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Preface

Sustainably providing a safe and secure food supply will be a significant challenge in the

coming years, and the field of nanotechnology is well positioned to have a tremendous positive

impact on these efforts. The potential benefits are numerous, including the enhancement of food

quality and safety, the reduction of environmental waste and agricultural inputs, and the absorption

of nanoscale nutrients from soil. Nanotechnology could also better enable plants to respond to a

changing environment. It can also play an important role in crop productivity through controlling

nutrient availability and utilization, as well as through mediating nutritional status in the presence of

biotic and abiotic stress. Nanoscale platforms can also be used to monitor water quality parameters,

including pesticide residue presence, in efforts to promote the sustainable development of agriculture.

Nanomaterials have tremendously diverse functionality, making it difficult to perform a general

assessment of crop health and environmental risks. For example, although dose is clearly one of the

most important factors differentiating benefit from toxicity, factors such as environmental conditions

and species sensitivity can dramatically shift that dividing line. In addition, the properties (other than

size) of nanoparticles that influence toxicity include chemical composition, shape, surface structure,

surface charge, and the extent of particle aggregation (clumping) or disaggregation. For this reason,

even nanomaterials of the same chemical composition with different sizes or shapes can exhibit

different toxicities or benefits.

There is also a general lack of understanding of how transformation processes in biotic and

abiotic media influence overall nanomaterial activity. Regardless, nanotechnology applications in

the agricultural sector have been a topic of intense interest, and many argue that it is a key factor

for sustainable development. To explore this important topic, we have assembled a Special Issue

in Coatings to encourage researchers and to provide them with a platform to publish their novel

studies on the subject of “Functional Nanoparticles for Environmental Contaminants Removal and

Agricultural Application”.

Yu Shen

Editor
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Currently, increasing demands are being placed on agricultural production, presented
with the challenge of finding sustainable ways to meet the needs of the world’s growing
population [1]. Global warming and climate change have become a “wifi” contributing
to agricultural and environmental issues, with rising global temperatures and extreme
weather events leading to crop failures and impacting food security [2]. Furthermore,
intensive agricultural practices and unsustainable land use are causing soil erosion, a loss
of fertility, and reduced productivity [3]. Limited access to water, over-extraction, and
pollution pose major challenges to agriculture, particularly in arid and semi-arid regions [4].
Additionally, the spread of pests and diseases has become increasingly challenging to
control due to factors such as global trade and climate change [5].

Nanotechnology, and particularly the field of nanomaterials, holds the potential to
revolutionize agriculture and the environment [6]. It can be utilized to enhance crop pro-
duction efficiency [7], reduce the use of pesticides and fertilizers [8], and improve food
quality [9]. Nanotechnology can also contribute to the development of novel materials that
enhance irrigation efficiency, crop storage, and various other aspects of farming [10]. More-
over, nanotechnology has the potential to create sensors capable of detecting changes in soil
quality, enabling farmers to make more informed decisions about land management [11].
Encouragingly, significant progress has been made in the field of nano-agriculture and
environmental applications, as highlighted in our Special Issue “Functional Nanoparticles
for Environmental Contaminants Removal and Agricultural Application” in Coatings.

Nanotechnology has played a positive role in agriculture. Guo et al. (2022) observed
that silver nanoparticles outperformed other nanoparticles in terms of final crop seed
germination percentages, and zinc nanoparticles were found to be the most effective in
promoting root length growth during seed germination in a meta-analysis conducted
between 1950 and 2021 [12]. Hexaconazole is a widely used, broad-spectrum, and highly
efficient triazole fungicide, but its extensive use can lead to environmental disasters [13].
In response, Pan et al. (2021) applied azobenzene-modified bimodal mesoporous silica
nanoparticles (BMMs-Azo) in conjunction with β-cyclodextrin to control the release of
hexaconazole, reducing its environmental impact [14]. Biochar is known for its numerous
surface functional groups and porous structure, which can reduce nutrient loss and enhance
nutrient uptake by plants [15]. Combining Methylotrophic bacillus, colloidal biochar
(containing dissolved nanoparticles), and organic fertilizer significantly increased the
contents of lycopene, vitamin C, total sugar, and soluble sugar in tomato fruits by 58.40%,
46.53%, 29.45%, and 26.65%, respectively [16]. Additionally, Yang et al. (2022) demonstrated
that biochar nanoparticles, acting as nanocarriers, substantially increased the fertilizer
utilization of Chinese cabbage and promoted plant growth by over 50% [17]. Copper
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nanoparticles have widespread applications in various industries, but their effects in
agriculture and the environment vary. Yang et al. (2022) observed that 5 ppm copper
nanoparticles caused the slight swelling of epithelial cells in the epididymal duct of Chinese
soft-shelled turtles, while higher copper ion concentrations severely damaged the epithelial
structure of the epididymal tube [18]. Faraz et al. (2022) reported on the foliar application
of 2–16 ppm copper oxide nanoparticles (CuO NPs) on Brassica juncea 25 days after sowing,
whereby 8 ppm resulted in optimal chlorophyll content, net photosynthetic rate, leaf
proline content, and antioxidant enzyme activity [19]. However, the effectiveness of this
concentration may vary for other plants. Surface coating is another factor affecting the
interaction of CuO NPs with plants. Deng et al. (2022) found that the foliar spraying of
300 ppm bare NPs yielded similar results to 75 ppm citric-acid-coated NPs, with Cu NPs
increasing the yield by approximately 170% compared to the control [20]. Interestingly, soil
amendment with both bare and coated NPs did not significantly impact the plant mass
relative to untreated plants. The use of manufactured nano-objects (MNOs), including
carbon nanotubes (CNTs), nanoparticles (NPs), and nanopesticides, raises concerns, as
these substances can impact the life cycle and not only accumulate in soils but also in
other environmental components, negatively affecting the soil biota and processes. MNOs
can interfere with soil physicochemical properties and microbial metabolic activity in
rhizospheric soils [21]. Notably, negatively charged CuO NPs were found to significantly
reduce disease progression and increase biomass, whereas positively charged NPs and a
CuSO4 salt control had little impact on plants [22]. Based on element characteristics, it has
been reported that magnesium nanoparticles (Mg-NPs) are more effective in enhancing the
development of ‘Superior Seedless’ berries during various growth stages (flowering, fruit
set, version, and harvest) compared to sulfate magnesium (MgSO4·7H2O) and magnesium
disodium EDTA (Mg-EDTA) [23]. As we move forward in the realm of coated nanoparticles
for environmental remediation and agricultural use, recent studies have shown promise. It
has been reported that β-carotene-coated chitosan nanoparticles (CNPs) have the potential
to block polycyclic aromatic hydrocarbons (PAHs) and protect crops in PAH-contaminated
soil. Under specific conditions of 20 ◦C, pH 6, and 10 mg/mL TPP, spinach biomass
significantly increased, and the transfer of PAHs from the soil to the roots was reduced [24].
In agricultural activities, insecticides and pesticides can have unintended effects, and the
nanofeature of higher efficiency is utilized to reduce ecotoxicity. Alginate CNPs have
been employed in combination with DMT to reduce insecticide toxicity in zebrafish larvae
while reducing the required dose [25]. Furthermore, CNPs can serve as a core for novel
SnS2 quantum dots with Azadirachta indica leaf extract, with coated CNPs exhibiting
an enhanced removal of crystal violet dye [26]. Overall, our Special Issue reflects the
cutting-edge trends in nanotechnology applications in agriculture and the environment.

Environmental catalysis has garnered significant attention for its clean methods of
producing useful chemicals and facilitating various chemical processes. This approach
can decompose and eliminate organic pollutants from aqueous environments while en-
abling the production of valuable chemicals [27]. Liu et al. (2023) synthesized novel
N-doped biochar nanoparticles through the one-step pyrolysis of algal sludge without
external nitrogen sources, yielding a highly active and cost-effective carbon-based catalyst
capable of activating new oxidants for contaminant removal [28]. Additionally, Liu et al.
(2022) found that Sedum plumbizincicola nanoparticles can effectively remove Bisphe-
nol A (BPA) from complex wastewater, demonstrating stable and efficient reactions [29].
Nanoscale schwertmannite (nano-SWT) was prepared using an indoor temperature syn-
thesis method with the assistance of polyvinylpyrrolidone, and nano-SWT was found to
be effective in reducing sulfamethoxazole in the presence of Fenton-like catalysts using
hydrogen peroxide (H2O2) [30]. Currently, Fenton catalysts are widely employed in con-
junction with nanoparticles for environmental contaminant removal. Manganese tetroxide
(Mn3O4) nanoparticles have been reported to simultaneously degrade estriol and 17α-
ethinylestradiol (E3/EE2) with removal efficiencies of 97.5% and 96.4% for E3 and EE2,
respectively, using Fenton-like catalysts [31]. Copper–iron peroxide nanoparticles (CFp
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NPs) have been designed for tumor-microenvironment-mediated synergistic therapy in a
heterogeneous chemodynamic therapy system. CFp NPs generate oxygen during catalysis
and exhibit a tumor-microenvironment-responsive T1 magnetic resonance imaging contrast
enhancement, aiding in tumor oxygenation and in vivo tumor monitoring [32]. Further-
more, it has been reported that S-doped carbon and Fe7S8 nanoparticles interact effectively
for the high-efficiency removal of antibiotics through a Fenton-like degradation process.
Within 40 min under neutral pH conditions, amoxicillin, norfloxacin, and tetracycline
hydrochloride were removed at rates of 98.9%, 97.8%, and 99.3%, respectively, with the
catalyst demonstrating excellent cycle stability [33]. At the same time, with the oxygen
atoms in the sulfonic acid group cooperating with Ag+ to form a synergistic complexation,
a novel magnetic fluorescent nanoprobe (Fe3O4@ZnS@MPS(MFNPs)) was designed for
Ag+ detection in aquatic media [34]. These findings underscore the significant progress
made in leveraging nanomaterials and catalytic processes for cleaner and more efficient
environmental solutions, offering promise for a sustainable future.

In conclusion, the advancements in nano-agriculture and environmental applications
are evident from the research covered in the Special Issue “Functional Nanoparticles for
Environmental Contaminants Removal and Agricultural Application” in Coatings. Note-
worthy examples include the use of silver nanoparticles to enhance crop seed germination
and the application of azobenzene-modified bimodal mesoporous silica nanoparticles to
control the release of the fungicide hexaconazole, thereby reducing environmental impacts.
While nanotechnology presents exciting prospects, it is crucial to consider its potential
ecological effects and develop responsible applications. Overall, the progress in nanotech-
nology applications in agriculture and the environment underscores the field’s potential to
contribute to a more sustainable future.

Funding: This research was funded by the National Science Foundation, grant number 31872415.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Using the proper means to improve seed germination is of great significance in agriculture
and forestry. Here, a meta-analysis was used to examine whether metal nanoparticle treatments
have a specific effect on the seed germination and seedling growth of agricultural species. Us-
ing the Web of Science (1950–2021), PubMed (1950–2021), and Scopus (1950–2021) databases, a
paper search was conducted using the following items (“nanoparticles” and “seed germination”,
“nanomaterials” and “seed germination”) to filter the references in the title, abstract, and keywords
of the published articles. The results indicated that nanoparticle (NP) treatments had a signifi-
cantly positive effect on the final germination percentage (FGP), with a mean difference (MD) (that
is, the overall effect) of 1.97 (0.96, 2.98) for the silver (Ag)-NP subgroup, 1.21 (0.34, 2.09) for the
other-NP subgroup, 1.40 (0.88, 1.92) for the total based on the NP types, 1.47 (0.85, 2.09) for the
“Concentrations: <50 mg/L” subgroup, and 1.40 (0.88, 1.92) for the total based on the NP concen-
trations. Similarly, root length (RL) was positively and significantly affected by NP treatment, with
an MD (95% CI) of 0.92 (0.76, 1.09) for the zinc (Zn)-NP subgroup, 0.79 (0.65, 0.92) for the other-NP
subgroup, 0.82 (0.72, 0.93) for the total based on the NP types, 0.90 (0.77, 1.04) for the “Concentra-
tions: ≤50 mg/L” subgroup, 0.80 (0.60, 0.99) for the “Concentrations: >50 mg/L” subgroup, and
0.82 (0.72, 0.93) for the total based on the NP concentrations. However, there was no statistical correla-
tion between the nanoparticle concentrations and shoot length (SL), due to the inclusion of zero in the
95% CI of the overall effect. Therefore, Ag-NPs could increase the FGP more than other-NPs, while
Zn-NPs enhanced RL more. Moreover, NPs at lower concentrations could improve the FGP and RL
of crop species to a larger extent than NPs at higher concentrations. This meta-analysis can provide a
reference for the nanoparticle treatment technology utilization in agricultural and forest seeds.

Keywords: metal nanoparticles; final germination percentage; root length; shoot length; meta analysis

1. Introduction

Currently, advancements in manufacturing have led to the fabrication of nanoparticles
with various sizes and shapes in large quantities; as a result, scientific studies have been
conducted that investigate the environmental risks and toxic effects of nanoparticles [1,2].
Nanoparticles (NPs), with a particle size less than 100 nm in at least one dimension, can
modify the physicochemical properties of a material compared with the corresponding bulk
material, such as the reduction ability and conductivity, allowing them to efficiently enhance
catalysis and to adsorb and deliver substances of interest [3–5]. Due to the continuously
increasing production and use of nanoparticles in a variety of instruments and goods,
plants are more prone to exposure to nanoparticles, which may accumulate in the living
organs and cells of plants through direct exposure, contaminated soil, or air pollution [6]. In
plant science, the most commonly used NPs are metal-based NPs, such as silver, titanium,
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zinc, and gold NPs, which were selected by certain researchers to better understand their
effects on plants; therefore, mainly metal-based NPs (hereafter “metal NPs”) are discussed
in this study. Moreover, it is well-known that the effects induced by these materials are
determined by the NP-type, the plant species, and the growth media, which are inconsistent
among the various studies [7]. The effects of metal NPs on plants remain unresolved.

The phytotoxicity of metal nanoparticles has been studied for the plant species in seed
germination and root elongation tests with the goal of promoting their use for agricultural
applications in recent years, and the germination percentage (GP) and seedling vigor index
(SVI) calculated from the root length and the shoot length as indicators are commonly
used in seed germination and root elongation studies, as they provide a good estimate of
potential field performance [1,2,4,8]. Data from limited studies have reported both positive
and negative effects of metal NPs on higher plants (mostly agricultural species), which
are therefore mainly discussed in this study [4,9]. López-Moreno et al. (2010) showed
that the germination of corn, tomato, and cucumber seeds was decreased significantly
(approximately 30%, 30%, and 20%, respectively) by nanoceria at 2000 mg/L [10]. For root
growth, cucumber and corn root elongations were improved by nanoceria, while alfalfa and
tomato root elongations were inhibited. Moreover, nanoceria improved the shoot length
in the four plant species at approximately all concentrations. Feizi et al. (2013) found that
nanosized TiO2 with low and intermediate concentrations increased germination indica-
tors, such as the germination value, vigor index, and mean daily germination, of fennel
(Foeniculum vulgare Mill) seeds [11]. Moreover, the results found by Kumar et al. (2013)
indicated that GNP (gold nanoparticle) exposure at both 10 and 80 µg/mL concentrations
has significantly enhanced the seed germination rate, vegetative growth, and free radical
scavenging activity of Arabidopsis thaliana [12]. However, seed germination, emergence,
and the lengths of plumules and the principal and seminal roots of maize (Zea mays),
were significantly inhibited by ZnO-NPs and CuO-NPs [13]. In addition, seed priming
utilizing different types of metal NPs has been proven to enhance the seed germination
and seedling vigor of agricultural species, which may be because NP treatment stimulates
several metabolic mechanisms associated with seed germination, including the upregula-
tion of aquaporin genes, α-amylase activity, reactive oxygen species (ROS) production, and
antioxidant systems [8,14].

Thus, understanding the phytotoxic behavior of the metal NPs is necessary before
using them under field conditions [2]. There were some reviews and systematic assessments
concerning the metal NP effects on crop growth, while few meta-analyses could be found.
Meta-analysis, mainly used in medical science, is a useful approach to explore whether
metal NPs can promote seedling growth or not [15,16]. Therefore, the aim of this study was
to explore the effects of metal NPs on the final germination percentage (FGP), root length
(RL), and shoot length (SL) of the agricultural species through a meta-analysis to provide a
meaningful reference for the wider utilization of the metal NPs, such as with forest species.

2. Materials and Methods
2.1. Data Collection

The data search was carried out in the Web of Science (https://www.webofscience.
com/wos/alldb/basic-search), PubMed (https://pubmed.ncbi.nlm.nih.gov), and Scopus
(https://www.scopus.com/search/form.uri?display=basic#basic) databases and was con-
cluded on 3 September 2021. First, the keywords “nanoparticles and seed germination”
were used to search for the articles via the three databases, and data visualization using
social network analysis was conducted by means of the information (all records and cited
references) exported from the databases (Figure 1). Studies reflecting the relationship
between nanoparticles and growth, germination, oxidative stress, and antioxidant enzymes
are abundant, indicating that nanoparticles may affect seed germination and seedling
growth. Then, based on the data visualization, the search keywords (“nanoparticles” and
“seed germination”, “nanomaterials” and “seed germination”) were utilized to screen the
references according to the title, abstract, and keywords of the articles published without
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language restriction and without excluding any botanical family [17]. A selection process
was then carried out to eliminate duplicate articles and those with topics not related to the
objective of the meta-analysis. The papers that passed the first filter were submitted to a full
text review by establishing selection criteria that each one had to meet to be accepted into
the meta-analysis. The inclusion criteria of studies were as follows: (1) the seeds other than
the seedlings were treated with nanoparticles; (2) both the control group (seeds treated with
water) and the experimental group (seeds treated with metal nanoparticles) with three or
more replicates were included in each study; (3) final germination percentage, root length,
and shoot length were used as germination response variables in each study; (4) the mean
and standard deviation (SD) for each variable and number of seeds used in the treatments
were provided; and (5) only metal nanoparticle-involved studies were retained.
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and each node denotes a “keyword”. Different keywords were segregated into different clusters,
shown in different colors.

2.2. Risk of Bias and Publication Bias Assessment of the Included Studies

The qualitative aspects of the methodological process to evaluate the risk of bias for
the included studies were as follows: sterilizing the seeds used in all treatments; seed
germination and seedling growth under controlled conditions; seed exposure to a direct
nanoparticle suspension; uniformity of the seeds; and cultivation of the seeds on the filter
papers inside Petri dishes. The results were illustrated graphically in the forest plots of three
indices, in which it was specified whether or not the inclusion criterion was met (a green
color represents the study meeting the criterion with a low risk of bias, the yellow represents
the study not meeting the criterion with an unclear risk of bias, and red represents the
study not meeting the criterion with a high risk of bias). Publication bias was assessed
through a funnel plot.

2.3. Germination and Seedling Growth Response Variables

We used the final germination percentage (FGP) (Equation (1)), root length (RL), and
shoot length (SL) at optimal nanoparticle treatment concentrations as the main response
variables for the germination treatments:

FGP = Sg/Ss × 100 (1)

where FGP is the final germination percentage, Sg is the number of seeds germinated,
and Ss is the number of seeds sown. The three outcome indicators were selected because
they can reflect the effects of nanoparticle treatment on seed germination and seedling
growth [8]. The outcome index values at the best concentration were selected, which can
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reflect the potential of nanoparticles to promote seed germination and seedling growth with
little random error. Why not choose the value under the same concentration treatment or
that under the same treatment time? The reason is that the variation in outcome indicators
with nanoparticle concentrations does not show the same trend in each study. In addition,
although the seeds used in each study belong to the crop species, there are differences in
seed germination ability and germination time of different species or different varieties of
the same species. Selecting these values would disturb the results of this meta-analysis and
decrease its reliability.

2.4. Meta-Analysis and Statistical Analyses

The meta-analysis, an analytical method integrating the different results of various
studies into a single common result, was developed through the international standard
called Preferred Reporting Items for Systematic Meta-analyses (PRISMA) in this study [17].
In our study, Review Manager (Version 5.4.1) software was used to analyze the data
for performing the meta-analysis to explore the effect of metal NP treatments on seed
germination and seedling growth by calculating the mean difference (MD):

MDFGP = TFGP − CFGP (2)

MDRL = TRL − CRL (3)

MDSL = TSL − CSL (4)

where MDFGP, TFGP, and CFGP represent the mean differences in FGP, FGP of the treatment
group, and FGP of the control group, respectively. MDRL, TRL, and CRL represent the mean
differences of RL, RL of the treatment group, and RL of the control group, respectively, and
MDSL, TSL, and CSL represent the mean differences of SL, SL of the treatment group, and
SL of the control group, respectively. Therefore, MD more than zero favors the treatment
group. The chi-square (Q) test was selected to evaluate the study, subgroup, and total
heterogeneity [18]. The inconsistency index (I2) could be computed from the Q value and
degree of freedom (df) according to Higgins et al. (2003) as follows [19]:

I2 (%) = 100 × [(Q − df)/Q] (5)

A larger I2 value indicated a high extent of heterogeneity or inconsistency among the
data of the selected studies, and whenever the I2 value was negative, it was set to zero,
indicating no observed heterogeneity at all. In this meta-analysis, I2 values lower than 25%,
25–50%, and above 50% represent low, moderate, and high heterogeneity, respectively [17].
All figures exported from Review Manager (Version 5.4.1) software in our study were
processed using Adobe Photoshop software to obtain clear figures with proper sizes.

3. Results
3.1. Description of the Dataset

According to the social network analysis, the topics such as germination, root elon-
gation, and growth included in this study were present in a large proportion. Then, by
searching the databases, a total of 1860 articles were found, of which 884 were from the
Web of Science, 271 were from the PubMed, and 705 were from the Scopus database. After
removing the duplicates, screening for the title and the abstract, and selecting full-text
articles with reliability and eligibility, and which met the inclusion criteria, 29 original
articles were found to be eligible for the meta-analysis (Figure 2).

All of the included studies evaluated the effect of metal nanoparticle treatment on
seed germination or seedling growth. Based on Table 1, all the species used by these studies
belong to agricultural seeds, such as maize (Zea mays), radish (Raphanus sativus), barley
(Hordeum vulgare L., cv. Annabell), rice (Oryza sativa L., cv. Swarna), and lettuce (Lactuca
sativa), among others. There were various nanoparticle types, including Ag-NPs, Zn-NPs,
Al-NPs, Ce-NPs, Fe-NPs, Cu-NPs, and Ti-NPs, with the exposure mode of suspension or
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suspension mixture with soil. The best concentrations of these metal NPs varied among
different metal NP types, different indicators, and different species. In terms of the growth
media, the seeds were mostly cultivated on filter papers in Petri dishes, followed by pots
with soil, semisolid agar medium, and MS medium. Moreover, FGP, RL, and SL were
evaluated as the outcome indices (Table 1).
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Figure 2. Flow chart of the study selection in the meta-analysis.

3.2. Risk of Bias and Publication Bias Assessment of the Included Studies

The funnel plot can be used to intuitively show the publication bias. The studies for
the final germination percentage and root length analysis presented a roughly uniform
distribution based on the overall effect lines (Figure 3a,b), while the studies for the shoot
length analysis did not (Figure 3c). Among the three outcome indicators, studies with large
sample sizes were in the majority, distributed at the top of the diagram, whereas those
with small sample sizes were in the minority, accounting for fewer weight values in the
heterogeneity analysis, which were distributed in the lower part. Overall, the studies for
the shoot length analysis might exhibit a certain publication bias.
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Song et al., 2013 
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Filter 
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Petri dishes 

50  FGP 

23 
Subpiramaniyam 

et al., 2021 [37] 
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with soil 
1 mg/kgb,c 

Glass 
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with soil 

30  RL, SL 

24 
Sun et al., 2019 

[38] 
Mung bean (Vigna radiata)  nano‐Fe  Suspension 

450 mg/La, 150 

mg/Lb 

Filter 

papers in 

Petri dishes 

30  FGP, RL 

25 
Tan et al., 2017 

[39] 
Basil (Ocimum basilicum)  nano‐Ti 

Mixture 

with soil 
750 mg/kg 

Pots with 

topsoil 
16  RL 

26 
Trujillo‐Reyes et 

al., 2013 [40] 
Radish (Raphanus sativus)  nano‐Ce  Suspension  50 ppmb,c 

Filter 

papers in 

Petri dishes 

30  RL, SL 

27 
Wang et al., 2016 

[41] 
Arabidopsis thaliana  nano‐Cu  Suspension  20 mg/L  MS media  60  FGP 

28 
Yadu et al., 2018 

[42] 
Cajanus cajan  nano‐Ag  Suspension  1.2 nM 

Filter 

papers in 

Petri dishes 

350  FGP 

29 
Zuverza‐Mena et 

al., 2016 [43] 
Radish (Raphanus sativus)  nano‐Ag  Suspension  125 mg/L 

Filter 

papers in 

Petri dishes 

120  FGP 

Note: FGP—final germination percentage; RL—root  length; SL—shoot  length. a value  for FGP;  b 

value for root length; c value for shoot length. 
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the heterogeneity analysis, which were distributed in the lower part. Overall, the studies 

for the shoot length analysis might exhibit a certain publication bias. 

 

Figure 3. (a) Funnel plot for FGP; (b) RL; and (c) SL. The dotted lines represent the overall effects; 

hollow circles represent the studies. 

The risk of bias assessment (Figures 4c,5c,6c) indicated that 64.29% of the studies for 

the final germination percentage analysis, 75% for the root length analysis, and 60% for 

the shoot length analysis performed the sterilization of the seeds used in all treatments, 

representing a low risk, whereas 35.71%, 6.25%, and 10%, respectively, did not illustrate 

whether the seeds were sterilized or not, representing an unclear risk; moreover, 18.75% 

and 30% for the latter two did not sterilize the seeds, thereby indicating a high risk. For 

the conditions utilized for seed germination and seedling growth, 71.43% of the studies 

for  the  final germination percentage, 62.5%  for  the  root  length, and 50%  for  the  shoot 

Figure 3. (a) Funnel plot for FGP; (b) RL; and (c) SL. The dotted lines represent the overall effects;
hollow circles represent the studies.

