.3. Three-dimensional response surfaces. To gain
a comprehensive understanding of the response relationship
between the independent variables and CR removal efficiency,
three-dimensional (3D) response surfaces were constructed for
CR removal (%) using a quadratic model.”* The interaction
relationship between the four variables is shown in the 3D plot
of the CR dye removal process in Fig. 13. The CR degradation
performance increases significantly at lower dye concentration
and at higher adsorbent dosage, while time and pH do not have
significant effects. In these cases, the photodegradation effi-
ciency increases to 95.23%. The results in Fig. 13 show that
increasing the ZnO dosage improved the degradation
percentage. Higher ZnO particle dosage provides more acces-
sible active sites.” These plots show that concentration is the
most significant factor compared to the remaining factors. The

Source Sum of squares Degree of freedom Mean square F-value p-value Remark
Model 25069.11 14 1790.65 120.81 <0.0001 Significant
A-Time 361.36 1 361.36 24.38 0.0002 Significant
B-Concentration 23351.77 1 23351.77 1575.43 <0.0001 Significant
C-Dose 533.88 1 533.88 36.02 <0.0001 Significant
D-pH 100.25 1 100.25 6.76 0.0201 Significant

AB 165.96 1 165.96 11.20 0.0044 Significant

AC 6.29 1 6.29 4.242 0.5247 Not significant
AD 53 1 53 4 0.9852 Not significant
BC 6.80 1 6.80 4.587 0.5085 Not significant
BD 31.56 1 31.56 2.13 0.1652 Not significant
CD 21.32 1 21.32 1.44 0.2490 Not significant
A® 1.46 1 1.46 985 0.7580 Not significant
B 44.85 1 44.85 03.03 0.1024 Not significant
c? 178.89 1 178.89 12.07 0.0034 Significant

D’ 41.34 1 41.34 2.79 0.1156 Not significant
Residual 222.34 15 14.82

Lack of fit 162.11 10 16.21 1.35 0.3912 Not significant
Pure error 60.23 5 12.05

Cor total 25291.45 29
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dye concentration plays an important role as a driving force to
overcome the resistance caused by mass transfer between the
liquid and solid phases.*® The dye removal efficiency decreases
with increasing concentration of each dye, possibly due to
saturation of the active sites on the adsorbent surface.

3.6.4. Diagnostics and influencing factors. Influence plots
are used to evaluate the relative impact of each run and deter-
mine whether certain cases stand out more than others. In the
normal plot of residuals shown in Fig. 14a, the residuals align
along a straight line, suggesting that the errors follow a normal
distribution, validating the assumptions of the empirical
model.>* As shown in Fig. 14b, the residual data are evenly
distributed above and below the x-axis, with no points falling
outside the red boundary lines, indicating that the proposed
model fits well.*® Fig. 14c illustrates the Box-Cox plot showing
the transformation of the residuals with respect to lambda.>*
The optimal lambda value in the specified range of 0.69 to 1.38
was determined to be 1.01. Accordingly, the lambda value for
the current models is equal to 1. The findings indicate that
there is no need to power transform the data. Fig. 14d shows the
DFBETAS as a measure of the effect of observations on each
regression coefficient.”” No parameter has a significant effect on
the regression coefficient, confirming there are no data outliers.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.7. Photocatalytic mechanism

Scavenger experiments were carried out to explore the main free
radicals in the process of degradation of CR dye. Here, p-ben-
zoquinone, NaC,O,, tert-butanol, and AgNO; were used as
scavengers for "0, 7, h*, "OH, and e, respectively. As illustrated
in Fig. 15a, AgNO; and tert-butanol had minimal impact on
inhibiting the degradation efficiency, suggesting that e~ and
‘OH played a negligible role in pollutant degradation.
Conversely, p-benzoquinone and NaC,0, significantly sup-
pressed photocatalytic degradation, indicating that "0, and h*
were the primary active species. Given the crucial roles of these
radicals, the proposed CR degradation mechanism of ZnO
materials derived from noni fruit extract is proposed. Upon
photon absorption, photoinduced electrons are excited from
the valence band (VB) to the conduction band (CB) of ZnO,
where they react with O, to generate superoxide radicals.®®
Meanwhile, the holes in the VB can directly oxidize pollutants.
Ultimately, these reactive species attack pollutant molecules,
breaking them down into intermediates or converting them into
CO, and H,0.