The risk of bias assessment (Figure 4c, Figure 5c, Figure 6c) indicated that 64.29% of
the studies for the final germination percentage analysis, 75% for the root length analysis,
and 60% for the shoot length analysis performed the sterilization of the seeds used in all
treatments, representing a low risk, whereas 35.71%, 6.25%, and 10%, respectively, did not
illustrate whether the seeds were sterilized or not, representing an unclear risk; moreover,
18.75% and 30% for the latter two did not sterilize the seeds, thereby indicating a high risk.
For the conditions utilized for seed germination and seedling growth, 71.43% of the studies
for the final germination percentage, 62.5% for the root length, and 50% for the shoot length
showed the detailed conditions, such as light intensity, photoperiod, temperature, etc., with
a low risk, while 28.57%, 37.5%, and 50%, respectively, did not indicate the details, with an
unclear risk. In 92.86% of the studies for the final germination percentage, 87.5% for the
root length and 90% for the shoot length, the seeds were exposed to a direct nanoparticle
suspension, showing a low risk, while in the remaining 7.14%, 12.5%, and 10% studies,
respectively, the seeds were not, showing a high risk. All of the included studies for the
three indicators reported the uniformity of the seeds with a low risk. The seed germination
trial was carried out on filter papers inside Petri dishes in 85.71% of the studies for the final
germination percentage, 75% for the root length, and 70% for the shoot length with a low
risk, whereas 14.29%, 25%, and 30% of the studies had a high risk, respectively. Overall,
82.86% of the studies for the final germination percentage analysis, 80% for the root length
analysis, and 74% for the shoot length analysis corresponded with all the evaluation criteria;
however, 17.14%, 20%, and 26%, respectively, showed no accord with one or more criteria.

3.3. Effect of Metal Nanoparticles on the Final Germination Percentage

Based on the forest plot, a two-type subgroup analysis was carried out on the basis of
nanoparticle types or nanoparticle concentrations to explore the effect of the two factors
on the final germination percentage of seeds (Figure 4a,b). First, in the nanoparticle
type-based subgroup analysis, two subgroups of Ag nanoparticles (Ag-NPs) and other-
NPs were included, because other-NPs, such as Fe-NPs, Zn-NPs, Cu-NPs, and Al-NPs,
involved studies in a few quantities, which would result in a decrease in meta-analysis
reliability. There was no heterogeneity between the two subgroups (p = 0.27, I2 = 19%),
while moderate heterogeneity existed in each subgroup (I2 = 36% for the Ag-NP subgroup;
I2 = 48% for the other-NP subgroup). The overall effects of the two subgroups were
significant (p < 0.001), with a mean difference (MD) of 1.97 for the Ag-NP subgroup, 1.21
for the other-NP subgroup, and 1.40 for the total NP-type subgroups; the 95% CI was
0.96 and 2.98 for the Ag-NP subgroup, 0.34 and 2.09 for the other-NP subgroup, and
0.88 and 1.92 for the total NP-type subgroups (Figure 4a), showing a significant effect of
nanoparticle type on the final germination percentage. After dividing the subgroups, the
heterogeneity of each subgroup did not show significant variation compared with the total,
indicating that the nanoparticle type might not have been the major source of heterogeneity
in this research.
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group analysis for NP types; (b) subgroup analysis for NP concentrations; (c) risk of bias assessment, 

A—sterilizing  the seeds used  in all  treatments, B—seed germination and seedling growth under 

controlled conditions, C—seed exposure to a direct nanoparticle suspension, D—uniformity of the 

seeds, E—cultivation of the seeds on the filter papers inside Petri dishes (the same below). 

3.4. Effect of Metal Nanoparticles on Root Length 

Two‐type subgroup analysis was also carried out based on  the nanoparticle  types 

(Figure 5a) or nanoparticle concentrations to explore the effect of the two factors on the 

root length of the seedlings (Figure 5b). In the nanoparticle type‐based subgroup analysis, 

two subgroups of Zn‐NPs and other‐NPs were included, for which the reason was that 

other‐NPs,  such  as Fe‐NPs, Cu‐NPs, Ag‐NPs, Ce‐NPs,  etc.,  involved  fewer  than  three 

studies, causing an unreliability of this meta‐analysis. There was moderate heterogeneity 

Figure 4. Heterogeneity evaluation, subgroup analysis, and risk of bias assessment for FGP. (a) Sub-
group analysis for NP types; (b) subgroup analysis for NP concentrations; (c) risk of bias assessment,
A—sterilizing the seeds used in all treatments, B—seed germination and seedling growth under
controlled conditions, C—seed exposure to a direct nanoparticle suspension, D—uniformity of the
seeds, E—cultivation of the seeds on the filter papers inside Petri dishes (the same below).
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Figure 5. Heterogeneity evaluation, subgroup analysis, and risk of bias assessment for R:. (a) Sub‐

group analysis for NP types; (b) subgroup analysis for NP concentrations; (c) risk of bias assessment. 

3.5. Effect of Metal Nanoparticles on Shoot Length 

Similarly,  two‐type  subgroup  analysis was  performed  based  on  the  nanoparticle 

types (Figure 6a) or nanoparticle concentrations to explore the effect of the two factors on 

the shoot length of the seedlings (Figure 6b). In terms of the nanoparticle type‐based sub‐

group analysis, two subgroups of Zn‐NPs and other‐NPs were included, with a similar 

reason as the former two. Moderate heterogeneity existed in both subgroups (p = 0.03, I2 = 

65%; p = 0.28,  I2 = 21%) and  the total (p = 0.09, I2 = 40%). The overall effects of  the two 

subgroups and the total were not significant (p > 0.05), with an MD (95% CI) of 0.25 (−0.21, 

0.72)  for  the Zn‐NP  subgroup,  −0.01  (−0.19, 0.17)  for  the other‐NP  subgroup, and 0.04 

(−0.09, 0.18) for the total (Figure 6a), which showed that there was no statistical correlation 

Figure 5. Heterogeneity evaluation, subgroup analysis, and risk of bias assessment for RL. (a) Sub-
group analysis for NP types; (b) subgroup analysis for NP concentrations; (c) risk of bias assessment.
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Figure 6. Heterogeneity evaluation, subgroup analysis, and risk of bias assessment for SL. (a) Sub‐

group analysis for NP types; (b) subgroup analysis for NP concentrations; (c) risk of bias assessment. 

   

Figure 6. Heterogeneity evaluation, subgroup analysis, and risk of bias assessment for SL. (a) Sub-
group analysis for NP types; (b) subgroup analysis for NP concentrations; (c) risk of bias assessment.

In the nanoparticle concentration-based subgroup analysis, there were two subgroups
consisting of “Concentrations: <50 mg/L” and “Concentrations: ≥50 mg/L”, for which
approximately similar numbers of studies were included in each subgroup in this way.
There was no heterogeneity for the two subgroups (p = 0.98, I2 = 0%), whereas moderate
heterogeneity existed in the “Concentrations: <50 mg/L” subgroup (I2 = 31%) and the
total (I2 = 38%), and greater heterogeneity existed in the “Concentrations: ≥50 mg/L”
subgroup (I2 = 51%) with an unreliable overall effect. Therefore, the overall effects of the
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“Concentrations: <50 mg/L” subgroup and the total were effective and reliable, with MD
(95% CI) values of 1.47 (0.85, 2.09) and 1.40 (0.88, 1.92), respectively (Figure 4b), showing
the significant effect of nanoparticle concentrations on the final germination percentage.
Dividing the subgroups in this way did not markedly affect the heterogeneity in each
subgroup compared with the total; as a result, the nanoparticle concentration may be not
the major heterogeneity source herein.

3.4. Effect of Metal Nanoparticles on Root Length

Two-type subgroup analysis was also carried out based on the nanoparticle types
(Figure 5a) or nanoparticle concentrations to explore the effect of the two factors on the
root length of the seedlings (Figure 5b). In the nanoparticle type-based subgroup analysis,
two subgroups of Zn-NPs and other-NPs were included, for which the reason was that
other-NPs, such as Fe-NPs, Cu-NPs, Ag-NPs, Ce-NPs, etc., involved fewer than three
studies, causing an unreliability of this meta-analysis. There was moderate heterogeneity
between the two subgroups (p = 0.20, I2 = 39.5%), and for the other-NP subgroup (p = 0.18,
I2 = 28%) and the total (p = 0.16, I2 = 26%), whereas no heterogeneity existed in the Zn-NP
subgroup (p = 0.92, I2 = 0%), indicating that the nanoparticle types might be a major source
of the heterogeneity. The overall effects of the two subgroups were significant (p < 0.001),
with an MD of 0.92 for the Zn-NP subgroup, 0.79 for the other-NP subgroup, 0.82 for the
total, and the 95% CIs of (0.76, 1.09), (0.65, 0.92), and (0.72, 0.93), respectively (Figure 5a),
showing a significantly positive effect of nanoparticle types on the root length.

Additionally, in the nanoparticle concentration-based subgroup analysis, two sub-
groups consisting of “Concentrations: ≤50 mg/L” and “Concentrations: >50 mg/L”, with
approximately similar numbers of studies each, were included in this study. There was no
heterogeneity between the two subgroups (p = 0.39, I2 = 0%) and for the “Concentrations:
≤50 mg/L” subgroup (p = 1.00, I2 = 0%), indicating the possibility of the concentration
as the major heterogeneity source, whereas moderate heterogeneity existed in the “Con-
centrations: >50 mg/L” subgroup (I2 = 46%) and the total (I2 = 26%), showing that the
concentration gradients of more than 50 mg/L may present different effects on root length,
which requires more detailed division. Moreover, the overall effects were 0.90 (0.77, 1.04)
for the “Concentrations: ≤50 mg/L” subgroup, 0.80 (0.60, 0.99) for the “Concentrations:
>50 mg/L” subgroup, and 0.82 (0.72, 0.93) for the total, respectively, of the MD (95%
CI) (Figure 5b), showing the significantly positive effect of nanoparticle concentrations
on root length.

3.5. Effect of Metal Nanoparticles on Shoot Length

Similarly, two-type subgroup analysis was performed based on the nanoparticle types
(Figure 6a) or nanoparticle concentrations to explore the effect of the two factors on the
shoot length of the seedlings (Figure 6b). In terms of the nanoparticle type-based subgroup
analysis, two subgroups of Zn-NPs and other-NPs were included, with a similar reason
as the former two. Moderate heterogeneity existed in both subgroups (p = 0.03, I2 = 65%;
p = 0.28, I2 = 21%) and the total (p = 0.09, I2 = 40%). The overall effects of the two subgroups
and the total were not significant (p > 0.05), with an MD (95% CI) of 0.25 (−0.21, 0.72) for
the Zn-NP subgroup, −0.01 (−0.19, 0.17) for the other-NP subgroup, and 0.04 (−0.09, 0.18)
for the total (Figure 6a), which showed that there was no statistical correlation between the
nanoparticle types and the shoot length due to the cross between the diamond (that is, the
overall effect) and the invalid line.

In the nanoparticle concentration-based subgroup analysis, two subgroups consisting
of “Concentrations: <50 mg/L” and “Concentrations: ≥50 mg/L”, with approximately
similar numbers of studies each, were included in this study. There was no heterogeneity
for the “Concentrations: <50 mg/L” subgroup (p = 0.63, I2 = 0%), indicating the possi-
bility of the concentration as the major heterogeneity source, while there was moderate
heterogeneity for the “Concentrations: ≥50 mg/L” subgroup (p = 0.02, I2 = 66%) and the
total (p = 0.09, I2 = 40%). The overall effects of subgroups and the total were ineffective
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because zero was included in the 95% CI, with an MD (95% CI) of 0.05 (−0.10, 0.21) for
the “Concentrations: <50 mg/L” subgroup, 0.05 (−0.19, 0.30) for the “Concentrations:
≥50 mg/L” subgroup, and 0.04 (−0.09, 0.18) for the total (Figure 6b). Similarly, there was
no statistical correlation between the nanoparticle concentrations and the shoot length due
to the inclusion of zero in the 95% CI.

4. Discussion
4.1. FGP Increased More under Ag-NPs Treatment

NP types have a positively significant effect on FGP, with overall effect values (1.97
and 1.21 in each subgroup) and their confidence intervals greater than zero. It can be seen
that Ag-NPs can increase the FGP more than other-NPs. The seed germination process
culminates in the rupture of the seed coat and the emergence of the radicle, which enables
direct contact with the NPs in the soil media and potentially impacts the development of
the seed [37]. Ag-NP is a growing hot topic for researchers owing to its imperative physio-
chemical properties [42]. Mahakham et al. (2017) indicated that Ag-NPs can penetrate the
seed coat and accelerate water uptake to promote seed germination and starch metabolism
in rice; additionally, Ag-NP priming can upregulate the expression of aquaporin genes,
thus facilitating water and H2O2 diffusion, and increased H2O2 may act as a signaling
molecule for stimulating the germination process [14]. Acharya et al. (2020) found that the
seeds treated with Ag-NPs can improve the seed germination of watermelons through an
eco-friendly and sustainable nanotechnological approach because NPs have the advantage
of being able to trigger certain metabolic processes (e.g., enhancing the levels of glucose
and fructose, thus promoting glycometabolism) that are normally activated during the
early phase of germination [5]. Moreover, Acharya et al. (2020a) found that NP treatments
selectively modulated ZA and GABA levels in onion seed germination compared with the
control, and then significantly affected germination inhibitors in onion seeds along with
these germination stimulators [20].

Exogenous application of Ag-NPs can also alleviate the damage of adverse conditions
to seed germination and enhance the stress resistance of plants. Yadu et al. (2018) showed
that Ag-NP treatment promoted the germination percentage of Cajanus cajan under fluoride
stress, and decreased reactive oxygen species (ROS) levels by suppressing the expression
of the NADPH oxidase (NOX) gene and lipoxygenase (LOX) activity [42]. Due to their
involvement in regulating ROS generation and its scavenging, Ag-NPs can affect antiox-
idant enzyme activity levels and gene expression patterns [24]. However, the chemical
composition, particle size, shape, synthesis methods, and surface coating of Ag-NPs and
their exposure form, and the plant species used, should be taken into consideration, due to
their various effects on plants [34,44].

4.2. RL Enhanced More under Zn-NPs Treatment

Nutrient uptake improvement is an objective in crop breeding. The root system
plays an essential role in nutrient and water acquisition, and its architecture is the spatial
arrangement of roots (such as root length) that affects the capacity of plants to access
nutrients [45,46]. Guo et al. (2017) found that root proliferation in response to external
nitrate is a behavior which integrates local N availability and the systemic N status of the
plant [46]. In this study, Zn-NPs could enhance the root length more than other-NPs. As
an important transitional metal, zinc is the only metal present in all six classes of enzymes
that acts as a cofactor for many essential enzymes of plants at below threshold levels, and a
functional component for several transcription factors [13,47]. In eukaryotes, zinc is mainly
dominated by 10% of zinc-binding proteins and 36% of zinc proteins, which are involved
in gene expression. Thus, zinc should be used to regulate stress-related gene expression,
especially in harsh environments [48]. Moreover, Zn is also an essential micronutrient that
plays a vital role in the growth and yield of plants by maintaining cell membrane integrity
and cell elongation, protein synthesis, and stress tolerance in plants [34].
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Zn has potential to increase the biosynthesis of chlorophyll and carotenoids; enhance
the contents of pigment, protein, and sugar; and thereby improve the photosynthetic
capability of the species [33,49]. Photosynthesis, a fundamental process, plays a significant
role in the growth, dry matter production, and yield of species [50]. Wu et al. (2020) also
revealed that Zn is regarded as an important factor in plant photosynthesis; the chlorophyll
concentration increased significantly with the application of ZnO NPs (10–50 mg/L) [51].
It has been reported that Zn nanofertilizers can improve the fruit yield and quality of
pomegranate (Punica granatum cv. Ardestani) without affecting its physical characteristics,
and ZnO-NPs could have been used as a fungicide in agriculture; thus, seed germination can
be improved by treating the seeds with ZnO-NPs [29,30]. ZnO belongs to the class of metal
oxides, which is characterized by photocatalytic and photo-oxidizing capacities against
chemical and biological species [33]. Indeed, ZnO-NPs play a principal role in physiological
and anatomical responses, as well as in hormone metabolism [30]. The root and shoot
length of fragrant rice were substantially enhanced with ZnO-NP treatment, which induced
modulations in physiological and biochemical attributes, e.g., the superoxide dismutase
(SOD) activity, peroxidase (POD) activity, and metallothionein contents in roots, which
were increased under low levels of ZnO-NPs [27]. In addition, ZnO-NPs can improve plant
growth and induce resistance responses against Sclerospora graminicola in pearl millet by
activating defense signaling pathways [48]. Notably, green ZnO-NPs could be used as a
better material for agricultural products, such as nanofertilizers or nanopesticides, relative
to their chemically synthesized counterparts [34].

4.3. FGP and RL Improved More in Lower Levels of NPs

In this study, NP concentrations also significantly affected FGP and RL, and the results
indicated that NPs at lower concentrations could improve the FGP and RL of agricultural
species to a larger extent. Several studies have obtained similar results; for example, the
germination index of corn seeds under treatments with 20 and 50 mg/L γ-Fe2O3 NPs
was 27.2% and 18.9% higher than that of the control, respectively [26]. Zuverza-Mena
et al. (2016) showed that Ag-NPs increased the germination of radish seeds by 3% at the
concentration of 125 mg/L, while they reduced the germination by 3% and 6% under
250 and 500 mg/L, respectively [43]. Therefore, the dosage represents a decisive factor
influencing the ecological effects of NPs [38]. Higher Ag accumulation would change
the structure of amino acids, nitrogenous bases, and nucleotides by forming complexes
with them, interfering with the respiratory enzymes, and inducing oxidative stress in
seeds, leading to a decrease in seed germination and seedling growth; in contrast, a low
concentration of Ag-NPs with a short exposure time could not only reduce the toxicity of
Ag-NPs but also enhance the germination and starch metabolism of aged rice seeds [14]. It
is worth noting that the toxicity of NPs sometimes presents a nonlinear correlation with
their dose, due to their aggregation with increasing density [38].

Similarly, the observation that NPs at lower concentrations can improve the RL of
agricultural species to a larger extent has been evaluated in a variety of studies on crop
species. Nanoparticle concentrations may affect the agronomic effectiveness of ZnO-
NPs [33]. Under green ZnO-NPs at a moderate concentration (62 mg/L), the wheat seed
samples presented the most significant enhancement (p < 0.005) in root length relative to
other concentration levels by 50% [34]. In addition, ZnO-NP treatment at 50 ppm has been
demonstrated to increase the seedling growth and reduce the excessive generation of ROS,
while adverse effects on rice seedling growth have been observed at concentrations of 500
and 1000 ppm [27]. García-López et al. (2018) also found that ZnO-NP suspensions at
100, 200, and 500 ppm inhibited the seedling growth of Capsicum annuum and promoted
the accumulation of phenolic compounds with phytotoxic effects [52]. Subpiramaniyam
et al. (2021) found that the root length was slightly higher than that of the control (not
significantly) under the lowest CuO-NP treatment (1 mg/kg) [37]. Moreover, γ-Fe2O3 NPs
at a concentration of 20 mg/L significantly promoted root elongation by 11.5%, whereas
those at 50 and 100 mg/L remarkably decreased root length by 13.5% and 12.5%, respec-
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tively [26]. Excess nZVI (zero-valent iron nanoparticles) accumulation in roots could not
only block the uptake and transport of water but also disturb plant nutrient uptake and
balance owing to the adherence of nZVI to the root surfaces and penetration into the root
tissues, leading to reduced water flow and limited root hydraulic conductivity, thereby
inhibiting the root elongation of the species [13,38].

However, there was no statistical correlation between the nanoparticle concentrations
and the shoot length due to the cross between the diamond (that is, the overall effect) and
the invalid line. Therefore, the variation trend of SL was more complex than that of FGP
and RL in our study, possibly because in contrast to roots, which are likely to be most
affected by NPs as the first organ to encounter soil-borne contaminants, shoots did not have
direct contact with NPs, and the toxicity of NPs on SL depends not only on NP properties
and environmental conditions but also on the test organisms and transportation capacity of
the crop species [13,38,53]. Sun et al. (2019) illustrated that Fe-NPs accumulated in the roots
are the nontransferable form with low mobility; thus, Fe-NP concentrations in shoots were
not significantly affected [38]. However, there are similarities with FGP and RL, e.g., lower
NP concentrations would promote shoot elongation more relative to the higher levels. The
results of Li et al. (2021) indicated that the exogenous application of ZnO-NPs at a suitable
concentration would be able to promote the growth of rice, whereas high levels could have
inhibitory effects [27].

5. Conclusions

This meta-analysis presented the significant effects of nanoparticles on the final germi-
nation percentage and root length of crop species, based on the types and concentrations.
Silver nanoparticles increased the final germination percentage more than other nanoparti-
cles, while zinc nanoparticles enhanced the root length more. Moreover, nanoparticles at
lower concentrations could improve the final germination percentage and root length of
crop species to a larger extent than those at higher concentrations. The variation trend of
the shoot length was more complex compared with the other two in our study, because
the toxicity of nanoparticles on shoot length not only depended on nanoparticle properties
and environmental conditions but also on the test organisms and transportation capacity of
the crop species, and therefore, the heterogeneity, risk bias, and publication bias should be
taken into consideration. In this global meta-analysis, nanoparticle effects on seed germina-
tion and seedling growth have been assessed mostly in agricultural species, whereas few
studies have focused on tree seeds, which may show the more various dormancy types.
One of the reasons why nanoparticles can promote seed germination and root growth is
that they increase water permeability; moreover, the seed dormancy of some tree species is
caused by difficulty in absorbing water. Therefore, nanoparticles may play a role in break-
ing this dormancy characteristic of certain tree seeds, indicating the application prospect of
nanoparticle treatment technology in tree seeds in the future.
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Abstract: Soil is a porous matrix containing organic matter and minerals as well as living organisms
that vary physically, geographically, and temporally. Plants choose a particular microbiome from a
pool of soil microorganisms which helps them grow and stay healthy. Many ecosystem functions
in agrosystems are provided by soil microbes just like the ecosystem of soil, the completion of
cyclic activity of vital nutrients like C, N, S, and P is carried out by soil microorganisms. Soil
microorganisms affect carbon nanotubes (CNTs), nanoparticles (NPs), and a nanopesticide; these are
called manufactured nano-objects (MNOs), that are added to the environment intentionally or reach
the soil in the form of contaminants of nanomaterials. It is critical to assess the influence of MNOs on
important plant-microbe symbiosis including mycorrhiza, which are critical for the health, function,
and sustainability of both natural and agricultural ecosystems. Toxic compounds are released into
rural and urban ecosystems as a result of anthropogenic contamination from industrial processes,
agricultural practices, and consumer products. Once discharged, these pollutants travel through the
atmosphere and water, settling in matrices like sediments and groundwater, potentially rendering
broad areas uninhabitable. With the rapid growth of nanotechnology, the application of manufactured
nano-objects in the form of nano-agrochemicals has expanded for their greater potential or their
appearance in products of users, raising worries about possible eco-toxicological impacts. MNOs are
added throughout the life cycle and are accumulated not only in the soils but also in other components
of the environment causing mostly negative impacts on soil biota and processes. MNOs interfere
with soil physicochemical qualities as well as microbial metabolic activity in rhizospheric soils. This
review examines the harmful effect of MNOs on soil, as well as the pathways used by microbes to
deal with MNOs and the fate and behavior of NPs inside the soils.

Keywords: manufactured nano-objects (MNOs); nano-agrochemicals (NAgs); nanoplastics (NPs);
nano-scale materials (NSMs)

1. Introduction

According to some scientists, nanoparticles and nanostructured materials may have
been formed during the Big Bang and brought to Earth via meteorites. The term “nanotech-
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nology” gained widespread attention in the 1990s due to advances in imaging technologies
that enabled practical applications in various industries. Seashells, skeletons, and other
Nanostructures developed later in nature. Early people used fire to create nano-scaled
smoke particles. The scientific story of nanomaterials, on the other hand, started consid-
erably later. The colloidal gold particles created by Michael Faraday in 1857 are one of
the first scientific reports. Nanostructured catalysts have also been researched for almost
70 years. By the early 1940s, precipitated and fumed silica nanoparticles were produced
and supplied in Germany and the United States as alternatives to ultrafine carbon black for
rubber reinforcements [1].

Nano sized objects have piqued people’s curiosity for more than 30 years. These items
are recognized in environmental sciences as having a major role in the biogeochemical
cycles of chemical elements and organisms in their colloidal condition [2]. This is a result
of their small size, commonplaceness, enormous specific surface area, and capacity to
cling to the surface of aqueous solutions for extended periods of time. Analytical methods
for characterizing naturally occurring colloidal objects have been developed as a result
of the need to comprehend the behavior and fate of trace components [3]. The ability to
synthesize nano-scale items has vastly increased since the early 2000s. The development of
nanotechnologies has been aided by this increased knowledge. The qualities of the end
goods generated are intimately tied to the properties of their nano-components. As a result,
approaches for nano-scale analytical control has to be developed as well [4].

Nanotechnology advancements have driven the production of MNOs with fascinating
and valuable material features, like nanoparticles (NPs) and nano-fibers (NFs) are defined
as particles with diameters ranging from 1–100nm and many industrial products contain
harmful substances like heavy metals. MNOs are widely used in medicine [5] and have
a number of well-known benefits, like improving H2O management [6], preservation of
food and enhancement in agricultural production [7], preserving storage of energy [8],
and a variety of other applications in working for the environment and improving it [9].
Unintentional releases of MNOs into the environment grow as production quantities
increase, and this can happen throughout the life of goods containing manufactured nano-
objects [10,11]. Furthermore, MNOs employed in agriculture as pesticides or fertilizers
(nano-agrochemicals) are viewed as a viable approach for ensuring future food supply,
although they may penetrate the environment in enormous numbers [12]. Several research
initiatives have evaluated the environmental health and human safety consequences during
the previous two decades [13]. Due to their tiny size, needle-like morphologies reduce the
stability and enhance the area of surface-to-volume ratio, MNOs have nanoscale-specific
detrimental effects when non-NSMs come in comparison with them [14]. MNOs, on the
other hand, offer beneficial nano-specific physiochemical features that might be advanta-
geous in applications like agriculture. Nano-agrochemicals, which include nanopesticides
and nanofertilizers, are new nanoformulations that mix various surfactants, polymers, and
inorganic NPs to enhance the dissolving power of substances that cannot dissolve in water
to provide a managed and slower delivery [15]. Among nano-bio confluence, manufactured
nano-objects are very helpful for plant defense because they can be employed to segregate
phyto viruses, serve as a release system of organic nutrition, or enhance the role of enzymes
as antioxidants [16]. If the application of manufactured nano-objects is excessive and
straight in agriculture, current research focuses on enhancing MNO efficacy as well as risk
evaluation. Along with physical and chemical changes, biological transformation occurs
when MNOs and nano-agrochemicals are added to the soil. The pH, pore water, electrolyte,
and organic matter in the soil all have an impact on these processes. The characteristics of
the soil, such as pH, the make-up of the pore water and electrolyte, the quantity of natural
organic matter (NOM), and other elements have a significant impact on these activities.
During nano-bio interaction heteroaggregation, dissolution and oxidation-reduction takes
place. For instance, the adsorption of protein NOM onto the surface of MNO might result in
the creation of a corona, which increases particle mobility in the environment, as opposed
to the adsorption of electrolytes (such as Ca2+), which decreases particle mobility [17].
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It is important to investigate the transformation mechanisms of MNOs, including
through bioassays, in order to understand exposure routes and potential absorption by
biota in risk assessments. Invertebrates, which play a crucial role in maintaining and
improving soil fertility and structure through their participation in various biochemical and
biological processes in agri-soils, are particularly important to consider. Invertebrates in the
soil are significant indicators of soil characteristics and are crucial in assessing the risk of
potentially contaminating substances. According to literature, among the negative impacts
of manufactured nano-objects that are composed of basically carbon and metal, include
effects on the community and morphology of soil, manufactured nano-objects completely
change both of these and can also have negative effects on the environment and living
things present there [18,19]. Scientists and industry are becoming increasingly aware of
nanomaterial impacts while also realizing the enormous potential of nanomaterials. As
a result, they’re attempting to strike a balance between the two, such as using the “safe
by design method.” The physico-chemical properties of nanoparticles are investigated in
this method. Then, by experimenting with various physicochemical factors, they strive to
discover a strategy to minimize nanomaterial toxicity to the lowest possible level [20]. The
objective of this review is to give a succinct overview of the existing knowledge on MNO
behavior and its impact on soil biota (Figure 1).
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Figure 1. Possible role of nanomaterials in sustainable agriculture.

2. Occurrence of Manufactured Nano-Objects in Soil

Soil is a porous matrix containing organic and mineral substances as well as living
creatures that are well organized and dynamic in all aspects, physically, geographically,
and temporally. Soil microbiota, for example, serve as a reservoir in which plants choose
a certain microbiome, which helps them develop and stay healthy. Microorganisms in
the soil also take part in several ecosystemic functions in agrosystems, such as nutrient
recycling in the soil ecosystem. Nano-agrochemicals are active ingredients developed using
nanotechnologies and nanoformulations to enhance the features and qualities of active
molecules used in pesticides in agriculture, such as biocides, herbicides, and nutrients. The
promise of using nanotechnologies to improve pesticide, nutrient, and delivery efficiency
has caused an explosion in the field of agronomy and will likely result in a reduction in

26



Coatings 2023, 13, 212

the amount of input used in farming. However, the effect of these nanopesticides as a
non-target organism on the soil microbiota has been underappreciated until recently [21,22].

3. Existence of MNOs in Environment

Nanotechnology enables the manipulation of matter, atoms, and molecules to change
the properties of materials. This vitally important emerging technology has made it possible
to create nano crystalline semiconductors, nano-agrochemicals and nanotherapeutics for
cancer cures and a number of other purposes. Between 267,000 and 318,300 tonnes of
MNOs, including Ag, Al2O3, CNTs, CeO2, Cu, Fe, SiO2, ZnO, TiO2, and nanoclays are
produced globally [22,23]. According to one market study, the United States generated
50% of MNOs, with the EU producing 19%, China producing 12%, Korea 6%, Japan 4%,
Canada 3%, Taiwan 2%, and other nations producing 4%. According to a recent market
assessment, worldwide MNO production volume in 2020 will range between 400,000 and
3,150,000 tonnes for nano-SiO2 and 2 to 4 tonnes for nano-Ags [24].

MNO production volumes, according to the authors of the reference [24], represent
a small portion of the mining industry’s total ore production, such as 1% of the entire
production of Silver or 0.000002% of the entire production of Fe, and as a result, has a
negligible impact on the whole life of harmful elements in the extracting and synthesizing
or production areas [24]. More research is needed to evaluate the mass concentrations of
manufactured nano-objects in the universal cycle of handled or unprocessed materials
because the quantities that have already been declared vary widely and occasionally are
not accurate [18]. Using data and dynamic material flow models, it has been possible
to predict the mass fluxes related to releases throughout the whole life in H2O, soil, or
the atmosphere [25,26]. According to the authors of the reference [25], by 2020 the use
of nano-enabled products (such as building materials, packaging, medical products, etc.)
was responsible for about 51% i.e., 12,200 tones of the worldwide release of Fe2O3, SiO2,
and TiO2 while end-of-life releases accounted for 43% (9890 tones). The remaining leaks
occurred during manufacture [25].

Release models were established by the authors of the reference [27,28], to predict
MNO concentrations in urban, natural, and sludge-treated soils in Europe. Results show
that most MNOs are converted or kept in operation through processes like wastewater
treatment or rubbish incineration. Released nano-Ags, for instance, bind to biosolids which
dissolve slightly in wastewater of acidic nature or convert into soluble Ag2S or silver
chloride types which flows with water or adheres to the wastewater and waste materials of
sewage that is heated to remove contaminations and is applied to the agricultural lands
to enhance the fertility of soil [27,28]. Al2O3, Fe2O3, SiO2, or TiO2, which are chemically
more stable MNOs, bind to biosolids in the treatment time of wastewater and can build up
in measureable concentrations in the soil of sludge treatment [27,28]. Literature estimates
that the lowest MNO concentrations are of quantum dots. MNOs are approximately
8.4109 mg·kg−1 in the urban and natural soils, while the highest concentrations of nano-
SiO2 is anticipated to be around 4.9102 mg·kg−1 in landfills are predicted to be around that
same level. The largest concentrations of MNOs are anticipated for the agricultural soils
which are treated with sewage water. According to the authors of the reference [29,30],
simulation of ten years of release of CeO2 NPs, CuO NPs, SiO2 NPs, and ZnO NPs in the
San Francisco Bay region of California (The United States).

MNO release routes are influenced by the type of application, the product’s lifespan
of use, and the product’s treatment for disposal. Soils treated with sludge in rural or urban
areas are the most important MNOs sinks. Regarding risk evaluation and projected increase
in MNO manufacturing volumes, adverse effects onland species cannot be ruled out
anytime soon. Release models should be regularly updated with pertinent data because they
serve as crucial guidelines for testing toxicity under realistic conditions and concentration
ranges. Incorporating different MNO transformation processes into the environment is
also essential for quantitative risk assessment [18,30]. Methods of expected toxicity tests or
analyses of the relationship of structural activity suggest that dissolution of the particle is
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not the main cause of nano-toxicity. Other toxicological factors include membrane lysis,
formation of ROS, redox activity, cationic stress, oxidative stress, and interference in embryo
hatching and photoactivation [31]. To identify commonalities in toxicological effects among
various MNO types, grouping approaches for regulatory testing have been developed in
the last ten years. The connection of physiological and chemical characteristics with toxic
effects is also being further investigated [32–34].

MNOs can be discharged accidentally into the soil or used purposely as biocides in
agricultural applications, such as the usage of nanopesticides or nanofertilizers [35]. As
a result of particle ingestion and transmission via trophic levels from bioaccumulation or
biomagnifications, extensive ecosystem exposure may occur [36]. As a result of particle
ingestion and transmission via trophic levels from bioaccumulation or biomagnification,
extensive ecosystem exposure may occur. For instance, laboratory studies showed that
the soil fungus Penicillium solium attracted the amino acid conjugated quantum dots;
however, no MNO absorption was observed in the absence of this coating. According to the
authors of the reference [37], invertebrates like Eisenia fetida (Earthworm) could be used to
quantify the accumulation of MNOs by determining the ratios of MNOs present in tissues
to the amounts present in water and in bio-contaminants, in which the ratio of MNOs is
determined in prey and predator (Figure 2).

Coatings 2023, 13, x FOR PEER REVIEW  5  of  25 
 

 

trations of nano‐SiO2is anticipated to be around 4.9102 mg∙kg−1 in landfills are predicted 

to be around that same level. The largest concentrations of MNOs are anticipated for the 

agricultural soils which are treated with sewage water. According to the authors of the 

reference [29,30], simulation of ten years of release of CeO2 NPs, CuO NPs, SiO2 NPs, and 

ZnO NPs in the San Francisco Bay region of California (The United States). 

MNO release routes are influenced by the type of application, the product’s lifespan 

of use, and the product’s treatment for disposal. Soils treated with sludge in rural or ur‐

ban areas are the most important MNOs sinks. Regarding risk evaluation and projected 

increase in MNO manufacturing volumes, adverse effects onland species cannot be ruled 

out anytime soon. Release models should be regularly updated with pertinent data be‐

cause they serve as crucial guidelines for testing toxicity under realistic conditions and 

concentration  ranges.  Incorporating  different MNO  transformation  processes  into  the 

environment  is  also  essential  for  quantitative  risk  assessment  [18,30]. Methods  of  ex‐

pected  toxicity  tests  or  analyses  of  the  relationship  of  structural  activity  suggest  that 

dissolution of the particle is not the main cause of nano‐toxicity. Other toxicological fac‐

tors include membrane lysis, formation of ROS, redox activity, cationic stress, oxidative 

stress, and  interference  in embryo hatching and photoactivation  [31]. To  identify com‐

monalities  in toxicological effects among various MNO types, grouping approaches for 

regulatory testing have been developed in the last ten years. The connection of physio‐

logical and chemical characteristics with  toxic effects  is also being  further  investigated 

[32–34]. 

MNOs can be discharged accidentally into the soil or used purposely as biocides in 

agricultural applications, such as the usage of nanopesticides or nanofertilizers [35]. As a 

result of particle ingestion and transmission via trophic levels from bioaccumulation or 

biomagnifications, extensive ecosystem exposure may occur [36]. As a result of particle 

ingestion and transmission via trophic levels from bioaccumulation or biomagnification, 

extensive ecosystem exposure may occur. For  instance,  laboratory studies showed  that 

the  soil  fungus  Penicillium  solium  attracted  the  amino  acid  conjugated  quantum  dots; 

however, no MNO absorption was observed in the absence of this coating. According to 

the authors of  the  reference  [37],  invertebrates  like Eisenia fetida  (Earthworm) could be 

used to quantify the accumulation of MNOs by determining the ratios of MNOs present 

in tissues to the amounts present in water and in bio‐contaminants, in which the ratio of 

MNOs is determined in prey and predator (Figure 2). 

 

Figure 2. Soil matrix, aggregation and organic allocation induced by plant and microbial activity in
the rhizosphere.

4. Nanoparticles and Mycorrhizas/Rhizobia Interactions

Certain nanoparticles like AgNPs, ZnO NPs, and TiO2 have long been known to have
antimicrobial effects against bacteria and fungi. Fungal hyphae and bacterial cells can
be damaged by nanoparticles [38–40]. Limited or positive impacts of NPs on microbial
populations of soil and function studies imply that NPs and microbe interactions depend
on the environment [41–45]. Root and microbe symbioses occur in the rhizosphere, where
factors like interactions between the soil biota, the complexity and availability of resources,
and biophysical heterogeneities may affect how much NPs impact both free-living and root
colonization microorganisms [46,47]. Overall, it appears that NP effects on the emergence
of mycorrhizal (Arbuscular mycorrhiza (AM) is a common type of symbiotic relationship
between plants and microbes. These fungi are found in many natural habitats and are
known to offer a variety of ecological benefits, including improved plant nutrition and
stress resistance, better soil structure and fertility, and increased tolerance to environmental
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challenges) and rhizobial symbioses are extremely context-specific. NPs have been shown
in numerous studies to negatively affect mycorrhizal and rhizobial interactions [48–51].
Symbioses of mycorrhiza and rhizobia are the most significant relationship on the earth
and have importance in the earth’s ecosystem. It plays role in nutrient cycling in the soil,
mineralization of the organic matter, modeling of microbial communities and plants, and
eventually in the functioning of an ecosystem [52–54]. The characteristics of structure and
plant fungus species involved have led to the reports of various advantageous root-fungal
symbioses so far [55]. Although few of the studies have partly addressed other associa-
tions, the majority of research in the field of nanotechnology has focused on the common
mycorrhiza, notably arbuscularmycorrhiza. The gymnosperms, angiosperms, bryophytes,
and pteridophytes [56], associate with fungus from the Mucoromycota subphylum Glom-
eromycotina to establish arbuscularmycorrhizal (AM) symbioses. Rotating legume and
non-legume crops, rhizobial symbioses, and resilience to environmental stresses like acidity,
heavy metals, and organic pollutants are all essential aspects of the Fabaceae, the third-
largest plant family [57]. Roots produce nodules to make room for N2-fixing rhizobia at the
symbiotic contact [58]. The overall impact of NPs on mycorrhizal colonization of nodule
growth is influenced by the NP characteristics, concentration of fungal or bacterial species,
and characteristics of the interaction matrix, where mycorrhizas and rhizobia reside and
interact with plant roots. There is little study on how NPs affect these and how these
symbiotic interactions function. However, available evidence indicates that studies on the
toxicity of NPs against these advantageous root and microbe symbioses should concentrate
on both structural and functional aspects [36].

Physical characteristics of NPs have a significant influence on the colonization or
nodulation of root mycorrhizal fungi (e.g., kind, speciation, and size). AgNPs appear
to be more toxic to mycorrhizas than ZnO NPs because of their negative effects on root
colonization at approximately 5600 times lower soil concentrations [48,50,51,59,60]. In a pea
of rhizobium leguminosarum symbiosis, exposure to Fe2O3 nanoparticles at 6 g·L−1 had
no effect on nodulation. ZnO NPs and TiO2 NPs both had unfavorable impacts on nodule
growth 35 days after treatment, despite equal concentrations and exposure times [61]. In
a soybean-Bradyrhizobium japonicum symbiosis, CeO NPs at 50 g·kg−1 had no effect on
nodulation, but ZnO NPs at the same concentration increased nodulation [62]. Depending
on the NP types and coating, the bioavailability and effects of NPs on mycorrhizas and
rhizobia may differ. For instance, functionalized silver nanoparticles (PVP-AgNPs) were
sown to reduce arbuscular mycorrhiza (AM) growth in tomato roots when applied at the
same treatment rate of 100 mg·kg−1 in tomato roots when applied at the same treatment
rate of 100 mg·kg−1 at the same treatment rate of 100 mg·kg−1 soil, however, silver sulphide
NPs had no discernible effect [63]. The authors of the reference [64] used functionalized
Fe3O4 NPs with positive and negative surface charges (carrying an amine and a carboxylic
acid, respectively) to study NPs and rhizobia interactions and discovered that positively
charged Fe2O4 NPs improved nodulation in soybean more than negatively charged Fe2O4
NPs. This demonstrates that NP surface coating and modification may affect their toxicity
towards mycorrhizas and rhizobia before exposure, and as a result, NP physicochemical
characteristics can be changed to achieve acceptable results or avoid unwanted results
in NP interactions with rhizobia and mycorrhiza. It was also found that NP size affects
interactions between NP and mycorrhiza. Tomato root colonization was reduced when
exposed to 2 nm-AgNPs at the same dosage of 12 mg·kg−1 soil but was unaffected when
exposed to larger AgNPs of 15 nm [64]. Moreover, soil spiked with TiO2 NPs exhibited
considerably greater Ti concentrations in the microcosm leachates than soil spiked with P25-
TiO2 NPs [65], indicating that NP shape and size may have an impact on the bioavailability.
More research is necessary because our knowledge of how NP size influences NP–rhizobia
interactions are currently relatively limited. Because partially or completely converted NPs
may have a different toxicity potential than their pure counterparts, chemical alteration
of NPs may have an effect on rhizobia [66,67]. The amount of NPs in the soil influences
the interactions between mycorrhizas and rhizobia. No negative effects on Arbuscular
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mycorrhiza (AM) colonization in tomatoes were seen at low ZnO NP concentrations i.e., 25
and 400 mg·kg−1 soil, respectively [68] and maize plants [69], whereas, greater amounts
(500 to 3200 mg·kg−1 soil) prevented colonization in maize [70]. In contrast to a low
concentration of AgNPs higher concentrations i.e., 0.1 and 1 mg·kg−1 soil significantly
enhanced root colonization in white clover (Trifolium repens) [53].

White clover grew AM fungi when exposed to a low concentration of FeO NPs i.e.,
0.032 mg·kg−1 soil to a low concentration of FeO NPs (0.032 mg·kg−1 soil), but not when
exposed to a concentration 100 times higher (3.2 mg·kg−1 soil) [62]. The concentration of
NPs appears to play a role in its interaction with rhizobia, comparable to the responses
observed for mycorrhizal colonization, despite the paucity of experimental evidence. The
effects of ZnO NPs on nodulation in Bradyrhizobium japonicum-infected soybean plants
changed from neutral to positive when the concentration was increased from 5 to 50 g·kg−1.
When exposed to Kocide, a fungicide made of copper that contains a substantial quantity
of copper NPs [71], nodulation and N2 fixation were unaffected at the authorized rate
(1.7 mg·kg−1), whereas nodulation was prevented at higher doses of 3.4 and 6.8 mg·kg−1

of treatment [72]. Negative NP and rhizobia interaction do not show a negative association
between the concentration of NO and nodule growth [61,73]. The used concentration range
may have exceeded the NPs’ toxicity threshold in the relevant experimental circumstances
(soil-less media), causing all concentrations to have a detrimental effect on the results [36].
According to the study, several mycorrhizal fungal species may respond to NPs differently.
Glomus caledonium, an AM fungus, was shown to be more resistant to the toxicity of ZnO
NPs than G. versiforme based on the extent of the unfavorable impact of ZnO NPs on root
colonization [74]. This was attributed to the stronger resistance of G. caledonium to heavy
metals like copper, zinc, cadmium, etc. [69] (Figure 3).
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5. NPs and Soil Biota: Mechanisms of Action

The knowledge gained about the toxicity mechanism of NPs will aid in the anticipated
remodeling of nanoparticles to reduce their environmental impact. Non toxicity’s main
mechanisms include directly attaching to the external membrane surface of cells, dissolu-
tion of hazardous ions, and stimulation of oxidative stress [75]. Researchers clarified the
influence of NPs on nanoparticles association with microorganisms and mitigation tech-
niques for NP toxicity in the environment after elaborating on the nano-toxicity mechanism,
providing an understanding of lowering toxicity and promoting long-term use of NPs [76].

Direct NP surface binding is a primary mechanism of inducing toxicity among several
others and surprisingly, when NPs are found in near proximity to cells or animals, their
interface is governed by electrostatic attraction. A bacterial cell’s surface is usually found to
have a negative charge [77]. According to the aforementioned finding, positively charged
NPs are more closely linked to bacteria than negatively charged ones. A subset of cells in
multicellular model organisms may take up NP as a result of such interactions [78]. When
applied to bacterial culture, NPs persist on the surface of the cell, thus destruct membrane
lipid, causing membrane loss or disruption [79]. The stimulation of an internal signaling
cascade as a result of such a charge in membrane physical properties disturbs cells [80].
NPs then get dissolved in and release harmful ions on the surface of the cell which are cell
permeable [81]. The authors of the reference [82] asserted that the relationship between
NPs and gram-positive bacteria was likely caused by the attachment of negatively charged
entities to lipopolysaccharides on the cell surface, which led to cell death. In another
study, the presence of colloidal semiconductor nanocrystals made of poly diallydimethy-
lammonium chloride covered with cadmium selenide (CdSe) quantum dots embedded in
bilayer of lipid was demonstrated using tools like quartz crystal microbalance and atomic
force microscopy [83]. When NPs bind to the cells; hydrophilic regions of the lipid bilayer
collapse, disrupting cell membranes. Both eukaryotic and prokaryotic cells require these
liquid domains for signaling and membrane transport [84–86].

The breakdown of harmful components from NPs, which causes an oxidative burst in
affected organisms, is the most important mechanism of toxicity induced by NPs. Toxic
ions can be released from NPs in a variety of ways, all of which are dependent on the
identity of the released ions. A small number of ions attach to important proteins and
enzymes, thus changing their metabolism and eventually causing major biological activities
to be suppressed [87]. The hazardous ions are slowly released from metal oxides and get
absorbed by membranes resulting in direct interactions with amino, mercapto, and carboxyl
groups in nucleic acids and proteins. These interactions have a significant effect on the
structure of cells and enzymatic activity, ultimately disrupting the exposed organisms
overall physiology. Another method is to directly associate harmful ions with the damaged
organism’s phospholipid bilayer or even its genetic material [88]. As a result, metal
ions cause an oxidative burst in organisms by increasing reactive oxygen species (ROS)
levels [89]. The major form of hazardous ion dissolution in AgNPs is one of the primary
sources of toxicity in organisms [90]. Due to the release of Ag and Pd ions into the
solution, Pd nanolayers and nanowires with diameters ranging from 0.4 to 22.4 nm medium
of polyethylene naphthalate were discovered to show antibacterial activity [91]. The
authors of the reference [92] found that metaloxides had only minimal antibacterial activity
when added to the culture, indicating that metal ions dissolution may not be the NPs
antibacterial action. The toxicity of a few complex oxides including lithium (Li), nickel
(Ni), manganese (Mn), and cobalt oxides to Shewanella oneidensis MR-1 bacterial cells
was confirmed to be largely caused by the dissolution of ions [93]. To assess bacterial
respiration, the researchers used a respirometer and optical density analysis to evaluate
bacterial multiplication. According to this study, the complex oxides of Li, Ni, Mn, and
Co were broken down to produce the ionic Li, Ni, Mn, and Co respectively. The continual
dose and release of these nanomaterials, however, was straight linked to toxicity that
was observed. An equi-stoichiometric NMC with different morphologies and bacterial
toxicity was produced in order to highlight the importance of dissolution to Ni, Mn
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and Co oxide toxicity [94]. These were chosen because they show different crystal faces,
demonstrating how variations in crystal faces affect the transition of metal coordination
and how dissolution depends on them. Dissolution is connected to a material’s exposed
surface area, as was previously stated. Additionally, the surface area of the NMC was used
to determine its toxicity rather than its mass. When using the surface area as the basis of
dose, morphologies with different crystal faces demonstrated equal toxicity to the bacterial
strain. As a result of the results made above, it was determined that neither crystal faces
nor surface area significantly affects NMC toxicity to Shewanella oneidensis [76].

There are numerous studies that have been published recently that support the im-
portance of ROS production and oxidative burst in relation to NP toxicity [95,96]. The four
main kinds of ROS are singlet oxygen, hydrogen peroxide, hydroxyl ions, and superoxide
anion, which are produced by short-term stress induced processes [97]. It has been deter-
mined that physiological harm is caused by singlet oxygen. Under typical environmental
cues, exposed organisms maintain a balance between ROS generation and scavenging.
On the other hand, when too much ROS is produced, the intercellular redox equilibrium
is upset, which sets the stage for oxidation [98]. The main effects of ROS include lipid
peroxidation and disruption of important enzymes such as mononuclear iron proteins [99].
Additionally, ROS production leads to the oxidation of DNA bases and deoxyribose, which
causes mutations and DNA damage [95]. It is being determined whether NPs’ electrical
structures, ROS, and toxicity are correlated. Similar behaviors were also demonstrated
in E. coli by the authors of the reference [100] using 7-metal oxide NPs with band edges
close to the redox potential of reactive redox couples. It was discovered that the level of
abiotic ROs produced in response to NPs exposure was directly correlated with the organ-
ism’s level of toxicity. Another experimental study also showed the toxicity of 24 distinct
metal oxide nanoparticles in E. coli. Only seven of the 24 metal oxides found in NPs were
hazardous and increased the levels of intercellular ROS. It was established through the
use of nanostructure activity association analysis that NPs’ toxicity was directly related
to (1) the conduction band energy of the nanomaterials and (2) the hydration enthalpy
dictating their capacity to dissolve. Additionally, it was hypothesized that nanomaterials
and biomolecules conduction bands might overlap if the materials were hazardous and
disintegrated quickly. The NPs have also been shown to activate a chain of biological
signals that results in an oxidative burst [66]. Another finding obtained by the authors
of the reference [101] in the guts of Daphia magna was that when the guts were exposed
to positively or negativity charged nano diamond particles of 5 nm to 15 nm size, the
larger particle was observed to stimulate ROS production in a dose-dependent way in
comparison to lesser sized NPs. The expression of genes related to oxidative burst was also
confirmed to be decreased; indicating that cells were preventing ROS clarification as the
basic mechanism of NPs-toxicity [101].

According to several pieces of research, NPs antifungal properties, which include
the release of metal ions, have a detrimental effect on mycorrhizal colonization like Zn+2

and Ag [102]. The detrimental effects of NPs on mycorrhizal colonization may be directly
related to their antifungal properties, which include adhering to cell surfaces and physically
harming cell walls and membranes, increasing membrane permeability, obstructing water
channels, and killing cells through NP penetration and deposition. Considering that
NPs have sharp edges, they might also be able to cut through fungal structures and cell
walls [101,103]. Inhibition of germination of spore due to formation of aggregations of NPs
by Van der Waals forces [101] buildup of ROS by disruption of ROS scavenging defence
mechanisms such as glutathione cycle and regulation [104]; ion discharge from metal-based
NPs [105]; and capability of certain NPs, like TiO2, of being photocatalytic are also related
to negative effects of NPs on the colonization of mycorrhiza [106].

The mechanisms behind the beneficial NP-mycorrhiza interactions need to be studied
more thoroughly. AgNPs have been discovered to promote AM fungal colonization [53].
Additionally, plants under heavy metal stress showed an increase in AM fungus coloniza-
tion [107]. Plants exposed to NPs may see a decline in the growth of rhizobial nodules as a
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direct result of the NPs’ antibacterial properties. The antibacterial effects of NPs may gener-
ally result from simultaneous oxidative stress induction and metal ion release processes
such as cell membrane disruption [108–110]. Additionally, it has been verified that NP
concentrations that are environmentally relevant have a significant impact on greenhouse
gas emissions, crucial ecosystem services like nitrogen cycling, and soil microbial popu-
lations [111]. Applying any material to soil that is both persistent and immobile should
generally be done with utmost caution. Due to their elemental nature, nanoparticles do
not degrade in the environment. For instance, hazardous stages may be achieved in soil
after ten years of continuous applications. Several NPs seem to be determined and mostly
fixed in the soil, depending on the NPs and the soil properties. They also incorporate into
plant tissues and the soil biota [111,112]. Therefore, it is necessary to undertake spatial and
temporal trials for nano-agrochemicals and NP-containing amendments (such as AgNPs
provided through sludge application) to assess the impact of repeated NP treatments on
these significant root microbial symbioses. Cu concentrations in soil are up to an order of
magnitude higher than in natural soils as a result of decades of historical use of Cu-based
fungicides, which can have detrimental environmental consequences on soil fertility, water
resources, and species [113] (Figure 4).
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5.1. Silver

Silver has long been used as a biocide. The antimicrobial/biocidal effects of silver-
based nanopesticides are demonstrated against a variety of kinds of microorganisms,
including bacteria, fungi, and viruses [114]. Ag-based nanopesticides, which have been
commercialized and patented for use in plant protection, seed processing, and plant
development improvement, have already been introduced in the plant protection measures.
Even though these nanopesticides are advertised as having the ability to efficiently prevent
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phytopathogen illnesses in a variety of plants to boost the plant immune system and to
lessen stress [115,116].