3.8. Reusability of ZnO nanoparticles

The reusability of ZnO nanoparticles using plant extract was
investigated to explore their stability over extended periods.

Nanoscale Adv., 2025, 7, 3514-3527 | 3523
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After performing photocatalytic degradation, the materials were
collected by centrifugation, then cleaned with ethanol and
deionized water several times to remove dye molecules from
their surface. This sample was then dried in a drying oven at
100 °C before conducting the next cycle. As a result, high
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degradation efficiency was obtained, about 85% at the 4th
recycle, as shown in Fig. 16. The decrease in performance might
be partly due to the loss of photocatalyst after several periods of
recovery. Moreover, the main reason was that during the pho-
tocatalytic process, intermediate products were generated that
occupy the active sites of the ZnO photocatalyst, decreasing the
degradation efficiency after each period.* In general, the ob-
tained ZnO showed excellent stability after several runs, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 A comparison of dye removal by ZnO from different plant extract sources and experimental conditions

Conditions Degradation

No. Materials Plant sources Target dye (time, dosage, light source) percentage (%) Ref.
1 ZnO Morinda citrifolia Congo red 60 min, 0.2 g L™, visible light 95.23 This work
2 ZnO Chrysanthemum Congo red 180 min, 0.33 g L™, sunlight 44 60
3 ZnO Cannabis sativa Congo red 80 min, solar light 38 61
4 ZnO Syzygium cumini Methylene blue 180 min, 0.4 ¢ L™, sunlight 91.4 62
5 ZnO Carica papaya Congo red 80 min, 0.12 ¢ L™, UV light 99.9 63
6 ZnO Ananas comosus Congo red 300 min, 3 g L', UV-visible light 90 64
7 ZnO Epipremnum aureum Congo red 100 min, 0.4 g L™, visible light 97 65
8 ZnO Rosmarinus officinalis Methylene blue 60 min, 1 g L™", sun light 98.82 66
9 ZnO Ficus carica Methylene blue 70 min, 0.6 g L™, sunlight 95.34 67
10 ZnO Brassica oleracea Methylene blue 75 min, 1 g L%, solar light 80 68

hence, the catalyst can hold promise in practical environmental
applications.

3.9. Comparison study

Table 2 lists photocatalytic results of recent studies (published
from 2021 to 2025) on ZnO synthesized using different plant
extract sources for the photocatalytic degradation of dyes.
Accordingly, the experimental condition and degradation effi-
ciency of photocatalysts were compared. This work was con-
ducted under mild conditions with a small dosage of 0.2 g L™"
and a short period of 60 min under visible light, achieving
a high degradation percentage of 95.23%. Meanwhile, most of
the listed studies showed a higher dose and longer period with
harsh light sources. The outcomes of degradation efficiency and
photocatalytic conditions are relatively competitive with
previous studies. These results show the promising potential of
ZnO synthesized using MCF extract for the degradation of
organic dyes under visible light.

4. Conclusion

ZnO nanomaterials were successfully synthesized using a green
approach using MCF extract, and showed excellent photocatalytic
performance. The Congo red dye degradation efficiency was ob-
tained at 95.23% within 120 min. In addition to dye degradation,
the ZnO nanoparticles effectively inhibited the growth of both
Gram-positive and Gram-negative pathogenic bacteria, with
a stronger effect on Gram-negative strains. Therefore, the ZnO
nanoparticles can be a promising photocatalyst for the degrada-
tion of hazardous dyes and the elimination of pathogenic
bacteria.
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