Due to their widespread use in commercial and industrial products, AgNPs may
have accumulated in the soil accidently or on purpose, for example as fungicides and
nano-agrochemicals. Predicted environmental concentration (PEC) values for Ag-NPs
in soil vary by location around the world; in Denmark, native soil has a PEC value of
13–61 mg·kg−1, whereas agricultural soil has a PEC value of 6–12 mg·kg−1 [117,118], while
the expected values of Ag-NPs in American soils range from 6.6 to 29.8 ng·kg−1, they are
predicted to be between 17.4 and 58.7 ng·kg−1 in European soils [117].

The majority of the information that has been published in this field comes from studies
about the effects of nanopesticides that are formed of silver on bacteria and microorganisms
that are not intended targets. The authors of the reference [119] used biosolids and AgNPs
to modify a clayey SiO2 with low pH (SiO2 73, Silt 22 and Clay 5%, pH 5.6, and small
amounts of organic components) to a target concentration of 0.19 to 15 mg·kg−1 soil (particle
size 15 nm). This mixture was kept at 22 ◦C in the dark for 30 days. Exoenzyme activity,
soil respiration and potential ammonium oxidation (PAO) along with patterns of coming
generations of bacteria were then carried out to assess the influence of AgNPs and examine
bacterial diversity. Similar AgNP sensitivity was shown in these assays, with effects starting
at levels of at least 1.67 mg·kg−1. With an enrichment of proteobacteria, cytophagales, and
spirobacteria, next-generation sequencing demonstrated a shift in the microbial population
and variable sensitivity of bacterial groups. Some nitrifiers (nitrosomonadales) were
adversely impacted, and this correlated with the reduction of PAO activity [119].

The authors of the reference [120] incubated AgNPs and added AgNO3 to SiO2 loamy
soil with a hydrogen ion concentration of 5.61 and 0.93 percent organic content in order to
study the effects of Silver nanoparticles on NH4+ oxidizing bacteria (AOB) for 140 days.
Amounts of 0.56, 1.67, and 5 milligrams per killograms of silver nanoparticles kg−1 of
AgNO3 were applied. They showed relative hindrance of AOB with 1.67 and 5 milligrams
per Kg’s of silver nanoparticles starts at day fourteen and enhanced to 140 days, in contrast
to silver ionic form, where inhibition begins on the first day and shows growth even during
deficiency [121,122]. AgNPs impacts on a black poplar tree’s associated phyllosphere and
rhizosphere bacteria were examined by the authors of the reference [123]. Three years
old poplar trees were chronically supplied with nano powder, amorphous carbon coated
AgNPs of 25 nm size, and the dose applied was 1 mg·L−1 for a 10-week period, single
supply was applied for 4 weeks and double supply was applied for 6 weeks. AgNPs foliar
exposure was done with the soil covered, and no fertilizer was used during the experiment.

Using next-generation sequencing, the ITS 1 region and the V3-V4 section of the 16S
rRNA, respectively, were used to study the bacterial and fungal microbiome. Root AgNPs
treatment reduced the biodiversity of microorganisms like bacteria and fungi; application
of AgNPs to leaves enhances the evenness of bacteria and fungi and discovered a significant
decrease in both microbial groups. According to a bioinformatics functional analysis, the
use of AgNPs enhanced the bacteria that do not require too much oxygen and can bear
oxygen stress while lowering aerobic bacteria. However, the AgNPs treatments in this
study mimicked the application of Ag nanopesticides on agricultural soil rather than a
contaminated environment. For example, Zerebra®Agro, a commercial nanopesticides
based on silver, has an Ag content of 0.5 g·L−1. Additionally, 0.1 L·t−1 is the suggested
amount for plant therapy, 0.1 L−1 and seed hectare-1 for use on cultivated crops from
1–3 times during the vegetative period as opposed to twenty grams per hectare [122].

The authors of the reference [38] investigated how citrate-coated AgNPs of 50 nm
and their ions disturb the functioning of enzymes present in soil and the make-up of
the microbial community in a bio-solid amended agricultural soil. During the treatment
of wastewater solid part that was organic in nature was added to surface soil at the
Macdonald campus of McGill University (soil/biosolid weight ratio: 50/1; depth: 35 cm;
pH: 6.7). The amount of total AgNPs supplied to the soil was 1, 10, and 100 mg. The
material disintegrated within the first two hours and maintained its stability for up to
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30 days. AgNPs at one and ten mg per kg of enzymes that are present outside involved
in phosphorous, carbon, and nitrogen cycling did not have any effect at short-term (2 h)
concentrations. Because only 37% of the AgNPs were dissolved at 2 h, AgNPs had a
milder effect on these enzymatic activities at 100 mg·kg−1 compared to Ag+. After two
hours and thirty days of exposure, the microbial population of the soil was tested using
16S rRNA gene amplicon sequencing. In comparison to all other treatments, the relative
abundance of the Gamma proteobacteria category was remarkably greater for Ag+ ions
and AgNPs at 100 mg·kg−1 of soil response to dissolve Ag and AgNPs [38]. According to
the authors of the reference [123], decline in the abundance of AOB has been reported due
to the application of 0.01 mg nano particles of silver per kilogram per year that showed bad
effects on nitrogen fixation and soil microorganisms’ environment, leucine amino peptidase
activity and nitrogen-fixing microorganisms.

The authors of the reference [63] focused on distinct Ag speciation and NPs coating
while examining the effects of AgNPs. They introduced 1, 10, or 100 mg of Ag2S NPs,
AgNPs coated in polyvinylpyrrolidone (PVP), and Ag+ to a sandy loam soil that had
been modified with biosolids (pH 6.8). Before planting tomato seeds, the soil mixture was
infected with an arbuscular mycorrhizal fungus (AMF) or a commercial inoculum (Solanum
lycopersicum). The authors measured neutral lipid fatty acid (and phospholipids fatty
acid) analyses, ammonium nitrate extractable Ag concentrations, and the overall microbial
community structure in soil modified with biosolids. All silver applications at the rate of
1 mg·kg−1 and 10 mg·kg−1 did not substantially differ from the control, with the exception
of three treatments i.e., 100 mg·kg−1 for Silver-PVP and Ag+ and 10 mg·kg−1 for Ag2S
NPs [63]. Ag-PVP, Ag+, and Ag2S NPs had an effect on fungus and bacteria, including
Actinomycetes and microbial community even at concentrations of 1 mg·kg−1 [124,125].

5.2. Copper

There has been a rise in the release of copper oxide NPs (CuO NPs) into terrestrial
and aquatic environments as a result of their use in different sectors like goods against
microorganisms and nano-agrochemicals [126]. About 79,000 tons of CuO-NPs are con-
sumed annually in North America, which contributes about fifty percent of the world
marketplace [127]. There has been extensive research on the effects of metal and metal
oxide NPs on the soil and rhizosphere microbiome, mostly with an eye toward the effects
of environmental pollution [128,129]. NPs of Silver, Zinc oxide, copper, and iron are the
most extensively studied in toxicity studies. There are now two types of nanomaterials
that have produced commercial agrochemicals that are nano-enabled and on the market:
colloidal silver and copper nanoparticles for treating fungal infections on seed, vegetative
parts, and tubers respectively [130]. Copper is a well-known biocide that has been used
for centuries, as well as an important nutrient for living things like plants and bacteria.
As chemicals to kill bacteria and fungi on veins, plants, and reproductive parts, some
copper-based insecticides are currently permitted in organic farming. Originally employed
as lime, copper sulfate was neutralized in the Bordeaux mixture to treat downy mildew-
infected grapes [131]. Products to kill pests that are formed of copper include those with
the chemical compositions copper hydroxide, cuprous oxide copper ammonium carbonate,
copper oxychloride, and copper octanoate. Since copper sulfate’s solubility encourages
phytotoxicity and reduces the persistence on tree leaves and fruits as well as the fungicide
action, fixed copper-less soluble variations have really been developed. These particles
are known as fixed-coppers, and their size affects how well they cover and cling to plant
leaves as well as how much copper ions they discharge. Copper nanoparticles have been
developed and marketed for their ability to improve the growth of plants by preventing
the release of copper ions. These nanoparticles were originally sold as micronized parti-
cles. There are two brands of nanosized copper formulations available: NANOCU and
Kocide®3000, both produced by the same company [131].

The authors of the reference [132] examined the effect of nano-sized CuO vs copper
ions (CuSO4) in five various agricultural soils with pH ranging from 6.4 to 8.21 in order to
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understand the complexes in biology and physio-chemical diversity of the soil. After the
soil water content had been maintained to a holding capacity of H2O particular to every
soil, microbes present in soil were incubated for 90 days without light at a temperature
of twenty-eight centigrade. When maximum dosage was applied, 100 mg·kg−1, CuONPs
dramatically inhibit microbial activity involved in C and N cycles, respiration, denitrifi-
cation, and nitrification in the five soils under study. These results worsen overtime. The
lowest doses usually have little to no impact, with respiration in sandy loam soils reducing
at 1 mg·kg−1 and denitrification in loamy soils decreasing at 1 mg·kg−1 after 90 days.
Copper oxide nanoparticles have a different impact on soil microbial activity in relation
to the carbon and nitrogen cycles compared to ionic copper. They are most effective at
promoting denitrification in maximum soils, while nitrification and soil respiration are
more influenced in coarse soils. However, when used at agriculturally suitable levels,
copper oxide nanoparticles have little impact on soil microbes. Soils with a coarse texture
and low levels of organic matter or clay may be more susceptible to the effects of copper
oxide nanoparticles. In a study, plants cultivated for 50 days in climatic chambers showed
that copper oxide nanoparticles had a negative impact on microbial respiration and den-
itrification when applied at a dose of 1 mg·kg−1. Copper-based nanoparticles have also
been found to be harmful to nitrifiers, with copper oxide nanoparticles and copper ions
exhibiting distinct behaviors such as the release and uptake of copper ions and their effects
on microbial activity [133].

In a study, copper nanoparticles between 40 and 60 nm in size were incubated for
30 days in soil with high levels of organic matter at concentrations of 0.05% and 0.15%
by weight and 3 mg·kg−1 ATZ. The bacterial, fungal, and nitrifying bacterial population
profiles, as identified by PCR denaturing Gradient Gel Electrophoresis, remained relatively
stable throughout the experiment. However, the 0.15% weight concentration of copper
nanoparticles significantly reduced the dissipation of ATZ, indicating increased persistence
of ATZ in soil. Most of the interactions between this persistence and soil particles were
physical-chemical in nature. Paddy soils, which are commonly used for agriculture in
China and are exposed to cycles of flood and dry conditions and frequent changes in soil
oxidation-reduction environments, are the most common type of agricultural soils in the
country [116,133].

Cu and AgNPs’ behavior and fate in soil are influenced by factors that are intrinsic
to the NPs, such as their size, charge on the surface, and pH, as well as factors that
are extrinsically linked to the characteristics of the intricate soil matrix. Nanoparticle
dissolution and interactions with cells are significantly influenced by their form. Exposure
time also influences the characteristics of common nanoparticles and of how silver can
change the makeup of communities of microorganisms [134]. Nanoparticles may dissolve,
undergo changes due to redox reactions, form aggregations with particles of soil and adsorb,
particularly to clays, on a global scale [135,136]. Acidity tends to source solubilization
of Silver nanoparticles, while high pH of soil facilitates Ag-sorption. According to the
authors of the reference [120,133], across a range of soils, AgNP toxicity towards microbial
processes including substrates persuade breakdown of glusose and to bacteria that oxidize
NH3 decreased as clay content and pH increased [120,133]. The similar line of reasoning is
reached in the conclusion by the authors of the reference [132] regarding the sporadic effects
of copper oxide nanoparticles at agriculturally related concentrations on coarse soil texture
having lower content of organic matter or clay [133–135]. Almost 4.5% of the world’s soils
with low pH are used for cultivation purposes. This is despite the fact that acidic soils
make up roughly 30% of the ice-free terrain of the world [137]. Short-term effects of the
nanoparticles can be increased by using acidic soil, which encourages the breakdown of
copper- and Silver nanoparticles releasing free ions. An intriguing finding in the literature
is that the pesticide’s ionic or nanoform can have distinct effects, perhaps due to the ion
release percentage. Ionic and nanoforms of metals may exhibit parallels and variations in
the mode of antibacterial action or the influence on a microbial population when exposed
in vitro to AgNPs, according to certain scientists [134,138]. The toxicity of nanoparticles
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is kinetic in long-term investigations and appears to be connected to soil breakdown or
transformation processes that result in momentary adjustments and adaptations of the
microbial population. As demonstrated by the authors of the reference [139], adjusting
the surface features of NPs could aid in controlling the dissolution and phase shifts and
probably lessen the toxicity towards microbial cells.

5.3. Zinc Oxide

The third most common metal-based NP is zinc oxide nanoparticles (ZnO NPs) [140].
Wastewater from factories and waste material from homes that are used in agricultural
systems to enhance fertility is the basic source of entry of Zinc oxide nanoparticles into the
environment [141]. Zinc oxide nanoparticles create a network of soil particles that preserve
NPs’ emulsion characteristics, but they can also form bigger aggregates or become soluble
and excrete zinc ions [142]. ZnO-nanoparticles have a regionally variable PEC, similar
to Ag-NPs. In Europe, PECs of 0.085–0.661 g·kg−1 were projected, while in the United
States, PECs of 0.041–0.271g·kg−1 were predicted [39]. The values viz., 0.018–0.9 and
0.008–0.35 g·kg−1 were anticipated by a Danish study comparing uncultivated and agricul-
tural soil [39]. Among the various varieties of NPs, ZnO NPs are becoming more common
and are now the third most widely used nanomaterial. As a result, the direct influence of
ZnO NPs discharged into the environment on soil microbial communities and processes
must be carefully assessed. Despite many potential benefits, various experimental research
studies have found that ZnO NPs can affect soil productivity by modulating microbial
community features [143]. ZnO-NPs have an ecotoxicological impact on soil microorgan-
isms wherein according to the authors of the reference [144], the microbial respiration,
dehydrogenase, ammonification, and fluorescent diacetate hydrolase activity decrease in
the soil.

Another study demonstrated that ZnO NPs inhibit enzymatic activities such as diac-
etatehydrolysis, urease, and catalase. They also reduced thermogenic metabolism, lowered
Azotobacter, Phosphate-solubilizing, and potassium solubilizing bacterial colonies [145].
According to reports ammonification was suppressed by up to 37.8% in soil that had
received three months’ worth of treatment with 1 mg of ZnO NPs per gram of soil. Res-
piration inhibition was 14.2% during first the month. In soil treated with 1–10 mg ZnO
NPs a similar pattern was observed for dehydrogenase and fluorescent diacetate hydrolase
activities. A study by the authors of the reference [146] was conducted on Staphylococcus
aureus and Escherichia coli which indicate that ZnO NPs are hazardous for both of these
gram-positive and gram-negative bacteria. ZnO-NPs inhibited completely the growth of
S. aureus at doses of 1 mmol/L and E. coli at doses of 3.4 mmol/L [146]. These findings
validated ZnO-NPs’ toxicity to many bacterial systems, paving the way for biomedical and
antimicrobial applications. It has been demonstrated that ZnO-NPs are antibacterial against
a variety of bacteria, Including B. subtilis, E. coli, P. flourescens, S. aureus, and S. typhimurium
as well as fungus including A. flavus and A. fumigates [147]. According to the authors of the
reference [148], exposure to ZnO-NPs results in bacterial morphological abnormalities and
ultimately mortality for food-borne and water-borne diseases such E. coli, C. jejuni, and V.
cholera. Although there is little research using environmental strains, there is a lot of data
concerning the environmental influence of ZnO-NPs [149].

It also has been proven that NPs have an antimicrobial effect against the helpful soil
bacterium P. putida. ZnO-NPs were bacteriostatic, but CuO and AgO-NPs were largely
bactericidal [150]. An intriguing set of findings were produced by P. chlororaphis, a member
of the same genus. These plant-growth-promoting rhizobacteria produced the phytohor-
mones more quickly thanks to CuO-NPs than ZnO-NPs [151]. It appears that ZnO-NPs
have a species-specific impact. For instance, P. putida is bacteriostatically affected by these
NPs [150]. These intricate mechanisms must surely be further investigated because both
species are gram-negative rods with the same general cell layout. ZnO NPs have been
widely used in environmental cleanup and as an antibacterial agent [152].
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In an alternative study, the effects of ZnO NPs on the marine alga Chlorella vulgaris
were studied by the authors of the reference [153], who discovered that cell viability was
inversely correlated with nano-ZnO concentration and exposure time. The authors of the
reference [154] investigated the capability of ZnO-NPs to eradicate clinical isolates of B.
subtilis, E. coli, K. pneumoniae, P. aeuginosa, S. typhi, and S. aureus clinical isolates of B. subtilis,
E. coli, K. pneumoniae, P. aeruginosa, S. typhi, and S. aureus [139]. ZnO NPs were found to have
a greater impact than TiO2 NPs at the same exposure dose, as shown by decreased DNA
content and more pronounced changes in the genetic makeup of the bacterial population
(Figure 5) [155,156].
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5.4. Titanium Oxide

There are many applications for TiO2-NPs, the bulk of which are commercial [157].
TiO2 can potentially be employed in agriculture [158]. In soil PEC value of TiO2 NPs has
been determined to be 1.01 to 4.45 g per kilogram, in soil that is treated from wastes
PEC value of these NPs was determined as 70.6–310 g·kg−1 while in sewage sludge
its PEC value is 100–433 mg·kg−1 [39,117] and the most hazardous factor of titanium
dioxide nanoparticles for soil microorganisms is sewage sludge. Importantly, even the
1000 mg·kg−1 concentrations claimed in several papers are not found in soils exposed to
TiO2 NPs polluted sewage sludge [157].

5.5. Cerium Oxide

Cerium (Ce) is frequently utilized as a catalyst and a fuel additive as CeO2-NPs in
optics [159] which has increased nanoscale form manufacturing levels in the worldwide
market level up to 1000 NT·yr−1. In terms of weight cerium makes up about 0.0046% of
the planet earth [160], Ce can share its electrons in three ways (1) gaining two electrons
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(2) gaining three electrons (3) gaining four electrons. The PEC of CeO2-NPs is unknown; the
PECs of uncultivated and agricultural soils in Denmark is estimated to be 24 to 1500 ng·kg−1

and 10 to 530 ng·kg−1 [137].

5.6. Silica

Silica nanoparticles (SiNPs) are crystalline solids [143] where farming and trading
items are the most common applications [15]. For instance, hollow porous sand nanoparti-
cles are responsible as agents for the managed release of neurotoxins or medicines while also
shielding them from UV light [161]. The annual output of Si-NPs was around 93,300 tons in
2016, which was the third highest production after nTiO2 and nFeOx and rose yearly [162].
The PEC value of sand nanoparticles in different types of soils may range from 86 to
150,000 g·kg−1 [28]. Negative impacts on soil organic communities have not been fully
recognized.

5.7. Quantum Dots

The prospective applications of semiconductor quantum dots (QDs) in electronics,
solar cells, and healthcare have generated a lot of attention. These luminescent nanocrystals
range in size depending on the materials employed and the synthesis process, but most
are between 1 and 10 nanometers in size [70]. Global QD production peaked at around
135 tones in 2012 and has steadily climbed since then [14]. In nanosafety research, QDs
are utilized as fluorescent indicators at the laboratory scale [140]. They are not yet used as
nano-agrochemicals. Less is known about their possible negative effect on human health
and the environment. The PEC value for QDs in soil in Europe was determined lower and
that was about 9 pg·kg−1 [28], nevertheless, due to a lack of data on the QD production
ratio, published exposure model findings are currently quite erroneous.

6. Carbon Nanotubs (CNTs)

CNTs are a cylindrical nanostructure and allotrope of carbon. Single-wall carbon nan-
otubes (SWCNTs) and multi-wall carbon nanotubes (MWCNTs) are the two most popular
forms of CNTs [163]. CNTs used in the electronic industry and have other applications
too [158]. The worldwide requirement for carbon nanotubes is estimated to be over US$
4.5 billion in 2026, with a rise of more than US$ 10–15 billion [14]. CNTs could be used as
a nano-agrochemical to stop viral multiplication and spread, for example [14]. However,
nanosafety issues continue to limit their use in agriculture. The soil PEC value in Europe is
35 ng·kg−1 in urban and natural soil and 12 g per kg in soils treated from wastes projected
for CNTs [26]. It is also critical to understand their behavior and potential environmental
implications. CNTs may behave differently in natural environments depending on their
length, diameter, functionalization, and environmental conditions [164].

CNTs’ impact on the microbiological activity of soil is debatable and has gotten little
study. However, the majority of these studies seem to indicate that CNTs lessen soil
microbial activity [165–167]. Both MWCNTs and SWCNTs prevented soil bacteria from
producing enzymes at 500 mg·kg−1, and MWCNTs decreased the enzyme production
of two natural soils [165]. Similarly, the authors of the reference [166] discovered that
SWCNTs at concentrations of 30 to 300 mg·kg−1 dramatically reduced enzyme activity
in a natural sandy loam soil. Another study found that after 3 days, SWCNTs had a
substantial effect on the bacterial soil community, but after 14 days, the bacteria had entirely
recovered [168,169]. The authors of the reference [162] discovered that MWCNTs at low
concentrations (0.2 mg·kg−1) promoted microorganisms to mineralize an agricultural soil.
The authors of the reference [170] used long-term dry soil research to examine the effects of
MWCNTs in contrast to natural or manufactured carbonaceous materials on soil microbial
populations. After one year of exposure, they discovered that MWCNTs reduced soil
DNA diversity and altered bacterial populations. These results are equivalent to those
of carbonaceous materials, both man-made and natural. As of now, there aren’t enough
studies to determine if functionalized and unfunctionalized CNTs affect soil microbial
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activity differently [170]. There have been few investigations on the effects of CNTs on soil
microorganisms to date. They were all interested in earthworms that were uncovered in
the soil [170–172].

7. Nanoplastics

Nanoplastics, which are closely connected to microplastics, are an increasing pollutant
of concern. Microplastics are most commonly found in macroplastic objects that are mistak-
enly discharged into the environment and breakdown into secondary microplastics [86,173].
Due to the analytical equipment’s resolution limits in identifying and quantifying these
materials, the majority of research has focused on microplastics with particles larger than
10 micrometrers [147]. As a result, there aren’t many articles that examine the relationship
between earthworm species and nanoplastics. In particular, the inclusion of traceable
materials like fluorescently labeled polystyrene (PS) beads enables higher-resolution identi-
fication using fluorescence microscopy [28]. The mobility and bioavailability of metallic
MNOs in the soil is influenced by the material’s physico-chemical characteristics and a
number of soil variables, the most important of which are pH and organic matter. Other soil
parameters are pore size, texture and other surface properties of soil are also important [28].

8. Nano-Agrochemicals/Nanopesticides

These are active compounds that have been improved by nanotechnology and nanofor-
mulation. Nanopesticides, nanofertilizers, and nanosensors are all examples of nanoen-
abled agrochemical [127]. Nanoparticles can interface with the soil community when they
are applied to soils, plants or used for coating seeds potentially influencing soil microbiome
and soil fertility. The microorganisms that dwell in the soil make up the soil microbiota.
Cycles of C, N, P, S, and other elements are significantly influenced by microbiota, as well as
soil formation, pollution, degradation, and water and microbial modification of rock is also
affected by microorganisms. Soil organisms are vital to the ecosystem services provided by
the agricultural landscape, including pest control, biodiversity, soil structure, and nutrient
cycling. Significantly, for the cultivation of land, soil offers a collection of microbes out
of which plants select a community of microbes to support its production and wellbeing.
As a result, the plant responds more quickly to stress, whether it be biotic (pathogens) or
abiotic (drought, floods, chemical toxins) (plant pathogens). The plant microbiome and the
gut microbiome in humans are frequently compared. The second genome of the plant and
its potential for agriculture are believed to reside in the soil microbiome. Some soil micro-
biome can naturally help to prevent plant illnesses by acting as pathogen suppressors. The
creation of smart nano-agrochemicals that combine efficacy and eco-compatibility while
protecting soil microbial diversity depends on an understanding of how nanopesticides
interact with soil and plant microbiome [21].

9. Conclusions

It is undeniable that scientific breakthroughs in nanotechnology have become ex-
tremely important. However, it has had some negative consequences for the ecosystem.
The abundant production of nano-goods, as well as their discharge and permanence within
the soil ecosystem, have damaged beneficial microorganisms and soil composites. Positive
interactions between soil, plant, and bacteria are prevented by surface charges, area, size,
and responsiveness. Some of them, for instance, cling to or enter microbial cells and cause
significant harm. Our comprehensive review of the literature reveals that MNOs may
have adverse, beneficial, or even neutral impacts on soil microbiota. Extensive literature
assessment indicates that MNOs may have negative, neutral, or even positive effects on
soil microbiota. To maintain ecosystem functioning and resilience, the study of interactions
between MNOs and these vital root microbial symbioses must be increased. Procedures for
safe disposal in soil agro ecosystems are widespread and safe, and they should be devised
to avoid contact with soil microflora given the structural and functional toxicity of NPs
to the environment. To put it another way, the items should be tailored to their intended
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use. Many illusive outcomes could be established to open new roads in this discipline
by undertaking microcosm study based on this. These studies are critical for a thorough
understanding of this topic and the protection of the ecosystem.
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silver ions and silver in nanoforms as antibacterial agents. Int. J. Mol. Sci. 2018, 19, 444. [CrossRef]
139. Venkataraju, J.L.; Sharath, R.; Chandraprabha, M.; Neelufar, E.; Hazra, A.; Patra, M. Synthesis, characterization and evaluation of

antimicrobial activity of zinc oxide nanoparticles. J. Biochem. Technol. 2014, 3, 151–154.
140. Murray, R.A.; Escobar, A.; Bastús, N.G.; Andreozzi, P.; Puntes, V.; Moya, S.E. Fluorescently labelled nanomaterials in nanosafety

research: Practical advice to avoid artefacts and trace unbound dye. Nanoimpact 2018, 9, 102–113. [CrossRef]
141. Dempsey, M.A.; Fisk, M.C.; Yavitt, J.B.; Fahey, T.J.; Balser, T.C. Exotic earthworms alter soil microbial community composition

and function. Soil Biol. Biochem. 2013, 67, 263–270. [CrossRef]
142. Tourinho, P.S.; Van Gestel, C.A.; Lofts, S.; Svendsen, C.; Soares, A.M.; Loureiro, S. Metal-based nanoparticles in soil: Fate, behavior,

and effects on soil invertebrates. Environ. Toxicol. Chem. 2012, 31, 1679–1692. [CrossRef]
143. Tchalala, M.R.; Kara, A.; Lachgar, A.; Yagoubi, S.; Foy, E.; Vega, E.; Nitsche, S.; Chaudanson, D.; Aufray, B.; EL Firdoussi, L.; et al.

Silicon nanoparticles synthesis from calcium disilicide by redox assisted chemical exfoliation. Mater. Today Commun. 2018, 16,
281–284. [CrossRef]

144. Shen, Z.; Chen, Z.; Hou, Z.; Li, T.; Lu, X. Ecotoxicological effect of zinc oxide nanoparticles on soil microorganisms. Front. Environ.
Sci. Eng. 2015, 9, 912–918. [CrossRef]

145. Chai, H.; Yao, J.; Sun, J.; Zhang, C.; Liu, W.; Zhu, M.; Ceccanti, B. The Effect of Metal Oxide Nanoparticles on Functional Bacteria
and Metabolic Profiles in Agricultural Soil. Bull. Environ. Contam. Toxicol. 2015, 94, 490–495. [CrossRef]

146. Reddy, K.M.; Feris, K.; Bell, J.; Wingett, D.G.; Hanley, C.; Punnoose, A. Selective toxicity of zinc oxide nanoparticles to prokaryotic
and eukaryotic systems. Appl. Phys. Lett. 2007, 90, 213902–2139023. [CrossRef]

147. Shim, W.J.; Hong, S.H.; Eo, S.E. Identification methods in microplastic analysis: A review. Anal. Methods 2016, 9, 1384–1391.
[CrossRef]

46



Coatings 2023, 13, 212

148. Manzoor, U.; Siddique, S.; Ahmed, R.; Noreen, Z.; Bokhari, H.; Ahmad, I. Antibacterial, structural and optical characterization of
mechano-chemically prepared ZnO nanoparticles. PLoS ONE 2016, 11, e0154704. [CrossRef]

149. Suman, T.; Rajasree, S.R.; Kirubagaran, R. Evaluation of zinc oxide nanoparticles toxicity on marine algae chlorella vulgaris
through flow cytometric, cytotoxicity and oxidative stress analysis. Ecotoxicol. Environ. Saf. 2015, 113, 23–30. [CrossRef]

150. Gajjar, P.; Pettee, B.; Britt, D.W.; Huang, W.; Johnson, W.P.; Anderson, A.J. Antimicrobial activities of commercial nanoparticles
against an environmental soil microbe, Pseudomonas putida KT2440. J. Biol. Eng. 2009, 3, 1–13. [CrossRef] [PubMed]

151. Dimkpa, C.O.; Zeng, J.; McLean, J.E.; Britt, D.W.; Zhan, J.; Anderson, A.J. Production of indole-3-acetic acid via the indole-
3-acetamide pathway in the plant-beneficial bacterium Pseudomonas chlororaphis O6 is inhibited by ZnO nanoparticles but
enhanced by CuO nanoparticles. Appl. Environ. Microbiol. 2012, 78, 1404–1410. [CrossRef]

152. Anjum, N.A.; Gill, S.S.; Duarte, A.C.; Pereira, E.; Ahmad, I. Silver nanoparticles in soil–plant systems. J. Nanoparticle Res. 2013, 15,
1–26. [CrossRef]

153. Simonin, M.; Cantarel, A.A.; Crouzet, A.; Gervaix, J.; Martins, J.M.; Richaume, A. Negative effects of copper oxide nanoparticles
on carbon and nitrogen cycle microbial activities in contrasting agricultural soils and in presence of plants. Front. Microbiol. 2018,
9, 3102. [CrossRef] [PubMed]

154. Svendsen, C.; Walker, L.A.; Matzke, M.; Lahive, E.; Harrison, S.; Crossley, A.; Park, B.; Lofts, S.; Lynch, I.; Vázquez-Campos,
S.; et al. Key principles and operational practices for improved nanotechnology environmental exposure assessment. Nat.
Nanotechnol. 2020, 15, 731–742. [CrossRef]

155. Ge, Y.; Schimel, J.P.; Holden, P.A. Evidence for negative effects of TiO2 and ZnO nanoparticles on soil bacterial communities.
Environ. Sci. Technol. 2011, 45, 1659–1664. [CrossRef]

156. Ge, Y.; Priester, J.H.; Mortimer, M.; Chang, C.H.; Ji, Z.; Schimel, J.P.; Holden, P.A. Long-term effects of multiwalled carbon
nanotubes and graphene on microbial communities in dry soil. Environ. Sci. Technol. 2016, 50, 3965–3974. [CrossRef]

157. Hu, C.; Li, M.; Cui, Y.; Li, D.; Chen, J.; Yang, L. Toxicological effects of TiO2 and ZnO nanoparticles in soil on earthworm Eisenia
fetida. Soil Biol. Biochem. 2010, 42, 586–591. [CrossRef]

158. Kim, B.; Park, C.-S.; Murayama, M.; Hochella, M.F., Jr. Discovery and characterization of silver sulfide nanoparticles in final
sewage sludge products. Environ. Sci. Technol. 2010, 44, 7509–7514. [CrossRef]

159. Baker, S.; Volova, T.; Prudnikova, S.V.; Satish, S.; Prasad, N. Nanoagroparticles emerging trends and future prospect in modern
agriculture system. Environ. Toxicol. Pharmacol. 2017, 53, 10–17. [CrossRef]

160. Johnson, A.C.; Park, B. Predicting contamination by the fuel additive cerium oxide engineered nanoparticles within the United
Kingdom and the associated risks. Environ. Toxicol. Chem. 2012, 31, 2582–2587. [CrossRef]

161. Li, Z.-Z.; Chen, J.-F.; Liu, F.; Liu, A.-Q.; Wang, Q.; Sun, H.-Y.; Wen, L.-X. Study of UV-shielding properties of novel porous hollow
silica nanoparticle carriers for avermectin. Pest Manag. Sci. 2007, 63, 241–246. [CrossRef]

162. Shan, J.; Ji, R.; Yu, Y.; Xie, Z.; Yan, X. Biochar, activated carbon and carbon nanotubes have different effects on fate of 14C-catechol
and microbial community in soil. Sci. Rep. 2015, 5, 16000. [CrossRef]

163. Liné, C.; Larue, C.; Flahaut, E. Carbon nanotubes: Impacts and behaviour in the terrestrial ecosystem—A review. Carbon 2017,
123, 767–785. [CrossRef]

164. Jackson, P.; Jacobsen, N.R.; Baun, A.; Birkedal, R.; Kühnel, D.; Jensen, K.A.; Vogel, U.; Wallin, H. Bioaccumulation and ecotoxicity
of carbon nanotubes. Chem. Central J. 2013, 7, 154. [CrossRef]

165. Chung, H.; Son, Y.; Yoon, T.K.; Kim, S.; Kim, W. The effect of multi-walled carbon nanotubes on soil microbial activity. Ecotoxicol.
Environ. Saf. 2011, 74, 569–575. [CrossRef]

166. Jin, L.; Son, Y.; DeForest, J.L.; Kang, Y.J.; Kim, W.; Chung, H. Single-walled carbon nanotubes alter soil microbial community
composition. Sci. Total. Environ. 2014, 466, 533–538. [CrossRef]

167. Jin, L.; Son, Y.; Yoon, T.K.; Kang, Y.J.; Kim, W.; Chung, H. High concentrations of single-walled carbon nanotubes lower soil
enzyme activity and microbial biomass. Ecotoxicol. Environ. Saf. 2013, 88, 9–15. [CrossRef]

168. Gigault, J.; Halle, A.T.; Baudrimont, M.; Pascal, P.Y.; Gauffre, F.; Phi, T.L.; El Hadri, H.; Grassl, B.; Reynaud, S. Current opinion:
What is a nanoplastic? Environ. Pollut. 2018, 235, 1030–1034. [CrossRef]

169. Rodrigues, D.F.; Jaisi, D.P.; Elimelech, M. Toxicity of Functionalized Single-Walled Carbon Nanotubes on Soil Microbial Commu-
nities: Implications for Nutrient Cycling in Soil. Environ. Sci. Technol. 2013, 47, 625–633. [CrossRef]

170. Petersen, E.J.; Pinto, R.A.; Landrum, P.F.; Weber, J.; Walter, J. Influence of carbon nanotubes on pyrene bioaccumulation from
contaminated soils by earthworms. Environ. Sci. Technol. 2009, 43, 4181–4187. [CrossRef] [PubMed]

171. Petersen, E.J.; Huang, Q.; Weber, J.W.J. Bioaccumulation of Radio-Labeled Carbon Nanotubes by Eisenia foetida. Environ. Sci.
Technol. 2008, 42, 3090–3095. [CrossRef] [PubMed]

47



Coatings 2023, 13, 212

172. Petersen, E.J.; Pinto, R.A.; Zhang, L.; Huang, Q.; Landrum, P.F.; Weber, W.J., Jr. Effects of polyethyleneimine-mediated functional-
ization of multi-walled carbon nanotubes on earthworm bioaccumulation and sorption by soils. Environ. Sci. Technol. 2011, 45,
3718–3724. [CrossRef] [PubMed]

173. Qi, R.; Jones, D.L.; Li, Z.; Liu, Q.; Yan, C. Behavior of microplastics and plastic film residues in the soil environment: A critical
review. Sci. Total. Environ. 2019, 703, 134722. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

48



Citation: Yang, R.; Shen, J.; Zhang, Y.;

Jiang, L.; Sun, X.; Wang, Z.; Tang, B.;

Shen, Y. The Role of Biochar

Nanoparticles Performing as

Nanocarriers for Fertilizers on the

Growth Promotion of Chinese

Cabbage (Brassica rapa (Pekinensis

Group)). Coatings 2022, 12, 1984.

https://doi.org/10.3390/

coatings12121984

Academic Editor: Zivile Luksiene

Received: 31 October 2022

Accepted: 15 December 2022

Published: 18 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

coatings

Article

The Role of Biochar Nanoparticles Performing as Nanocarriers
for Fertilizers on the Growth Promotion of Chinese Cabbage
(Brassica rapa (Pekinensis Group))
Ruiping Yang 1,2, Jiamin Shen 1, Yuhan Zhang 1, Lin Jiang 1, Xiaoping Sun 1, Zhengyang Wang 3, Boping Tang 1,*
and Yu Shen 2,*

1 Jiangsu Key Laboratory for Bioresources of Saline Soils, Jiangsu Synthetic Innovation Center for Coastal
Bio-Agriculture, School of Wetlands, Yancheng Teachers University, Yancheng 224007, China

2 Co-Innovation Center for the Sustainable Forestry in Southern China, College of Biology and the
Environment, Nanjing Forestry University, Nanjing 210037, China

3 Department of Environmental Sciences, The Connecticut Agricultural Experiment Station,
New Haven, CT 06504, USA

* Correspondence: boptang@163.com (B.T.); sheyttmax@hotmail.com or yushen@njfu.edu.cn (Y.S.)

Abstract: Chinese cabbage (Brassica rapa) belongs to the Pekinensis Group and is grown annually as a
salad crop. It is one of the most important food crops in Eastern Asia and the most widely grown
vegetable in China, accounting for more one-quarter of the total annual vegetable consumption in
northern parts of the country. It is reported that nitrogen (N), phosphorus (P), and potassium (K)
fertilizations play important roles in the physio-morphological traits and yields of Chinese cabbage.
However, N, P, and K use in agriculture continues to increase. Excessive application of fertilizers has
a harmful impact on the environment. Yet how to improve the irrigation effects on Chinese cabbage
growth is still limited. In this study, we firstly selected biochar nanoparticles (BNPs) prepared from
corn straw, which had been air-dried and heated in a muffle furnace at 350 ◦C for 120 min, with K
(potassium sulfate), N (calcium nitrate tetrahydrate), and P (sodium dihydrogen phosphate dihydrate)
fertilizers. Then, a screening experiment (Experiment I) was performed via the response model to
find the best solution for Chinese cabbage growth. Treatment with 2 g/kg of N and 2 g/kg of K for
4 weeks was the optimum application to promote Chinese cabbage growth. Then, a comparison
experiment (Experiment II) was carried out to test the best formula for Chinese cabbage growth with
or without BNPs. After co-irrigation with N and K for 4 weeks, treatment with a combination of
2 g/kg of BNPs, 2 g/kg of N, and 2 g/kg of K was the optimum formula for Chinese cabbage growth.
Plant biomass increased by more than 1796.86% and 32.80%, respectively, in two combined treatments
of BNPs and fertilizers as compared to the control treatment. After the addition of BNPs, Chinese
cabbage height (aboveground) and the dry weight of belowground biomass in the N + K treatment
increased to 10.97% and 20.48%, respectively. These results suggest that BNPs have great potential
as a nanocarrier for fertilization as they are highly efficient (over 50% increase), reducing fertilizer
use while promoting plant growth. The use of BNPs as a nanocarrier for fertilizers represents a step
toward more environmentally friendly agriculture.

Keywords: biochar nanoparticle; Chinese cabbage; conventional fertilizers; plant growth; nanocarrier

1. Introduction

Chinese cabbage (Brassica rapa) is known as napa, napa cabbage, petsai, wongbok,
and chihli in Asian countries; and it is also called Chinese leaves or celery cabbage, which
belongs to the Pekinensis group. The vegetable has a long history in China and is of major
importance, with over 300,000 ha grown in China. Chinese cabbage is an important food
in Korea, Taiwan, and Japan, where it is grown as an annual crop. Most Chinese cabbage
cultivars are biennial and produce tight, compact, cylindrical heads [1]. Similar to other
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cruciferous vegetables, Chinese cabbage has a shallow root system, which limits its ability
to absorb water and nutrients from deeper soil [2]. The plant’s nutritional demands are
significantly higher during the growing period when the leaf mass is at its highest [3].

Chinese cabbage is a fast-growing vegetable with high nutritional value. For optimum
growth, Chinese cabbage requires an adequate supply of both soil nutrients and soil wa-
ter [4]. In recent decades, crop production has depended largely on the use of chemical
fertilizers, with nutrient fertilization playing an important role in improving crop produc-
tivity and maintaining soil fertility. Farmers use large quantities of chemical fertilizers
to increase yields. The average cost of fertilizers is a minimum of USD 23.6 per m2 and
0.4 kg per m2 of co-fertilizers (organic fertilizers and N-P-K fertilizers). Over 50–70% of
fertilizers applied to crops/fields are not absorbed by plants but lost to surface runoff [5].
This surface runoff leads to groundwater pollution [6]. Thus, new methods are needed to
improve the effectiveness of fertilizers and reduce loss lost to runoff.

In terms of nutrition, plants require a correct proportion of nitrogen (N), phosphorus
(P), and potassium (K), which have a synergistic effect on plant health, plant growth,
and final plant yield [7]. Fertilizers are fundamental in the development of plants and
crops. Fertilizers help plants grow faster. This goal can be achieved in two ways. The
first is through the use of nutrient-rich additives. The second mechanism by which certain
fertilizers work is to improve the soil’s efficacy by altering water retention and aeration [8].
However, it is known that fertilizers are one of the main pollution sources of soil and
water, with nitrates leaking into groundwater and soil, and N and P runoff into water
bodies [9]. The use of large quantities of fertilizers also contributes to greenhouse gas
emissions, leading to soil pollution, bioaccumulation of pollutants in the soil, and transfer
to the food chain [10,11]. Thus, how to reduce fertilizer use is important for environmental
protection and sustainable agricultural development.

According to a previous study, 40–70%, 80–90%, and 50–90% of N, P, and K, respec-
tively, applied to the soil is lost, representing a considerable cost in terms of key macronu-
trient resources [12]. Previous research suggested that nanocarrier-bound fertilizers exhibit
higher delivery efficiencies than fertilizers applied using traditional irrigation [13]. Car-
bon nanomaterials, including nanotubes and graphene oxide, have been proposed as
nanocarriers for micronutrients [14,15]. Although promising, thus far, most proposed
nanotechnologies for micronutrient delivery have been tested only in the laboratory.

There is much interest in agricultural research in the idea of nanocarriers for fertil-
izers [16,17]. However, the problem of how to improve the delivery efficiency of nano-
macronutrient elements remains [18]. In this respect, the current best strategy is to find a
kind of material to slow nutrient release. Biochar pores are divided into micropores (<2 nm),
mesopores (2–50 nm), and macropores (>50 nm), according to pore size [19]. Larger biochar
pores, such as those of BNPs, offer a significantly greater specific surface area and pore
volume than smaller biochar pores [20]. Biochar is known for its high potential absorption
of heavy metals [21] and organic contaminants [22,23]. Nanosized materials have markedly
high surface areas. Previous research proposed that biochar NPs (BNPs) have great poten-
tial as carriers for fertilizers and that they can slow down the release of fertilizers in the soil.
Zein-based NPs have been shown to be a safe, biocompatible, and effective nanocarriers
for botanical pest repellents [24]. Mesoporous silica nanoparticles were delivered through
soil-free nutrient media to wheat translocated from roots to shoots and localized to chloro-
plasts, which promoted photosynthesis and seedling growth [25]. Compared with chemical
fertilizers used in agriculture, BNPs are more cost effective, eco-friendly, nontoxic, and
stable. In this study, it is hypothesized that BNPs are a kind of material that could reduce
fertilizer use for plant growth. BNP- made nanocarriers would be effective materials for
fertilizer use in sustainable agriculture in the future.
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2. Material and Methods
2.1. BNPs Preparation

Fresh corn stalks were collected from Jiangning District, Nanjing, Jiangsu Province,
China, and aid-dried. The waste biomass materials were then cut into 30–50 mm pieces and
heated in a muffle furnace at 350 ◦C for 120 min. The biochar preparation method followed
that of Shen et al. [26]. The aim was to convert 35% of the biomass into biochar.

After preparation of the biochar, a Planetary Ball Mill (Shunchi Tech, PMQW2; Nanjing,
China) was used to process the BNPs. Ethanol was used as a grinding aid, and the weight
ratio of ZrO2 balls to powder was 15:1 in the vials in the system. The vials were spun at
400 rpm for 6 h. The biochar was then removed and placed in sealed bags and stored in
desiccators until use. Characterization of the prepared nano biochar using transmission
electron microscopy (TEM) was conducted, and X-ray diffractometer (XRD) and X-ray
photoelectron spectroscopy (XPS) were performed via Da 8 Venture Single Crystal X-
ray Diffractometer (Bruker, Germany), Ultima IV X-ray diffractometer (Rigaku, Japan),
and Surface Area and Micropore Size Analyzer (V-Sorb 2800P, Gold APP Instruments
Corporation, Xi’an, China), respectively.

In the experimental treatments, the BNPs were added to the N-P-K solution in a 1:1
(w/w) ratio. Before the root application, the BNPs and N-P-K solution were mixed together
and then placed in a shaker at 140 rpm for 12 h. In terms of the fertilizer additions, N
was derived from calcium nitrate tetrahydrate, P was derived from sodium dihydrogen
phosphate dihydrate, and K was derived from potassium sulfate. All the chemicals were
of analytical pure grade and were purchased from Nanjing Chemical Reagent Co., Ltd.
(Nanjing, China). Leaf quality and stem diameter determined the Chinese cabbage grade.

The experimental soil was an air-dried commercial seedling medium purchased from
Shaanxi Yangling Yufeng Seed Industry Co., Ltd. (Xianyang, China). The cabbage seeds
used were commercial Suzhou Qing seeds (Xingyun Vegetable Seed Breeding Center, Qing
County, China). The seeds were germinated in a seedling box at a temperature of 20/25 ◦C
(day/night), with humidity of 50% (ZLC-100D; Shuolian Equipment Co., Ltd., Hangzhou,
China). Four weeks later, when the seedlings had three true leaves, uniform seedlings
were selected for subsequent experiments. Every three seedlings were placed in a plastic
pot (10 × 7 × 8.5 cm) with a drainage hole of 1 cm diameter at the bottom. A 20-mesh
insect-proof net of 5 × 5 cm was placed on the bottom of the pot to prevent soil leakage.

2.1.1. Experiment I: Screening Experiment

In experiment I, we used a response surface model (Design Expert 9; Stat-Ease, Min-
neapolis, MN, USA) to determine the optimum N-P-K solution for Chinese cabbage growth
(Table S1). In the model, the variates were as follows: unite 0 = 0 g/L, unite 1 = 0.5 g/L,
unite 2 = 1 g/L, and unite 3 = 1.5 g/L. There were five replicates of each treatment, and the
fertilizer treatment was applied to the seedlings every 7 days, with a total of four fertilizer
applications and one control one. During the experiment, plant heights and stem diameters
were recorded once a week. After four weeks, the plants were harvested. Nine seedlings
were randomly selected from each treatment. The above- and belowground parts were
then separated, and the stem diameters, root lengths, and above- and belowground fresh
weights were measured. The root length was measured from the base of the stem to the tip
of the main root. The plants were then transferred to a 105 ◦C oven for 30 min and then
80 ◦C for 24 h. The dry weights of the plants were then measured.

2.1.2. Experiment II

Based on the results of experiment I, the fertilizer treatments were compared to
determine the best ratio of N-P-K solution with or without BNPs. In the protocol design
(Table S2), the variates were as follows: unite 0 = 0 g/L, unite 1 = 0.5 g/L, unite 2 = 1 g/L,
and unite 3 = 1.5 g/L. There were five replicates of each treatment. In experiment II,
the fertilizer treatments (Table S2) were added to the plants every 2 weeks. Four weeks
later, the Chinese cabbage plants were harvested, and the plant heights, root lengths,
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above- and belowground fresh weights, stem diameters, and dry weights were recorded
for further analysis.

2.2. Content of Elements

The dried above- and belowground tissues were ground and passed through a 1 mm
sieve for elemental analysis. Each plant tissue sample (0.5 g) was digested in 50 mL
polypropylene digestion tubes with 5 mL of nitric acid for 45 min on a heat block at 115 ◦C.
The K, P, calcium (Ca), magnesium (Mg), sodium (Na), and sulfur (S) contents of the plant
tissues were determined by inductively coupled plasma emission spectroscopy (Agilent
710 Series; Santa Clara, CA, USA). The elemental content was expressed in mg kg−1 (dry
weight) plant tissue.

2.3. Statistical Analysis

Statistical analysis of the data was performed using SPSS 21.0 statistical software (IBM
Crop., Armonk, NY, USA). The data with the replicates was performed for analysis with
variance. The figures were constructed using PAST 4.03 (University of Oslo, Norway).
Means were compared using the least significant difference test and Duncan’s new multiple
range test. In this study, statistical significance was set at the level of p < 0.05.

3. Results
3.1. The Properties of BNPs

TEM characterization of the prepared BNPs revealed that they were of uniform size
(approximately 85 nm) (Figure 1c,d). In an XRD analysis, the BNPs showed higher peaks
from 18◦ to 30◦, pointing to higher carbon contents in the BNPs. Peaks observed from 15◦

to 36◦ revealed stacking of monoatomic carbon layers as crystallites in the BNPs (Figure S1).
Furthermore, the XPS result presents that the BNPs are rich in oxygen-containing groups
on the surface (Figure S2). Based on the surface-area analysis, it is suggested that the BNPs
are rich in pores on the surface, and it can perform the absorption model with unrestricted
monolayer-multiplayer absorption (Table S1).

3.2. Experiment I: The Optimum N-P-K Solution for Chinese Cabbage Growth

After 4 weeks of growth and four fertilizer applications, based on the treatments
of response surface model, Chinese cabbage growth was best in the T4, T13, and T15
treatments with N-P-K ratios of 2-0-2, 1-1-2, and 2-1-1, respectively. Chinese cabbage
growth was the worst in the T7 and T11 treatments with higher N-P-K ratios of 2-3-2 and
3-2-2, respectively, (Figure 1a).

In the control (T1), the plant size and leaf area of Chinese cabbage were the smallest in
all of the treatments (Figure 1a). Furthermore, the Chinese cabbage above-ground part fresh
biomass and dry biomass was the lowest, at 4.90 and 0.51 in the control compared with
other treatments, respectively (Figure 1d,f). However, the Chinese cabbage under-ground
part presented the highest fresh biomass and dry biomass, which reached 1.30 and 0.22 in
the control and other treatments, respectively (Figure 1e,g).

Plant height and root length reached 12.05 and 16.23 cm, respectively, in the T4
treatment. The maximum increase of 0.05 cm in stem dimeter was found in the T5 treatment.
The T13 and T15 treatments also showed trends toward increases in plant heights, root
lengths, and stem dimeters (11.56, 14.18, and 3.04 cm, respectively) as compared with the
control after 4 weeks. The plants in the T7, T8, T9, T10, and T11 treatments showed a
decreasing trend in plant heights, root lengths, and stem dimeters. In addition, root lengths
in the T3, T6, and T7 treatments exhibited a decreasing trend (Figure 2a–c).
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Figure 1. The phenotype of Chinese cabbage in the screening experiment after four weeks (a); and
the phenotype of Chinese cabbage in the comparison experiment after four weeks (b). The BNPs
TEM image (c). (Note, in Figure a, T1: N-P-K=0-0-0, T2: N-P-K=0-2-2, T3: N-P-K=1-2-2, T4: N-P-
K=2-0-2, T5: N-P-K=2-1-2, T6: N-P-K=2-2-2, T7: N-P-K=2-3-2, T8: N-P-K=2-2-3, T9: N-P-K=2-2-0,
T10: N-P-K=2-2-1, T11: N-P-K=3-2-2, T12: N-P-K=1-3-2, T13: N-P-K=1-1-2, T14: N-P-K=1-2-1, T15:
N-P-K=2-1-1; in Figure 2, T1: BNPs-N-K=1:2:2, T2: BNPs-N-K=2:2:2, T3: BNPs -N-K=2:1:1, T4: BNPs-
N-K=2:0.5:0.5, T5: BNPs-N-K=2:0:0, T6: BNPs-N-K=0:2:2; BNPs, biochar nanoparticles; 1 unit means
0.5 g/L nutrient).
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Figure 2. The ration effects of nitrogen, phosphorus, and potassium on plant height (a), stem diameter
(b), root length (c), fresh weight (d,e) and dry weight (f,g) after four weeks treatments. (Note, T1:
N-P-K=0-0-0, T2: N-P-K=0-2-2, T3: N-P-K=1-2-2, T4: N-P-K=2-0-2, T5: N-P-K=2-1-2, T6: N-P-K=2-2-2,
T7: N-P-K=2-3-2, T8: N-P-K=2-2-3, T9: N-P-K=2-2-0, T10: N-P-K=2-2-1, T11: N-P-K=3-2-2, T12:
N-P-K=1-3-2, T13: N-P-K=1-1-2, T14: N-P-K=1-2-1, T15: N-P-K=2-1-1; 1 unit means 0.5 g/L nutrient;
Error bars indicate standard error of the mean; Different letters indicate the significant differences
with p < 0.05.).

Among all the treatments, the fresh weights of the aboveground parts of Chinese
cabbage were the best in the T4 and T13 treatments, with weights of 10.09 and 11.11 g,
respectively. However, in terms of dry weights, the belowground parts of the control
treatment were the highest (0.22 g). The average of fresh weight and dry weight in the T7,
T9, T10, and T11 treatments was approximately 3.80 and 0.50 g in the Chinese cabbage,
respectively, and the fresh and dry weights in these treatments were significantly lower than
those in the other treatments (p < 0.05) (Figure 2c,e). Based on the plant phenotype, height,
root length, and biomass, the optimum solution of N-P-K was 1.0-0-1.0 g/L (T4, 2-0-2).

3.3. Experiment II: The Application of BNPs with N-P-K for Chinese Cabbage Growth

After milling, corn BNPs with a diameter of 85 nm were obtained (Figure 1c,d). These
BNPs were applied in experiment II. Based on the results of experiment I, 2 g/L of N, and
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2 g/L of K were mixed with BNPs in experiment II to find out the best formula of BNPs
and fertilizers. After 4 weeks treatments, Chinese cabbage showed the best phenotype in
the T2 treatment (2 g/L of BNPs, 2 g/L of N, and 2 g/L of K), with a brighter green color
and better growth than the other treatments. Plant growth in the experimental control
(BNPs only) was poor (T5). In the T5 treatment, all the leaves had chlorosis. Plant size was
smaller in the N-P-K-only treatment (T4 in Experiment I) when compared with that in the
N-P-K plus BNP treatment (T6).

After the addition of the BNPs, Chinese cabbage height and stem diameter were 1.25
and 0.63 times greater, respectively, than the height and stem diameter of the control (T5).
The treatment (T2) to which the BNPs and fertilizer were added resulted in an increase of
2.23 cm and 1.31 cm in plant height and stem diameter, respectively, as compared to that of
the T5 (Figure 3a,b). However, there was no significant difference in the root length among
these treatments (p < 0.05) (Figure 3c).
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Figure 3. The ration effects of biochar nanoparticles, nitrogen, and potassium on Chinese cabbage of
height (a), stem diameter (b) and root length (c) after four weeks treatments. (Note, NPs+N+K: BNPs-
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The fresh weight of the aboveground plant parts significantly increased after the
addition of BNPs (p < 0.05). The aboveground weight reached 52.60 g after 4 weeks in the
T2, with a significant increase in the dry weights of the above- and belowground parts
(3.66 g and 0.52 g, respectively) (p < 0.05) as compared with that of the control treatment
(Figure 4a,c,d). However, Chinese cabbage showed no significant increase, with or without
the addition of BNPs (Figure 4b).

In the elemental analysis, there was no significant difference in the K content in the
treatments with or without the addition of BNPs or in the treatments with or without the
addition of fertilizers (p < 0.05). The average K content of above- and belowground parts
was 28.45 g/kg and 46.93 g/kg, respectively, (Figure 5a,d). The P content of the above-
and belowground parts of Chinese cabbage were significantly higher in the BNPs-only
treatments than in T1 treatment (p < 0.05); however, the fertilized treatments were at the
lower level, with contents of 2.13 and 1.81 g/kg, respectively (Figure 5b,e). The Ca content
of Chinese cabbage was higher in the fertilizer treatments than in the T5 (Figure 5c,f). There
was no significant difference in the Mg contents of Chinese cabbage leaves compared with
the plants in T2 and the control (p < 0.05). The Mg content of underground parts was
significantly lower in T6 (1.92 g/kg) than those treated in T5 (Figure 5g,j). The Na content
of the aboveground parts was significantly higher in the BNP-only treatments than in the
BNP plus fertilizer treatments. The Na content of the belowground parts was significantly
higher in the BNPs plus fertilizer treatments (p < 0.05) (Figure 5h,k). The S contents were
significantly lower only in the BNP treatments (T5), with contents of 4.44 and 3.56 g/kg,
respectively (Figure 5i,l).
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4. Discussion
4.1. N-P-K Nutrient Management for Chinese Cabbage Growth

It is reported that N and P are important for plant growth [27]. In experiment I, we
found that there is no positive correlation between plant growth and an increase in fertilizer
applications. In this study, P was not a significant element for Chinese cabbage growth
(Figures 1 and 2). Previous research reported that rhizosphere colonization by phosphate-
solubilizing bacteria enhanced Chinese cabbage growth by 7.21%, without the addition of
P fertilizer [28]. It was reported that current agricultural production systems require high
quantities of P fertilizers, which have led to a build-up of legacy-P in soils [29]. The left
P has become another P source for plant use; the rhizobacterium Proteus vulgaris JBLS202
stimulated Chinese cabbage growth, with an increase of 32.6% [30]. In a study that used
green fluorescent protein to study YL6 colonization of Chinese cabbage roots, the biomass
of the colonized plants increased 400% as compared with that of noncolonized plants [31].
It was reported that N additions did not significantly improve Chinese cabbage or maize
growth [32], and we found that N has no significant relationship with the Chinese cabbage
growth (Figure 1a). Our findings are in accordance with those of this previous study.

As reported previously, the application of phosphate-solubilizing bacteria can reduce
the consumption of fertilizer and aid sustainable agricultural development. Exogenous
additions of N and K are necessary for Chinese cabbage growth, but P is not. This is the
intended reason that P is missing from experiment II.

4.2. The Effects of BNPs on Chinese Cabbage Growth

In experiment II, the BNPs significantly improved Chinese cabbage growth, especially the
aboveground parts (heights, fresh and dry weights, and stem diameters) (Figures 1b and 2).
Chinese cabbage was significantly smaller and lighter in the N-K-only fertilizer treatments
as compared with the N-K with BNPs treatments. These results indicate that BNPs and N-K
fertilizers applied in a two-time fertilizer application regime led to slow release of fertilizers
and therefore increase the efficiency of the fertilizer treatment as compared with traditional
applications of fertilizers. Compared to the fresh weights and heights of Chinese cabbage
in T2, those in T5 and T6 were reduced 718.10 and 107.45%, respectively, (Figure 2). In
terms of the efficiency of BNPs as a nanocarrier for fertilizers, BNPs improved the biomass
harvest by 18.49% as compared to the treatments without BNPs. As compared with the
other treatments, the N-K treatment combined with BNPs increased the biomass of the
aboveground parts of Chinese cabbage. As reported previously, using nanocarriers for
fertilizers can increase plant height because they have greater potential to provide plant
nutrients continuously than conventional fertilizers [33]. Compared with the fertilizer-
only treatments, the fertilizer plus BNP treatments significantly increased the dry matter
biomass. The results suggest that BNPs are an efficient nanocarrier for fertilizers.

In addition, we found the BNPs on their own did not have positive effects on Chinese
cabbage growth (Figure 1b), with Chinese cabbage treated with BNPs showing dwarfism
and chlorosis. This result confirmed that BNPs do not provide nutrients for plant growth.
Thus, we suggest that BNPs function only as a nanocarrier for fertilizers.

As we know, Mg contributes to plant growth and photosynthesis, and it is important
for leaf development [34]. Higher Mg contents lead to higher fresh and dry weights of
vegetables [35]. Na is a macronutrient required for plant growth. Na has been reported
to increase WUE and stomatal diffusion and augment carbon dioxide uptake efficiency,
thereby resulting in significant gains in nutritional status and positive plant physiological
responses [36]. In the present study, in the treatments containing BNPs, more Mg and Na
were transferred from the soil and the plant roots to the aboveground parts, leading to
an increase in fresh biomass (Figure 5). In addition, Chinese cabbage quality increased in
accordance with an increase of Mg and Na in the N-K-loaded BNPs treatments. As the
fourth major plant nutrient, S, a constituent of three S-containing amino acids, participates
in the formation of chlorophyll for photosynthesis [37]. In this study, the addition of BNPs
reduced the uptake of S from the roots. However, the accumulation of S in the roots had no
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effects on the aboveground parts of the plant. Therefore, we suggest that BNPs can increase
Chinese cabbage absorption of Mg and Na while not limiting aspects of other elements.
Additionally, due to the properties of biochar, P contents are around 60 to 85 ppm in the
biochar [38], and this is the reason that Chinese cabbage can have more P in the above- and
under-ground parts. In addition, the added biochar can help plants to absorb P [39], and it
makes P more effective for plant absorption.

5. Conclusions

BNPs have been applied in agriculture. In a previous study, we applied BNPs to
alleviate the allelopathic effects caused from Imperata cylindrica on rice growth [26], and it
was the first time that we applied the BNPs working as an immunity promoter to induce
the disease resistance in Nicotiana benthamiana [40]. Furthermore, extend research studied
the application of BNPs in agriculture. Using nano-enabled fertilizers and nanocarriers,
such as BNPs, fertilizers can be formulated or “tuned” to release nutrients in a controlled
manner [41]; Figure 6 presents the potential mechanism of BNPs working as nanocarrier
for Chinese cabbage. Using this “smart” technology enables a slower release of fertilizers,
which can help plants absorb nutrients more efficiently than traditional fertilizers, improv-
ing nutrient usage at the same time. The present study demonstrates that using BNPs as a
nanocarrier can improve plant nutrient absorption and fertilizer efficiency and improve
the phenotype and quality of the plant in terms of biomass, height, and root length. In this
study, the application of the BNP treatment to the roots increased the transfer of Mg and
Na for plant growth while not affecting the transfer of other elements. Thus, BNPs can be
considered a nanocarrier for the application of fertilizers in agriculture.
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Figure 6. The potential mechanism of BNPs working as nanocarriers to regulate Chinese cabbage
growth.

This study provides the use of BNPs as a nanocarrier that can better to manage the
fertilizer release than traditional fertilizer treatments, thereby benefiting Chinese cabbage
growth. Soil application of BNPs has benefits for Chinese cabbage in terms of plant growth,
plant height, stem diameter, dry mass, and fresh biomass. Using only half the amount of
fertilizers (2 g/L of BNPs and N-P-K) could achieve the same target in terms of Chinese
cabbage growth as twice the amount of fertilizers applied using traditional methods. In
this study, compared with the fertilizer treatments alone, Chinese cabbage height increased
more than 18–25% and the fresh biomass increased 44% in the BNP plus fertilizer treatments.
We conclude that BNPs provide a novel and efficient nutrient delivery method to improve
plant growth, which is essential in agriculture to achieve more sustainable crop systems.
This study demonstrates the potential of nanocarriers in agricultural fertilizer applications.
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Abstract: It is well known that carbon-based organic fertilizer can effectively promote crop growth
and improve nutrient utilization efficiency. However, little is known about the effect of microor-
ganisms on the nutrient availability of carbon-based organic fertilizer. To elucidate the contribution
of microorganisms to the agricultural benefit of colloidal biochar-based fertilizer, a 5-month pot
experiment was conducted to study the effect of different combinations of Methyltrophic bacil-
lus, colloidal biochar, and organic fertilizer on physical–chemical properties of soil, plant growth,
physiological-biochemical reactions, yield, and quality of tomato. The results show that the addi-
tion of Methyltrophic bacillus effectively promoted the availability of soil nutrients (such as nitrate
nitrogen and available potassium) and increased soil cation exchange capacity; meanwhile, it signifi-
cantly increased the content of chlorophyll-a (9.42–27.41%) and promoted the net photosynthetic rate
(10.86–13.73%) and biomass of tomato fruit (17.84–26.33%). The contents of lycopene, vitamin C, total
sugar, and soluble sugar in the fruits treated by the ternary combination of Methyltrophic bacillus,
colloidal biochar, and organic fertilizer increased by 58.40%, 46.53%, 29.45%, and 26.65%, respectively.
The above results demonstrate that the addition of beneficial microorganisms could further improve
the performance of biochar-based fertilizer on plant growth, yield, and fruit quality of tomato. This
information provides evidence for the promising performance of microorganism-supported biochar
organic fertilizer in agricultural applications.

Keywords: microorganism; colloidal biochar; organic fertilizer; tomato; fruit quality

1. Introduction

Biochar (BC), a man-made form of black carbon, is produced by pyrolysis or gasifica-
tion of organic matter without or with limited oxygen and is rich in organic carbon, mineral
elements, and inorganic carbonates [1]. BC mainly consists of aromatic hydrocarbons
and alkyl structures, which are highly inert and difficult to be oxidized or decomposed
by microorganisms and is extremely stable in soil and can persist for hundreds or even
thousands of years [2,3]. BC usually has a large number of surface functional groups and a
porous structure, which can improve the pH and ion exchange capacity of acidic soil [4,5]
and exhibit high capacity of binding and retaining soil nutrients, so as to reduce the loss of
nutrients and promote the uptake of nutrients by plants [6–8]. Therefore, a synergic effect
is likely to be achieved by loading organic fertilizer into the pores of BC (as a carrier) to
prepare BC-based compound fertilizers, which could increase the nutrient content of BC
and more effectively regulate the release of nutrient elements into the soil.

Carbon-based compound fertilizer mainly includes three typical types: carbon-based
organic fertilizer, carbon-based inorganic fertilizer, and carbon-based organic–inorganic
compound fertilizer. Environmentally friendly carbon-based compound fertilizer is capable
of saving energy and improving nutrient utilization efficiency, which is an important
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development direction for improving the quality and efficiency of chemical fertilizers.
Glaser et al. showed that adding BC to compost in a field experiment increased corn yield
by 26% compared to pure compost [9]. Combined addition of BC and inorganic fertilizer
significantly improved the maize grain yield and biomass yield compared to the unmanned
plot in all irrigation treatments [10]. It is thus clear that the combination of organic fertilizer
and BC has evident advantages in crop growth and soil improvement than the individual
application [11–13]. In recent years, microbial agents have been widely used to improve
the crop growth and can also improve soil properties. Methylotrophic bacteria represent
an important group of multi-functional plant growth-promoting bacteria. Methylotrophic
bacteria utilize the plant waste to product methanol as the source of carbon and energy and
enhances plant growth by producing growth hormones, such as indole-3-acetic acid [14]
and cytokinins [15]. Simultaneously, it can produce beneficial metabolites and promote
plant growth through antagonism, competition, and induction [16,17]. Pot experiments
indicated that the plant height and dry weight of tomato treated with T. afroharzianum
TM2-4 microbial agent were increased by 36.1% and 32.3%, respectively, compared with
the control [18]. Moreover, some reports showed that microbial-organic fertilizers could
replace 23–52% of N fertilizer without any loss of yield [19]. However, there are few studies
investigating the synergic effects of microorganisms and BC-based organic fertilizer on
crop growth and quality. Therefore, we put forward a scientific hypothesis that microbial
agents can further accelerate the nutrient transformation in BC-based organic fertilizer,
effectively promote the absorption and utilization of nutrients by plants, and improve the
fertilizer utilization efficiency.

Therefore, the purpose of this study was to examine the synergic effect (if any) of mi-
croorganisms and BC organic fertilizer on the growth and development of plants. Previous
studies found that colloidal BC possesses more abundant oxyl groups, higher surface area,
and more negative zeta potential than bulk-BC due to its plenty of submicron and even
nano-sized BC fractions [20]. Thus, colloidal BC derived from sawdust was selected to
prepare the BC-based fertilizer in the present study. Methyltrophic bacillus and tomato
were used as typical plant growth-promoting bacteria and plant, respectively. The growth,
physiological and biochemical reactions, and fruit quality of tomato were determined based
on a 5-month pot experiment. The results can not only provide new information for the
development of promising BC-based organic fertilizer but also provide theoretical support
for the agricultural sustainable development.

2. Materials and Experimental Design
2.1. Materials

The air-dried tree branches were used as the raw material to prepare BC. After ground
and sieved (20 mesh), the wood powder was fed into a lab-scale tubular reactor within a
muffle furnace (Tianjin Zhonghuan Electric Furnace Co., Ltd., Tianjin, China) and slowly
pyrolyzed (10 ◦C/min) in a N2 atmosphere at 550 ◦C for 120 min. The obtained BC was
ground and sieved through a 100-mesh sieve. Colloidal BC was obtained by wet sieving
technique [20–22]. Briefly, a certain amount of the BC powder was added to 1 L of deionized
water and stirred (150 rpm) for 24 h. After sonication (1 h at 120 W), the suspension was
slowly poured through a 1-micron sieve and the remaining particles were carefully washed
with deionized water to ensure that most of the desired fractions (<1-micron) can pass
through the sieve and the BC in the filtrate was obtained after it was centrifuged (referred
to as colloidal BC).

The organic fertilizer was purchased from a local environmental technology com-
pany, which was mainly composed of starter, rice bran, and pig manure. Methyltrophic
bacillus was obtained from China microbial strain collection center (Serial number, CCTCC-
AB2014337). A 0.1 mL volume of raw bacillus was spread on Luria Bertani (LB) liquid
medium (4.9 mL), which contained (g/L) tryptone, 10; yeast extract, 5; NaCl, 10; and agar,
18, and the solutions were then incubated in a constant temperature shaking incubator
(IGS100, Thermo, Waltham, MA, USA) at 180 rpm and 30 ◦C for 48 h. The colony was
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extracted from LB liquid medium and dissolved in sterilized phosphate-buffered saline
(PBS, pH 7.4) buffer. The concentration of bacterial solution (1.0 × 106 CFU/mL) was
determined by measuring the light absorption value at OD600 with a spectrophotometer
(Shimadzu, Kyoto, Japan). Tomato seeds, “Jinpeng No. 1”, were purchased from Xi’an
Jinpeng seeds Co., Ltd. (Xi’an, China) The used soil is brown soil and its basic properties
are as follows: pH = 6.34 ± 0.16, cation exchange capacity (CEC) 14.12 ± 1.16 cmol/kg,
organic matter content 35.76 ± 2.04 g/kg, nitrate nitrogen (N) 12.74 ± 0.36 mg/kg, avail-
able phosphorus (P) 12.64 ± 2.37 mg/kg, and available potassium (K) 126.5 ± 9.08 mg/kg.
Basic properties of the colloidal BC and organic fertilizer are shown in Table 1.

Table 1. Basic properties of colloidal BC and organic fertilizer.

Category CEC
(cmoL/kg)

Available K
(g/kg)

Available P
(g/kg)

Nitrate N
(mg/kg)

Organic Matter
Content (g/kg) pH

Colloidal
BC 65.63 ± 4.08 31.56 ± 1.63 83.47 ± 16.02 2.26 ± 0.08 395.33 ± 27.19 8.98 ± 0.90

Organic
fertilizer 73.33 ± 2.45 112.54 ± 2.73 185.70 ± 8.17 15.60 ± 0.86 380.82 ± 23.03 9.98 ± 0.87

2.2. Experimental Design

The tomato seeds were sorted and disinfected by washing with 5% (v/v) NaClO for
10 min and then germinated in a deionized water irrigated vermiculite medium. The
seedlings were incubated in a growth chamber, with 12 h photoperiod, 25/20 °C day/night
temperature, and 60% relative humidity. Seedlings with consistent growth (the third leaflet)
were transplanted into a pot containing 3 kg of dry soil.

A pot experiment was conducted with 6 treatments, including soil control (CK), soil
amended by colloidal BC (3% of soil weight) (T1), soil amended by organic fertilizer (3% of
soil weight) (T2), soil amended by colloidal BC (1.5% of soil weight) and organic fertilizer
(1.5% of soil weight) (T3), soil amended by colloidal BC (3% of soil weight) and microbial
bacterial solution (30 mL, 1.0 × 106 CFU/mL) (T4), soil amended by organic fertilizer
(3% of soil weight) and microbial bacterial solution (30 mL, 1.0 × 106 CFU/mL) (T5), soil
amended by colloidal BC (1.5% of soil weight), organic fertilizer (1.5% of soil weight),
and microbial bacterial solution (30 mL, 1.0 × 106 CFU/mL) (T6). For the treatments
containing both colloidal BC and organic fertilizer, the colloidal BC was thoroughly mixed
with organic fertilizer, composted, and then fermented at a constant temperature of 30 °C
for 4 weeks before use. Colloidal BC-based organic fertilizer was modified by adding
Methyltrophic bacillus. Briefly, after fermenting, Methyltrophic bacillus was added to the
pots with microbial bacterial treatments. The bacterial treatment group was homogenized
with 3 kg of the soil at 30 rpm for 30 min.

2.3. Characterization of Soil, BC, and Organic Fertilizer

Before blending with soil, the properties of soil, colloidal BC, and organic fertilizer
were measured, respectively. CEC was analyzed by sodium acetate extraction flame
photometer method [23]. Available K and P were tested by modified kelowna methods [24].
Nitrate N was estimated by ultraviolet spectrophotometry [25]. Organic matter was
measured by TOC analyzer [26]. The pH value was determined by potentiometric method
and the water–soil ratio (W:V) was 2.5:1.

2.4. Measurements of Plant Growth and Fruit Quality

The heights of the tomato seedlings (from the base to the growth point) were measured
using a ruler (centimeters). Tomato fruit was harvested after ripening and the yield was
calculated. The photosynthetic indexes were measured in the morning (9:00–11:00) and
the second leaf was selected from the top of each plant. Each chosen leaf was measured
three times and the average of the three readouts was recorded. Various photosynthetic
parameters, including net photosynthetic rate (Pn), transpiration rate (Tr), stomatal conduc-
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tance (Gs), and intercellular CO2 concentration (Ci), were measured by the photosynthetic
instrument (GFS-3000 WALZ) [27].

For chlorophyll content, the middle and upper leaves of tomato were selected and
quickly ground into powder with liquid nitrogen, weighed 0.5 g powder into 10 mL
centrifuge tube, and then added cold acetone. The homogenate was extracted in the dark at
4 ◦C for 24 h and was centrifuged at 2500 rpm for 10 min. The supernatant was separated
and the absorbances were read at 662 nm (Chlorophyll a) and 646 nm (Chlorophyll b)
on Shimadzu UV-1800 spectrophotometer (Shimadzu, Kyoto, Japan) [28]. Tomato fruit
quality was determined by selecting mature fruits (repeat picking 4 plants) with the same
growth status of the first ear and the third ear and the average value was taken as the final
value. The total sugar in tomato was obtained by anthrone colorimetry [29]. The soluble
sugar was determined by sulfuric acid anthrone colorimetry [30]. Soluble protein content
was measured using Coomassie Brilliant Blue G-250 (Shanghai Macklin Biochemical Co.,
Ltd., Shanghai, China) according to the method of Bradford [31]. Vitamin C content was
determined using the method of Deutsch and Weeks [32]. Lycopene content was obtained
from spectrophotometry at 502 nm [33]. The concentration of soluble solids in tomato was
measured by means of a digital refractometer PR-32a (ATAGO Co. Ltd., Fukui, Japan) [34].

2.5. Statistical Analysis

Statistical analysis of the growth curve data was performed using standard analysis
of variance (ANOVA), followed by a one-way ANOVA with Duncan’s Multiple Range
Test (DMRT) and were analyzed using SPSS version 21.0 (IBM, Armonk, NY, USA). All
the experiments were carried out at least in triplicate and a significant difference was
considered at p < 0.05.

3. Results and Discussion
3.1. Effect of Colloidal BC-Based Organic Fertilizer on Physical and Chemical Properties of Soil

The CEC of T4 and T5 treatments was significantly higher than that of T1, which may
be enhanced by the self-metabolism of microorganisms in the processes of both compost
fermentation and plant growth. Note that the treatment of T6 (i.e., 1.5% colloidal BC + 1.5%
organic fertilizer + Methyltrophic bacillus) exhibited the highest CEC values among the
different treatments. With the increasing incubation time of colloidal BC in soil, more
oxygen-containing functional groups can be formed on its surfaces under the modifications
of biotic and abiotic (chemical oxidation) processes, which increased the surface charge
density and thereby effectively improved the soil CEC [35,36]. Organic fertilizer had a large
number of humus and oxygen-containing functional groups and its surfaces might have a
variety of binding sites for cations, which also improved the CEC of soil [37]. Figure 1b
shows that the addition of BC or organic fertilizer (T1–T3) significantly (p < 0.05) enhanced
the content of nitrate N compared to CK. However, the presence of Methyltrophic bacillus
(T4, T5, and T6) did not significantly increase the content of nitrate N, relative to treatments
without Methyltrophic bacillus, which may be due to the fact that it would take a longer
time for microorganisms to adapt to the soil environment.

The contents of available K and P in all the treatments were increased, where the values
in the T6 treatment were the highest (Figure 1c,d) compared with CK. The microorganism
inoculated treatments (T4, T5, and T6) had a higher available K content relative to the
non-microorganism treatments (T1, T2, and T3), which was probably attributed to the
conversion of K from the insoluble species to the soluble species through the metabolism
process in microorganisms (Figure 1c). However, the growth of microorganisms needs to
consume energy, which may consume some available K. The opposite trend is observed for
the soil available P (Figure 1d), which can be explained by the fact that microorganisms
cannot significantly increase the content of available P in a short incubation time. The data
demonstrated that the lack of the organic fertilizer in soil media significantly decreased
available P, which was consistent with previous studies [38]. These results indicated that
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the microorganism amendment can greatly improve the contents of CEC, nitrate N, and
available K in the soil, especially for CEC and available K.
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Figure 1. Effects of different treatments on soil CEC (a), nitrate N (b), available K (c), and available P (d). Soil control (CK), 
the amount of colloidal BC accounts for 3% of dry soil weight (T1), the amount of organic fertilizer accounts for 3% of dry 
soil weight (T2), 1.5% colloidal BC +1.5% organic fertilizer (T3), 3% colloidal BC + Methyltrophic bacillus (T4), 3% organic 
fertilizer + Methyltrophic bacillus (T5), 1.5% colloidal BC + 1.5% organic fertilizer + Methyltrophic bacillus (T6). Data with 
different letters are significantly different (p < 0.05). 
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Figure 1. Effects of different treatments on soil CEC (a), nitrate N (b), available K (c), and available P (d). Soil control (CK),
the amount of colloidal BC accounts for 3% of dry soil weight (T1), the amount of organic fertilizer accounts for 3% of dry
soil weight (T2), 1.5% colloidal BC +1.5% organic fertilizer (T3), 3% colloidal BC + Methyltrophic bacillus (T4), 3% organic
fertilizer + Methyltrophic bacillus (T5), 1.5% colloidal BC + 1.5% organic fertilizer + Methyltrophic bacillus (T6). Data with
different letters are significantly different (p < 0.05).

3.2. Effect of Colloidal BC-Based Organic Fertilizer on the Growth of Plants

As shown in Figure 2a, there was little difference in the growth of plants for each
treatment in the first three weeks; however, a significant growth increase occurred from
the fourth week. After that, the tomato maintained a rapid growth trend, where the plant
height in all the treatments was significantly higher than that in the CK. We found that the
growth of tomato reached a peak in the 9th week and then decreased gradually.

For the fruit, the total biomass of tomato fruit in all treatments was significantly higher
than that of CK and the fruit biomass in the microorganism inoculated treatments (T4, T5,
and T6) was significantly higher than that of non-microorganism inoculated treatments
(T1, T2, and T3). It can be seen in Figure 2c that the tomato yield of T6, T5, and T4
treatments were 26.33%, 18.11%, and 17.84% higher than that of T3, T2, and T1 treatments,
respectively, indicating that the combined application of microorganism and colloidal
BC-based organic fertilizer can significantly promote the growth of plants and improve the
yield of tomato simultaneously.
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Figure 2. Effect of different treatments on growth status (a), plant height (b), and fruit biomass (c) of tomato. Data with 
different letters are significantly different (p < 0.05). 
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3.3. Effect of Colloidal BC-Based Organic Fertilizer on Photosynthesis of Plants

As shown in Figure 3a, the net photosynthetic rate of tomato leaves in all the treatments
reached a significant increase (up to 22.01–54.03%) compared with that of CK where the T6
treatment had the largest value. Similarly, the leaf transpiration rate of tomato in all the
treatments (except T1) was also significantly higher than that of CK (Figure 3b), among
which T6 treatment was the highest (11.69 mmoL H2O /(m2s)). The leaf transpiration rate
of T4 was significantly higher than that of single application of BC (p < 0.05) and the T5
treatment increased the leaf transpiration rate of tomato by 10.66%. Compared with only
BC-based organic fertilizer treatment, tomato leaf transpiration rate increased by 11.21%
under the T6 treatment (i.e., 1.5% colloidal BC + 1.5% organic fertilizer + Methyltrophic
bacillus). Moreover, the net photosynthetic rate of tomato leaves was in general, positively
correlated with the amount of available P (y = 0.10x + 12.75, R2 = 0.87), which significantly
increased tomato photosynthesis. Therefore, available P could also significantly improve
the net photosynthetic rate of tomato [39].

The stomatal conductance of tomato leaves in all treatments increased significantly
compared with CK (Figure 3c), where T6 was the highest and reached to 461.33 mmol H2O
/(m2s). Compared with the non-microorganism inoculated treatments (T3, T2, and T1),
the air pore conductance in the microorganism inoculated treatments (T6, T5, and T4) was
significantly increased by 9.18–30.86%. It can be seen from Figure 3b,c that the trend of
stomatal conductance and transpiration rate of each treatment was basically consistent.
The intercellular CO2 concentration of tomato leaves in each treatment was significantly
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lower (p < 0.05) than that of CK. Meanwhile, the intercellular CO2 concentration of each
treatment decreased by 1.87–11.46% compared with the control. The lower intercellular
CO2 concentration indicates that more CO2 might be used in photosynthesis by leaves.
Moreover, compared with T3 and T2 (without microorganisms inoculated), the intercel-
lular CO2 concentration of T6 and T5 increased by 5.56% and 4.96%, respectively. There
was no significant difference in the intercellular CO2 concentration between T1 and T4
treatments. The change trend of intercellular CO2 content in these treatments was basically
opposite to the net photosynthesis rate of leaves, which was in line with the basic rules of
plant photosynthesis.
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Figure 3. The gas exchange parameters: (a) net photosynthetic rate (Pn), (b) transpiration rate (Tr), (c) stomatal conductance
(Gs), and (d) intercellular CO2 concentration (Ci) of tomato. Data with different letters are significantly different (p < 0.05).

According to Figure 3, it is concluded that the application of colloidal BC, organic
fertilizer, and microorganisms could actively promote the photosynthesis of tomato leaves.
Previous studies indicated that the application of colloidal BC can significantly improve
the photosynthesis of seedlings and the application of colloidal BC and organic fertilizer
can also significantly improve the transpiration rate of leaves [40,41]. Microorganism
inoculation (T4, T5, and T6) had an evident promoting effect on tomato photosynthesis
where the photosynthesis of T6 treatment was the highest, indicating that the pores of BC
might provide extra living space for the microorganisms and reduce their competition with
each other [42]. Comparing the Pn of T4 and T1 with T5 and T2, it was found that the Pn
of microbial solution containing colloidal BC is nearly 0.5 µm CO2/(m2s) higher, which
further indicated that colloidal BC (porous) provided growth space for microorganisms.
In addition, microorganisms can help the BC-based fertilizer to provide more nutrient
elements for plant growth.
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3.4. Effects of Colloidal BC-Based Organic Fertilizer on Chlorophyll Content of Plants

It is found from Figures 3a and 4 that the content of chlorophyll was highly dependent
on the net photosynthetic rate of tomato. The chlorophyll-a contents in the microorganism
inoculated treatments (T6, T5, and T4) were 27.41%, 12.74%, and 9.42% higher than those of
non-microorganism inoculated treatments (T3, T2, and T1), respectively. Some studies have
reported that the application of BC and organic fertilizer can effectively improve the content
of chlorophyll in plants and the increase of chlorophyll content can effectively promote
photosynthesis [43,44]. In addition, the inoculation of microorganisms also promoted the
synthesis of chlorophyll in tomato, where the molecular mechanism still needs to be further
studied. Figure 4b shows that the chlorophyll a/b value of tomato was higher than that of
the CK, indicating that the microorganisms cooperated with BC-based organic fertilizer to
promote the synthesis of chlorophyll in tomato leaves.
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3.5. Effects of Colloidal BC-Based Organic Fertilizer on Tomato Quality

Data on the quality of tomato fruits is presented in Table 1. The total sugar content
of fruits in the microbial treatments (T5 and T6) was significantly higher (p < 0.05) than
that of the non-microbial treatments (T2 and T3), for which the total sugar content of
tomatoes increased by 39.95% and 30.87%, respectively (Table 1). Table 1 shows that there
was no significant difference in soluble sugar of tomato fruit in T2 and T3 treatments.
However, for the microorganism inoculated treatments, the soluble sugar content of fruit
was 26.65% higher than that in only BC-based fertilizer treatment. It was found that there
were no significant changes in soluble protein and soluble sugar contents of tomato in
different treatments (Table 1). BC-based fertilizer can provide N for tomato growth and
Methyltrophic bacillus can further improve the tomato plants to absorb N or improve
the availability of N in BC-based fertilizer for plant growth. It has confirmed that the
appropriate increase of N fertilizer can increase the content of soluble sugar in tomato
fruits [45,46].

Compared with CK (Table 1), the content of lycopene in different treatments showed
an increasing trend and the order from high to low was T6 > T5 > T2 > T3 > CK > T1 > T4.
Among them, the lycopene in T6 treatment was 66.39% and 46.56% higher than that of
CK and T5, respectively. The vitamin C content of tomato fruit in all treatments was
significantly higher than that in the CK (p < 0.05). In addition, T6 treatment increased
by 21.95% compared with T5, indicating that Methyltrophic bacillus combined with BC-
based fertilizer can increase the vitamin C content. It can be seen from Table 2 that the
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soluble solid content of tomato fruits in different treatment groups (T2, T3, T4, T5, and T6)
showed significant differences compared with CK (p < 0.05). Among them, the soluble
solid content of fruits treated with T4, T5, and T6 was increased by 8.99%, 12.09%, and
5.81%, respectively, indicating that the synergistic effect of inoculated microorganisms
was evident and could greatly increase the soluble solid content of fruits. Maryam et al.
also obtained a similar conclusion that organic-based fertilizer can increase the content of
soluble solids in tomato fruit [47]. The changes of soil physical and chemical properties
under different treatments showed that the CEC and available P of T6 were significantly
increased, which was to an extent accounted for in the increased tomato yield, fertilizer
utilization efficiency, and fruit quality.

Table 2. Effect of different treatments on tomato quality.

Treatment Total Sugar
(g/kg)

Soluble Sugar
(%)

Soluble
Protein (g/kg)

Lycopene
(mg/100 g) Vitamin C (%) Soluble Solids

(%)

CK 28.13 ± 2.01a 5.03 ± 3.21a 12.31 ± 1.71bc 3.25 ± 0.22ab 0.17 ± 0.03a 4.58 ± 0.15a

T1 34.53 ± 0.80ab 7.32 ± 1.21b 10.34 ± 0.38a 3.47 ± 0.28ab 0.34 ± 0.07b 5.18 ± 0.26b

T2 41.37 ± 2.47b 12.03 ± 2.04bc 13.54 ± 0.88b 4.17 ± 0.47b 0.41 ± 0.03b 5.38 ± 0.78c

T3 55.38 ± 1.79c 12.68 ± 0.25bc 13.80 ± 0.51b 4.03 ± 0.14ab 0.32 ± 0.07b 5.67 ± 0.68bc

T4 54.27 ± 1.43c 14.64 ± 0.33b 14.94 ± 2.28c 2.48 ± 0.17a 0.30 ± 0.01b 6.02 ± 1.24d

T5 68.89 ± 0.93c 15.54 ± 0.33bc 14.71 ± 0.76bc 5.17 ± 0.06c 0.47 ± 0.11b 6.12 ± 0.90c

T6 78.51 ± 0.25d 17.29 ± 0.09c 14.72 ± 0.99c 9.68 ± 0.23c 0.61 ± 0.03c 6.23 ± 0.58d

Different letters in the same column indicate significant differences (p < 0.05) among treatments.

4. Conclusions

Colloidal BC-based organic fertilizer loaded with Methyltrophic bacillus effectively
increased the soil CEC value (3.24–24.12 cmoL/kg), nitrate N (3.30–17.28 mg/kg), available
K (45.56–435.36 g/kg), and P contents (6.04–95.58 g/kg, except T3), indicating that the addi-
tion of growth-promoting bacteria greatly contributed to the transformation and absorption
of soil nutrients and then promoted the growth and development of tomato. The combined
application of plant growth-promoting bacteria and colloidal BC-based organic fertilizer
significantly enhanced the photosynthetic efficiency (Pn, 3.24–14.30 umCO2/(m2s)) of
tomato leaves and further improved the quality of tomato fruit (such as total sugar, soluble
protein, lycopene, vitamin C, and soluble solids), indicating that the growth-promoting
bacteria and colloidal BC-based organic fertilizer had an obvious synergistic effect on the
growth of tomato.

From the perspective of soil available N and fruit quality, these results suggest that
the combined application of growth-promoting microorganisms and colloidal BC-based
organic fertilizer can significantly improve the yield and quality of commercial crops, which
has profound practical significance and application values. Meanwhile, it also provides a
scientific basis for improving the quality and efficiency of BC-based organic fertilizer and
the coupling utilization of microorganisms and BC materials.
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Abstract: Magnesium (Mg) is the most essential element constituent in chlorophyll molecules that
regulates photosynthesis processes. The physiological response of ‘Superior Seedless’ grapes was
evaluated under different foliar magnesium fertilization such as sulfate magnesium (MgSO4·7 H2O),
magnesium disodium EDTA (Mg-EDTA), and magnesium nanoparticles (Mg-NPs) during the berry
development stages (flowering, fruit set, veraison, and harvest). In general, the ‘Superior Seedless’
vine had a higher performance in photosynthesis with Mg-NPs application than other forms. The
Fy/Fm ratio declined rapidly after the fruit set stage; then, it decreased gradually up until the
harvesting stage. However, both MgSO4 and Mg-EDTA forms showed slight differences in Fv/Fm
ratio during the berry development stages. The outcomes of this research suggest that the Fv/Fm
ratio during the growth season of the ‘Superior Seedless’ vine may be a good tool to assess magne-
sium fertilization effects before visible deficiency symptoms appear. Mg-NPs are more effective at
improving ‘Superior Seedless’ berry development than the other magnesium forms. These findings
suggest that applying foliar Mg-NPs to vines grown on salinity-sandy soil alleviates the potential Mg
deficiency in ‘Superior Seedless’ vines and improves bunches quality.

Keywords: fruit quality; nutrient concentration; chlorophyll concentration

1. Introduction

Grapes are one of the most important fruit crops on the planet. Grape is a member of
the Vitis genus, which is part of the Vitaceae family, which contains more than 60 genera.
Grapes (Vitis vinifera L.) are cultivated in more than 100 countries throughout the world,
with an estimated area of 7.8 million hectares in 2016. Wine, jam, juice, grape seed extract,
dried grapes, vinegar, and grape seed oil are among the many goods made from grapes.
In 2016, the world produced 75.8 million tons of grapes, with 39% produced in Europe,
34% produced in Asia, 18% produced in the Americas, and 9% produced in Africa [1].
Grapes are Egypt’s second most important fruit crop, after citrus. Egypt’s agriculture has
succeeded in increasing vineyard area by 220,665 hectares over the past decade, yielding
1,586,342 tons of grapes [2]. The grapevine is one of the most important horticultural crops
in the world. The high value of table grapes is primarily attributed to bio-compounds
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required for human health, such as antioxidants, anthocyanins, and phenolics, which
include gallic acid, catechin, anthocyanins, and resveratrol [3].

The fundamental issue with newly reclaimed and cultivated fields was that they were
often sandy and calcareous soils with poor nutrient concentration, especially magnesium.
Recently, research on magnesium nutrition has begun, with the goal of determining the Mg
requirements of Egypt’s most important crops. Magnesium deficiency has been discovered
in some Egyptian soils such as clay or newly reclaimed soils [4]. Therefore, magnesium
(Mg) is the most essential element constituent in chlorophyll molecules that regulates
the photosynthesis processes [5,6]. The deficiency of Mg during growth seasons limits
photosynthesis performance [7]. The physiological functions of Mg in plants have also been
characterized for flowering induction [8]. Mg is required for the growth and development
of plants [9]. It is also a cofactor in the biosynthesis of various enzymes, including those
involved in respiration and photosynthesis. It is a phloem-mobile nutrient that migrates
between older and younger leaves [10]. Mg is also a significant component of the chloro-
phyll molecule’s ring structure [11]. Additionally, it alleviates abiotic stress conditions,
such as dryness and heat, which can significantly enhance Mg deficit by inhibiting its
absorption due to its mass flow transit [9]. Additionally, it mitigates aluminum toxicity
in acid soils at micromolar concentrations, as opposed to calcium, which is required at
millimolar concentrations [12]. A Mg shortage has been shown to adversely influence
ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), which is involved in CO2
fixation [13], resulting in a decrease in photosynthetic performance [14], which is correlated
to a decrease in photosynthesis performance and stomatal mechanism [15]. Furthermore, it
plays a role of metabolism nitrogen in plant [16]. The inhibitory influence of Mg loss on pho-
tosynthetic capacity and net CO2 absorption was marked in several plant species [5,17,18].
As a result, in certain species, magnesium deprivation affects the structure and function
of the PSI and PSII systems [19]. As a result, a decrease in the Fv/Fm ratio (maximum
quantum efficiency of PSII) was observed in citrus seedlings [20]. Despite this, the Mg
shortage had no effect on Fy/Fm and other fluorescence metrics in Helianthus annuus plants
under Mg deficiency conditions. A rise in the chlorophyll a/chlorophyll b ratio is typically
reported [21]. The decrease in light-harvesting complex II ( LHC-II) abundance in Mg the
absence of Arabidopsis thaliana leaves is caused by thylakoid membrane dysfunction [22].

Many researchers have begun to investigate magnesium nutrition and the determina-
tion of magnesium requirements for economically important crops [23] such as ‘Washington
navel’ orange trees [24] and banana plants, and they have reported on the influence of
magnesium on yield and fruit quality, stating that magnesium fertilization increased the
yield and fruit quality of the aforementioned fruit species [25]. In addition, using the
magnesium application can induce a state of magnesium deficiency during growing [26].
Furthermore, fertilizing “Grand Nain” bananas with 100 g/plant magnesium chelate plus a
foliar spray of 2% magnesium sulfate increased growth metrics, yield, and fruit quality [27].
In addition, treating Le Conte pear plants with compost 45 kg/tree + biofertilizers 20 g/tree
plus 1.5% magnesium sulfate produced the best production and fruit quality [28]. The foliar
Mg (137.5 ppm) application boosted the growth characteristics and yield of Washington
Navel orange trees [29]. Moreover, some studies were conducted to improve bunches of
color quality of Crimson seedless by using foliar application of Mg [30].

‘Superior seedless’ is one of the first seedless table grapes to be produced in the
Mediterranean region, and it adapts well to and performs well in Egyptian circumstances
as well. It was harvested when the meat was yellow-white and the skin was green, as
requested by the European market [31]. ‘Superior Seedless’ is also considered as one of the
most important international grape variety with a good economic return [32]. Consumers
value this grape selection for its excellent nutritional value, great taste, versatile application,
and higher economic returns [33]. The world’s vineyard area is growing as a result of a
continual and unrelenting shift [34]. The purpose of this study is to determine the difference
among foliar magnesium forms on ‘Superior Seedless’ vines grown in salinity sandy soil.
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Furthermore, this study also aims to determine the optimal magnesium form for vine
nutrition under soil salinity conditions.

2. Materials and Methods
2.1. Vine and Experimental Setup

A commercial vineyard in the Nobaria area of Egypt (31.23◦ N, 29.96◦ E) was studied
for two growth seasons (2020 and 2021). The soil was sandy in texture (Entisol-Typic
Torripsamments), and the soil composition is described in Table 1. The farm consists of
6-year-old vines of the ‘Superior Seedless’ cv. grafted on 1103 Paulsen rootstock. Three-by-
three-meter vines were planted in sandy soil using a drip watering system. The pruning
level was done on all vines at 70 bud vines−1 (7 cans × 10 buds can−1 each on four cardons),
and all vines were trained by the Y system. Table 1 summarizes the physical and chemical
examination of the field experiment with ‘Superior Seedless’ vines [35,36]. All vines were
pruned to a height of 60 buds’ vine−1, with the length of the cans ranging from 6 to 8 buds
per can, and each can contain 12–14 buds and were produced until mid-July in European
countries. Additionally, according to the Egyptian Agriculture Ministry, all vines received
the same management program as for NPK fertilizer (300, 200, and 250 Kg were afforded
on three portions from growth starting until harvesting (one portion was added at the
vine dormancy stage) in sandy soil. Uniform vines (48) were chosen and treated with four
different types of magnesium; each treatment consisted of three duplicates with four vines
per replication. All treatments receive 750 g of magnesium sulfate per 600 L of irrigation
water, which was employed to avoid magnesium shortages. It is distinguished by the
yellowing of older leaves and a yellow tint between the veins of the leaves.

Table 1. Soil and irrigation-water traits analysis.

Soil Analysis

Physical Properties Soluble Anions (meq L−1) Soluble Cations(meq L−1)

Sand % Clay % Silt % Texture EC dsm−1 pH HCO3 Cl− SO4 Na+ K+ Mg++ Ca++ SAR
85.8 6.90 11.30 Sandy 4.50 7.93 2.80 14.10 13.10 25.00 3.00 3.80 12.00 8.89

Irrigation-Water Analysis

- - Anions (meq L−1) Cations (meq L−1)

pH EC
(dS m−1) 0.85 CO3

- HCO3
− Cl− SO4

− Ca++ Mg++ Na+ K+ - - -

7.18 567 ppm 0.20 2.45 0.90 1.18 1.73 0.67 2.60 0.16 - - -

2.2. Magnesium Fertilization Forms Treatment Protocol

The foliar magnesium application was laid out as control (0.5 g L−1), MgSO4·7H2O
(0.5 g L−1), Mg-EDTA (Mg chelate 0.5 g L−1), and Mg-NPs powder (0.5 g L−1). Nanoma-
terials provided magnesium nanoparticles (MgO, 99%+ purity, 20 nm) in powder form
at sundown. This optimal concentration was used for application. At sundown during
the four stages of growth (flowers, fruit set, veraison, and harvest), foliar treatments were
made (7:00 pm). In a bath of warm tap water, the magnesium compounds were melted.
Using a knack-sap pump, the solutions were sprayed over the entire vine monthly until the
leaves became saturated. The rest of the magnesium salts were acquired from EL-Gomhoria
Co. Ltd. in Egypt from EL-Gomhoria Co. Ltd. In Mansoura city, Egypt.

2.3. Magnesium Deficiency Index

Magnesium deficiency (MD) results in interveinal yellowing or reddening on old
leaves, beginning at the leaf edge and proceeding to the leaf veins’ petiole-connected point.
These symptoms progress to necrotic brown patches, and in severe MD, the leaves exhibit
necrosis, dray, and premature fall. The Mg deficiency was inspected and scored on a scale
from 0 (no injury) to 5 (very severe injury) [37].
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2.4. Leaf Pigments Content and Chlorophyll Fluorescence

Total chlorophyll (Chls) and carotenoid (Car) content were determined spectrophoto-
metrically [38] on the 7th leaf (ten leaves) from the shoot base.

Individual dark-leaf CF data were recorded. The data were acquired using a commer-
cial fluorimeter (Mini-PAM, Walz, Effeltrich, Germany) and data gathering software (Win
Control, Walz, Effeltrich, Germany). These data included F0 (minimum fluorescence), Fm
(light-saturated fluorescence), and the Fv/Fm ratio (the difference between maximum fluo-
rescence and minimum fluorescence is Fv or variable fluorescence divided by maximum
fluorescence). A fall in the Fv/Fm ratio below 0.75–0.78 suggests a decline in photosys-
tem II photochemical transformation capability [39,40]. On the 7th leaf, CF parameters
were determined.

2.5. Leaf Area, Total Carbohydrate Content, Ion Leakage Percentage, and Malondialdehyde (MDA)

On the 7th leaf, the Sokkia Planix 7 Digital Planimeter was used to quantify leaf
area during four developmental stages. However, the vine canes’ cumulative carbo-
hydrate content was assessed according to [41]. The leaf petiole cell permeability was
also tested. After three washes with deionized water, the rachis samples were put in
10 mL of 0.4 M mannitol at 24 ◦C for three hours. After measuring the EC of the aque-
ous phase (M1), the rachis samples were killed in a water bath at 100 ◦C for 20 min.
This was followed by room-temperature cooling. Then, it was estimated as a percentage
of the relative electrolyte loss from M1 rachis samples using the equation: ion leakage
percent = (M1M2)/M1 × 100 [42,43]. However, MDA was a by-product of lipid peroxi-
dation that accumulated during salinity stress. They used 2.5 g of leaf petiole samples
for MDA extraction [44,45]. This was done by measuring 0–3 mM of TBARS (equal to
0–1 mM MDA) in 1,3,3-tetraethoxypropane (Sigma, St. Louis, MO, USA). During the
assay’s acid-heating halt, TEOP is stoichiometrically transformed to MDA.

2.6. Leaf Minerals Content

Leaf mineral content was measured on the 7th leaf from the base of the shoot during
four vegetative growth stages. Nitrogen % [46], phosphorous [47], and potassium con-
tent [35] as well as the magnesium, calcium, chloride, and sodium content percentages
were demined [48].

2.7. Yield and Berry Properties

At harvest, the number of clusters per vine, average cluster weight (Kg), and yield per
vine (Kg) were determined. In addition, the pruned wood was weighted. The SSC % of
berry juice was measured with a digital refractometer (PR32 ALA-GO Co., Tokyo, Japan) at
lab temperature, and it was represented as a percentage. As for TA %, berry juice (20 mL)
was used for titrating by NaOH (0.1N). The outcome was shown as a percentage. However,
the SSC/TA-ratio was computed to judge bunch maturity [49,50].

2.8. Statistical Analysis

The experiment was designed as a randomized complete block in three-way ANOVA
with three factors: seasons (2 levels), berry developmental phase (4 levels), and foliar
magnesium forms (3 levels) with three replicates per treatment. The mean separations
were run with Tukey’s HSD test (p ≤ 0.05). Pearson’s correlation matrix among the studied
parameters and principal component analysis (PCA) were applied. Tukey’s HSD test was
run using the JMP Pro 16 software, with p < 0.05 taken as indicating a statistically significant
difference (SAS Institute, Cary, NC, USA).

3. Results
3.1. Magnesium Deficiency Index (MD-Index)

Figure 1 depicts the magnesium deficiency index (MD-index), which is a function of
berry developmental stages (BDSs) for all magnesium types. When seasons, BDSs, and
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magnesium application forms are examined, the MD-index demonstrates a significant influ-
ence of p < 0.05. Considering the different magnesium forms, it is obvious that the Mg-NPs
treatment produced fewer symptoms of magnesium deficiency than the other magnesium
forms. Observably, the effect of ‘Mg-NPs’ was that there was no evidence of deficient
symptoms prior to the veraison stage (berry change color) and that it rose somewhat until
the harvesting stage was completed. For vines treated with Mg-EDTA, MgSO4, and control
treatments, deficit symptoms were observed prior to fruit set, increased significantly during
veraison, and persisted until harvesting. However, during the vegetative growth stages,
the ‘Control’ treatment exhibited the most deficiency symptoms. The severity of Mg was
noticed on ‘Control’ vines that were unaffected by the Mg forms, but the control vines
had more symptoms throughout the vegetative growth stages. On sandy soils, symptoms
of a magnesium deficit appear on vines during the growth season, necessitating monthly
spraying of vines to compensate for the shortfall and thereby avoiding deficient occurrence.
Regardless of the magnesium supply to the vines, 750 g of magnesium sulfate per 600 L
of irrigation water is employed to avoid magnesium shortages. It is distinguished by the
yellowing of older leaves and a yellow tint between the veins of the leaves.

Figure 1. The influence of various magnesium fertilizer forms on ‘Superior seedless’ vines throughout
four berry development phases (flowering, fruit set, veraison, and harvesting) under soil salinity
conditions on magnesium shortage during the four stages. The values represent the mean affect levels
in each application plus standard error (n = 3). Tukey’s HSD test (p ≤ 0.05) used mean severance
between blocks (capital letters) to detect significant differences between growing seasons and Mg
applications (capital letters) to distinguish significant differences between Mg types.

3.2. Photosynthetic Pigments: Chlorophyll (Chls) and Carotene (Car)

Photosynthetic pigments as a function of BDSs for all foliar magnesium application
forms are shown in Tables 2 and 3. Leaf pigments show a significant interaction at p ≤ 0.05
when the seasons, BDSs, and foliar magnesium treatments were considered. Generally,
chlorophyll compounds (Chl A and Chl B) and carotenoid (Car) were raised gradually
during BDSs until the harvest stage for all Mg treatments, whereas the untreated vines
(control) treatment presented the lowest decreases in Chls and Car until the end of the
experiment. Despite this, there is a significant variance between Mg treatment on pigment
content that was observed during both growing seasons. The obvious outcomes are that the
Mg-NPs presented the highest amount of Chl A and Chl B and Car compared to the other
Mg treatments and control vines. They were marked with the highest amount at the harvest
stage. Moreover, the Car exhibited the highest content at the harvest time stage compared
to other foliar treatments. Regarding the Chl A:b ratio, the lowest rates at the harvesting
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stage of the vegetative growth period decreased progressively until grape harvesting with
all Mg treatments. Nevertheless, the Chl A:b ratio of Mg-NPs had more stable outcomes
than those shown with other Mg treatments throughout the growing season.

3.3. Parameters of Chlorophyll Fluorescence (CF) (Fv/Fm, Fm, and F0)

A significant interaction between seasons and berry developmental stages was found
as well as the influence of Mg treatments on Fm and F0 (p < 0.001). No significant variations
in Fv/Fm ratio were observed for the interaction effect of seasons, berry developmental
stages, and mg treatments, but significant differences in Fm and F0 were observed, whereas
a significant difference (p < 0.01) was noted for the magnesium effect (p < 0.001). The
Fv/Fm ratio of ‘Superior seedless’ vines was proposed as a function of BDSs; when seasons,
BDSs, and foliar Mg form fertilization were considered, substantial results were obtained
(Table 4). On average, untreated vines exhibit a higher decline in the Fv/Fm ratio than
vines treated with other Mg compounds. It is drastically reduced until the harvest stage.
Except for Mg-NPs treatment, the drop in the Fv/Fm ratio appears to be more gradual
and progressive, including a trend toward a more inferior Fv/Fm ratio during vegetative
growth stages.

Both Fm and F0 rates increased significantly in overall Mg treatments from the initial
stage (flowering) to the veraison stage (Table 4), and this increase was significant for
both Fm and F0. It was discovered that the effect of Mg treatments on Fm and F0 varied
according to the Mg forms. Then, both are steady until the experiment’s duration expires.
In comparison to other treatments, the application of Mg-NPs resulted in the greatest Fm
and F0 values. Thus, when the Fv/Fm ratio of the ‘Superior Seedless’ vine was changed,
Mg-NPs enhanced CF parameters more than other Mg treatments. As a result, this sample
fluorescence parameter can detect magnesium insufficiency.

3.4. Leaf Area, Shoot Carbohydrate, Ion Leakage, and Malondialdehyde Content

Table 5 presents the differences in leaf area, shoot carbohydrate, ion leakage, and
malondialdehyde accumulation as a function of berry developmental stages. The interac-
tion (p < 0.001) was significant between the berry developmental stages and the Mg foliar
fertilization forms and season. The leaf area (cm2) and shoot carbohydrate content (%)
have significantly (p < 0.008) higher values when vines receive the Mg-NPs form than other
forms. Whereas, when considering the ion leakage percent and MDA content, there were
significantly (p < 0.0005) lower values throughout the berry developmental stages. This
implies that there is variability based on Mg type for previous variables.

3.5. Mineral Content in Leaves

Tables 6 and 7 exhibit the significant variances (p > 0.001) between seasons, BDSs, and
Mg application foliar form treatments in the 7th leaf from the base of the shoot N, P, K+,
Ca++, Mg++, Na+, and Cl− content when all were considered as experimental factors. Na+

and Cl− content significantly decreased with Mg-NPs application compared to other Mg
forms. However, the rest of the mineral increased during the growth stages.

3.6. Yield and Berry Quality Properties

Table 8 presents the yield and berry quality properties. The quality variables were
significantly affected by foliar fertilization at harvesting time by 5%. The yield was signifi-
cantly affected more by using foliar Mg-NPs (9.13 kg vine−1) compared to other forms and
control treatments.
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3.7. Multivariate Analysis of Leaf Parameters

A PCA for physiological and biochemical variables data obtained from leaves was
conducted from the tested different foliar magnesium fertilization forms (MgSO4, Mg-
EDTA, and Mg-NPs) applied four times on different fruit developmental stages (flowering,
fruit set, version, and at harvest time) throughout two growth seasons (2020 and 2021) of
‘Superior Seedless’ vines. The PCA separated the effect of magnesium forms under each
seasonal stage. The PC1 explained 70.9% of the variability in the data, while PC2 explained
16.1% of the variability (Figure 2A). Figure 2B displays the negative correlation between MD-
index with all the parameters except for EL%, MDA, Na+ %, and Cl− %. Chlorophyll a and
b and total chlorophyll contents were negatively correlated with chlorophyll fluorescence
variables (Fv/Fm; Fm, and F0). These four valuables (MD, MDA, Na+ %, and Cl− %) had
a negative correlation with the other variables. Chl B showed negative correlation with
Chl A:B. Chl A:B was positively correlated with Chls:Caro and Fv/Fm, whereas it had
a negative correlation with the other valuables. Pearson’s correlation matrix among the
examined parameters shows the correlation and shows these results (Table 9).

Figure 2. Principal Component Analysis (PCA) representing seasons and magnesium application
forms to ‘Superior seedless’ vine grown in sandy soil and salt conditions, plotted with the contribution
of each parameter on the two PCA axes (A) and all the physiological and biochemical parameters
measured in leaf during the growing season (B). Principal Component Analysis (PCA)-Variable
correlation of 7th leaf.

83



C
oa

tin
gs

20
22

,1
2,

20
1

Ta
bl

e
9.

Pe
ar

so
n’

s
co

rr
el

at
io

n
pa

tt
er

n
am

on
g

th
e

co
ns

id
er

ed
va

ri
ab

le
s

of
‘S

up
er

io
r

se
ed

le
ss

’v
in

es
un

de
r

fo
ur

le
ve

ls
of

m
ag

ne
si

um
fo

lia
r

ap
pl

ic
at

io
n.

V
ar

ia
bl

es
M

D
−

In
de

x
C

hl
A

C
hl

B
C

hl
A

+
B

C
hl

A
:B

C
ar

o
C

hl
s:

C
ar

o
Fv

/F
m

Fm
F0

Le
af

A
re

a
Sh

oo
t

C
ar

.
IL

%
M

D
A

N
%

P%
K

%
C

a%
M

g%
C

l%
N

a%

M
D
−

in
de

x
*

1.
00

00
C

hl
A

−
0.

75
43

1.
00

00
C

hl
B

−
0.

64
24

0.
94

41
1.

00
00

C
hl

A
+

B
−

0.
73

07
0.

99
55

0.
97

12
1.

00
00

C
hl

A
:B

−
0.

37
65

0.
20

37
−

0.
12

44
0.

11
14

1.
00

00
C

ar
o

−
0.

49
60

0.
80

04
0.

89
70

0.
83

75
−

0.
24

87
1.

00
00

C
hl

s:
C

ar
o

−
0.

72
81

0.
85

52
0.

71
00

0.
82

32
0.

46
10

0.
38

03
1.

00
00

Fv
/F

m
−

0.
87

58
0.

82
50

0.
79

77
0.

82
67

0.
13

69
0.

72
91

0.
65

23
1.

00
00

Fm
−

0.
52

58
0.

89
58

0.
95

57
0.

92
34

−
0.

14
87

0.
94

69
0.

57
85

0.
72

85
1.

00
00

F0
−

0.
49

61
0.

81
48

0.
85

61
0.

83
61

−
0.

09
65

0.
92

03
0.

45
76

0.
66

03
0.

90
97

1.
00

00
Le

af
A

re
a

−
0.

12
79

0.
65

28
0.

80
11

0.
70

32
−

0.
43

36
0.

87
14

0.
27

90
0.

41
21

0.
87

57
0.

78
71

1.
00

00
Sh

oo
t

C
ar

−
0.

20
59

0.
68

96
0.

82
55

0.
73

68
−

0.
39

68
0.

88
56

0.
32

32
0.

46
62

0.
89

55
0.

82
77

0.
97

90
1.

00
00

IL
%

0.
93

48
−

0.
67

87
−

0.
62

13
−

0.
67

00
−

0.
23

64
−

0.
56

26
−

0.
56

11
−

0.
90

08
−

0.
52

62
−

0.
50

85
−

0.
17

89
−

0.
25

93
1.

00
00

M
D

A
0.

92
91

−
0.

73
60

−
0.

71
22

−
0.

73
77

−
0.

13
62

−
0.

62
06

−
0.

61
01

−
0.

91
85

−
0.

59
84

−
0.

54
74

−
0.

27
09

−
0.

32
83

0.
95

27
1.

00
00

N
%

−
0.

49
26

0.
72

60
0.

82
58

0.
76

32
−

0.
25

68
0.

82
62

0.
43

32
0.

66
97

0.
81

56
0.

75
83

0.
75

45
0.

78
47

−
0.

58
03

−
0.

61
22

1.
00

00
P%

−
0.

49
05

0.
77

36
0.

89
62

0.
81

80
−

0.
33

49
0.

92
53

0.
42

30
0.

72
48

0.
90

70
0.

83
19

0.
85

93
0.

88
10

−
0.

57
35

−
0.

62
71

0.
90

67
1.

00
00

K
%

−
0.

59
34

0.
78

46
0.

84
09

0.
80

99
−

0.
11

09
0.

83
90

0.
50

53
0.

74
60

0.
80

91
0.

76
26

0.
71

50
0.

74
89

−
0.

66
85

−
0.

69
11

0.
90

52
0.

90
47

1.
00

00
C

a%
−

0.
43

10
0.

81
36

0.
91

89
0.

85
34

−
0.

27
80

0.
94

41
0.

46
30

0.
67

07
0.

94
91

0.
87

96
0.

91
44

0.
92

43
−

0.
48

33
−

0.
56

20
0.

86
49

0.
94

40
0.

86
55

1.
00

00
M

g%
−

0.
50

68
0.

90
90

0.
94

81
0.

93
08

−
0.

10
59

0.
80

98
0.

73
15

0.
66

45
0.

92
05

0.
79

06
0.

83
00

0.
84

66
−

0.
44

72
−

0.
54

41
0.

76
70

0.
84

73
0.

76
56

0.
88

47
1.

00
00

C
l%

0.
89

88
−

0.
77

61
−

0.
74

05
−

0.
77

48
−

0.
15

86
−

0.
59

61
−

0.
70

00
−

0.
89

90
−

0.
62

71
−

0.
49

73
−

0.
31

31
−

0.
37

22
0.

89
44

0.
93

94
−

0.
59

32
−

0.
64

08
−

0.
67

83
−

0.
57

10
−

0.
62

40
1.

00
00

N
a%

0.
83

10
−

0.
77

79
−

0.
79

37
−

0.
79

15
−

0.
00

73
−

0.
77

09
−

0.
54

62
−

0.
92

71
−

0.
73

60
−

0.
65

94
−

0.
48

30
−

0.
54

69
0.

90
58

0.
93

11
−

0.
72

71
−

0.
77

97
−

0.
78

09
−

0.
71

34
−

0.
65

35
0.

91
81

1.
00

00

*
V

al
ue

s
re

pr
es

en
ta

ve
ra

ge
va

lu
es

pe
r

se
as

on
,b

er
ry

de
ve

lo
pm

en
ta

lp
ha

se
s,

an
d

m
ag

ne
si

um
fo

lia
r

ap
pl

ic
at

io
n

tr
ea

tm
en

ts
.C

hl
A

—
C

hl
or

op
hy

ll
a

co
nt

en
t;

C
hl

B—
C

hl
or

op
hy

ll
b

co
nt

en
t;

C
hl

A
+

B—
To

ta
lc

hl
or

op
hy

ll
co

nt
en

t;
C

hl
A

:B
—

Th
e

ra
tio

be
tw

ee
n

ch
lo

ro
ph

yl
lA

an
d

B;
C

ar
—

C
ar

ot
en

e
co

nt
en

t;
C

hl
s:

C
ar

—
Th

e
ra

tio
n

be
tw

ee
n

to
ta

lc
hl

or
op

hy
ll

an
d

C
ar

ot
en

e;
Fv

/F
m

—
C

hl
flu

or
es

ce
nc

e
ra

ti
os

;F
m

—
M

ax
im

um
C

hl
flu

or
es

ce
nc

e
in

th
e

lig
ht

-a
d

ap
te

d
st

at
e;

F0
—

G
ro

un
d

flu
or

es
ce

nc
e;

IL
%

—
Io

n
le

ak
ag

e
pe

rc
en

ta
ge

;M
D

A
—

M
al

on
d

ia
ld

eh
yd

e
ac

cu
m

ul
at

io
n;

N
%

—
N

it
ro

ge
n

co
nt

en
t;

P%
—

Ph
os

ph
or

co
nt

en
t;

K
%

—
Po

ta
ss

iu
m

co
nt

en
t;

C
a%

—
C

al
ci

um
co

nt
en

t;
M

g%
—

M
ag

ne
si

um
co

nt
en

t;
C

l%
—

C
hl

or
id

e
co

nt
en

t;
N

a%
—

So
di

um
co

nt
en

t.

84



Coatings 2022, 12, 201

4. Discussion

Magnesium is involved in a number of biochemical and physiological processes that
influence plant growth and development [51]. As a result, the wounded bunches’ early-
stage leaves fall off throughout the growing season. However, under soil salinity conditions,
a variety of mechanisms occur that result in Mg loss [52]. As a result, Mg insufficiency
occurred on control vines earlier in the growth season than on vines treated with other Mg
treatments. This can be seen in the slower transport of Mg through the soil profile, which
results in more Mg adsorption [53]. In addition, changes in Ca and K content across Mg
application rates suggest that Mg and two other cations interact throughout the season [54].
Foliar spraying is a common way for plants to adjust for nutritional deficiencies in the
soil [55]. During the trial period, the efficiency of the nano-magnesium image revealed the
fewest symptoms on the leaves. This result could be attributed to magnesium absorption
being faster than the rest of the pictures, resulting in better photosynthetic efficiency [56].
These conclusions were reached because of the results shown in the graph. The presence of
EDTA in chelated Mg form, on the other hand, has been shown to improve vine growth
and biomass [57], and the sulfate part plays a critical role in the catalytic or electrochemical
functions of the biomolecules in the cells [58].

Chlorophylls (Chls) are reputedly the most outstanding natural syntheses on the
planet, as they are required for the photosynthesis process [59,60]. This method of vegeta-
tion occurs primarily based on gaining light rays by chlorophyll and especially chlorophyll
A [61]. Photosynthesis is a very powerful method wherein it is supplied with 5 to 11 µmol
CO2 m−2 s−1. This process is involved in the biosynthesis of essential organic molecules
required for plant growth and development [62]. The photosynthesizing cells need a
large amount of assimilatory pigment that reaches up to 5% of typical dry matter [63,64].
Most plant species have photosynthetic pigment content in their leaves (chlorophyll and
carotene), which plays a fundamental function in the physiological overall performance
of plants [65,66]. Mg participates in a variety of biochemical and physiological processes
that contribute to vine growth. It is a critical component of the chlorophyll molecule,
affecting both its structure and function [67]. Foliar magnesium fertilization compensates
for deficits in the vines’ growth stages. Additionally, it reflected the quantity and activity
of photosynthetic pigments [54]. Mg is a mineral activator constituent of the chlorophyll
molecule, which is responsible for photosynthetic regulation [68]. As a result, as com-
pared to other Mg forms, the usage of Mg-NPs increased the chlorophyll components and
carotene content [69]. Our findings corroborated those published in Tables 1 and 2. This
comparison most likely reflects Mg-NPs’ superior mobility and absorption capacity when
compared to other forms [70].

Chlorophylls are critical functional and structural cofactors for all photosynthetic
pigment proteins involved in oxygenic and anoxic photosynthesis, and so magnesium
fertilization throughout the growing season contributes to photosynthesis’s efficacy. The
pigments’ distinctiveness is owing to the porphyritic chromophore’s extensive electron
system, which chelates the Mg2+ ion in the center [71]. The results in Table 3 can be clarified
by the variation in the Fv/Fm ratios of the various forms of foliar magnesium fertilization
applied at various growth stages. In comparison to other forms, Mg-NPs dramatically
boosted nucleic acid and carbohydrate enzymes [68]. However, the onset of magnesium
deficit during the growing season may result in a reduction in chlorophyll and carotene
levels [72]. Our findings established that Mg-NPs boosted photosynthetic pigment in
comparison to other Mg forms, and our findings corroborated those of [56].

Since magnesium is required for carbohydrate accumulation in plants, its absence has
an effect on the overall biomass production and distribution among plant sections [73,74].
This shows that three major factors could influence Mg effects. These are the magnesium
forms, mobility, and absorption capacity of magnesium [75]. Our data indicated that the
Mg-NPs increased the leaf area and carbohydrate content of the shoots during the growing
season, owing to the higher photosynthesis performance. We observed reduced values
for ion leakage and MDA quantity when vines were treated with Mg-NPs compared to
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other types. One may argue that increasing magnesium absorption in nano form [69]
resulted in a reduction in the size of the cell wall, which was most likely because of its
role in ion transport across the membrane and involvement in membrane-center ATPase
activity [76,77]. This conclusion was consistent with previous research on citrus [78],
banana [19], and coffee [79]. On the current experiment, we discovered a similar pattern of
carbohydrate accumulation in vines stressed with evident leaf symptoms in the presence of
a magnesium deficiency.

Normally, in plants, an element’s uptake and distribution are controlled by both its
supply conditions and interactions with other elements [80]. Mg, K, and Ca have been
considered to exhibit opposing interactions as cation ions. Mg absorption was restricted
when K or Ca concentrations increased and vice versa [81,82]. However, under salinity
stress, the application of Mg-NPs increases the content of macro and micro-nutrients
(Tables 5 and 6). This may be explained by the inaction between Ca++ and K+ and Mg++,
which increased the abortion of both cations by using Mg-NPs more than other forms [52].
The achieved outcomes regarding the effect of foliar Mg forms on leaf mineral content
proved that the magnesium nano form has a pronounced effect on micronutrient status.
The results agree with the findings of [56]. In addition, the foliar magnesium fertilizer
improved the leaf mineral content of the mentioned fruit crop species.

This could be explained by the fact that the Mg-NPs enhanced photosynthesis during
the growth stages [54]. As a result, the carbohydrate content of the product increased [7].
Our findings established that Mg-NPs raised carbohydrate content more than other forms
(Table 4) and wood-trimmed weight more than other forms (Table 8). However, Mg-
NPs had a considerably greater effect on berry quality features than other treatments, as
measured by SSC percent (17.50%), TA percent (0.805%), and SSC:TA ratio (21.63%) (Table 7).
The lowest SSC:TA ratio observed with Mg-NPs application might be read as indicating
that bunches collected from vines treated with other Mg forms had a significantly longer
shelf life. Additionally, magnesium has a role in protein synthesis as a bridge element that
aids in ribosome assembly [83]. Additionally, it catalyzes about 300 enzymes, including
phosphoenolpyruvate carboxylase, glutathione synthase, phosphatases, kinases, RNA
polymerases, and ATPases [74].

A negative connection was detected between Chl B and Chl A:B. Chls:Caro and Fv/Fm
were positively linked with Chl A:B but negatively with the other assets. Our observations
were acknowledged by both parties [19].

5. Conclusions

The outcomes of this research recommend that the Fv/Fm ratio during the growth
season of ‘Superior Seedless’ vines may be a good tool to assess magnesium fertilization
effects before visible deficiency symptoms appear. Mg-NPs are more effective at improving
‘Superior Seedless’ vine growth than the other magnesium forms. Moreover, a comparison
validated that the application of different forms of Mg foliar fertilization for ‘Superior Seed-
less’ vines does affect the yield and berry quality at harvest time as a final determination
of the impact of Mg foliar fertilization. Overall, Mg-NPs are the most effective form for
application to ‘Superior Seedless’ vines when compared to other Mg forms under saline
soil. It enhanced biochemical and bunched quality variables.

Author Contributions: Conceptualization, S.M.A.-Q.; Data curation, S.F.A.E.-E; Formal analysis,
H.M.A.; Funding acquisition, N.A.A.-H.; Investigation, Z.A.A.; Methodology, S.F.A.E.-E.; Project
administration, S.M.A.-Q.; Resources, Z.A.A.; Software, L.A.A., N.A.A.-H. and H.M.A.; Supervision,
L.A.A. and M.A.A.; Writing—original draft, M.A.A. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

86



Coatings 2022, 12, 201

Data Availability Statement: Relevant data applicable to this research are within the paper.

Acknowledgments: The author Lo’ay, A.A. extend their thanks, appreciation, and gratitude to Sally
F. Abo EL-Ezz for their constructive cooperation during the research stages. This research is presented
as a tribute to the soul of our dead colleague, Sally F. Abo EL-Ezz.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wen, J.; Lu, L.-M.; Nie, Z.-L.; Liu, X.-Q.; Zhang, N.; Ickert-Bond, S.; Gerrath, J.; Manchester, S.R.; Boggan, J.; Chen, Z.-D. A new

phylogenetic tribal classification of the grape family (Vitaceae). J. Syst. Evol. 2018, 56, 262–272. [CrossRef]
2. FAOSTAT. 2020. Available online: http://www.fao.org/faostat/en/#data/QC (accessed on 6 December 2021).
3. Asghari, M.; Rezaei-Rad, R. 24-Epibrassinolide enhanced the quality parameters and phytochemical contents of table grape. J.

Appl. Bot. Food Qual. 2018, 91, 226–231. [CrossRef]
4. Wang, Z.; Hassan, M.U.; Nadeem, F.; Wu, L.; Zhang, F.; Li, X. Magnesium Fertilization Improves Crop Yield in Most Production

Systems: A Meta-Analysis. Front. Plant Sci. 2020, 10, 1727. [CrossRef] [PubMed]
5. Farhat, N.; Elkhouni, A.; Zorrig, W.; Smaoui, A.; Abdelly, C.; Rabhi, M. Effects of magnesium deficiency on photosynthesis and

carbohydrate partitioning. Acta Physiol. Plant. 2016, 38, 145. [CrossRef]
6. Tränkner, M.; Tavakol, E.; Jákli, B. Functioning of potassium and magnesium in photosynthesis, photosynthate translocation and

photoprotection. Physiol. Plant. 2018, 163, 414–431. [CrossRef] [PubMed]
7. Delfani, M.; Baradarn Firouzabadi, M.; Farrokhi, N.; Makarian, H. Some physiological responses of black-eyed pea to iron and

magnesium nanofertilizers. Commun. Soil Sci. Plant Anal. 2014, 45, 530–540. [CrossRef]
8. Monteiro, A.I.; Malheiro, A.C.; Bacelar, E.A. Morphology, Physiology and Analysis Techniques of Grapevine Bud Fruitfulness: A

Review. Agriculture 2021, 11, 127. [CrossRef]
9. Gransee, A.; Führs, H. Magnesium mobility in soils as a challenge for soil and plant analysis, magnesium fertilization and root

uptake under adverse growth conditions. Plant Soil 2013, 368, 5–21. [CrossRef]
10. Taiz, L.; Zeiger, E. Plant Physiology; Sinauer Associates: Sunderland, UK, 2010.
11. Grigore, M.N.; Boscaiu, M.; Llinares, J.; Vicente, O. Mitigation of salt stress-induced inhibition of Plantago crassifolia reproductive

development by supplemental calcium or magnesium. Not. Bot. Horti Agrobot. Cluj-Napoca 2012, 40, 58–66. [CrossRef]
12. Li, D.; Ma, W.; Wei, J.; Mao, Y.; Peng, Z.; Zhang, J.; Kong, X.; Han, Q.; Fan, W.; Yang, Y.; et al. Magnesium promotes root

growth and increases aluminum tolerance via modulation of nitric oxide production in Arabidopsis. Plant Soil 2020, 457, 83–95.
[CrossRef]

13. Pang, J.-J.; Shin, J.-S.; Li, S.-Y. The Catalytic Role of RuBisCO for in situ CO2 Recycling in Escherichia coli. Front. Bioeng. Biotechnol.
2020, 8, 543807. [CrossRef]

14. Jamali Jaghdani, S.; Jahns, P.; Tränkner, M. The impact of magnesium deficiency on photosynthesis and photoprotection in
Spinacia oleracea. Plant Stress 2021, 2, 100040. [CrossRef]

15. Jamali Jaghdani, S.; Jahns, P.; Tränkner, M. Mg deficiency induces photo-oxidative stress primarily by limiting CO2 assimilation
and not by limiting photosynthetic light utilization. Plant Sci. 2021, 302, 110751. [CrossRef] [PubMed]
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Abstract: Copper nanoparticles (CuNPs) have been widely used in various industrial and commercial
applications, which become a potential threat to aquatic organisms. Nevertheless, their potential
toxicity to the epididymis and sperm remains little known. In this study, we evaluated the effect of
CuNPs and copper ions (CuSO4) on the spermatozoa viability, epididymal structure, antioxidant
enzyme activity, and inflammatory cytokines in cauda epididymis of the Chinese soft-shelled turtle.
Results showed that the spermatozoa viability of Chinese soft-shelled turtles decreased significantly
with an increase in CuNPs or Cu ions concentrations. The epithelial cells of the epididymal duct
of the Chinese soft-shelled turtles with the treatment of 5 mg kg−1 CuNPs were slightly swollen,
and the connective tissue between the epididymal ducts was loose. The epithelial structure of the
epididymal tube was severely damaged with an increase in Cu ion concentrations. Compared to the
control, the antioxidative enzymes activities and the expression of IL-1β, TNF-α, and IL-6 mRNA in
the epididymis significantly increased with the treatment of CuNPs or CuSO4. The present study
revealed that Cu ions exert more harmful effect on the epididymis and spermatozoa viability of
Chinese soft-shelled turtles than copper nanoparticles.

Keywords: CuNPs; epididymis; sperm; Chinese soft-shelled turtles; toxicity

1. Introduction

Copper nanoparticles (CuNPs) are one of the most commonly used nanomaterials,
which have received much attention in these years and have been widely used in fungicides,
cosmetics, printers, and electronics, because of their antifungal, optical, and electrical prop-
erties [1,2]. The extensive use of CuNPs has led to direct contamination in the aquatic envi-
ronment, as they can be released into aquatic ecosystems through indirect pathways, such
as runoffs and leaching from industrial and agricultural sites, and also through direct path-
ways, with the use of antifouling paints [3,4], raising a global concern for ecological impacts
of such contamination [5]. The aquatic environment is considered to be a sink for pollu-
tants [6]. Although copper is an essential trace metal required by all living organisms, it can
be toxic to organisms when it excesses the physiological requirement of organisms. The ap-
plication of CuNPs has caused adverse effects on aquatic organisms, such as fish, daphnias,
and algaes, due to their dynamic physicochemical processes in an aquatic environment [7,8].
The LC50 value represents a common point in the lethal physiological response to toxic-
ity, which has been abundant in data in many crustaceans. For example, the 96 h-LC50
value for shrimps of Exopalaemon carinicauda, Echinogammars olivii, Sphaeroma serratum, and
Palaemon elegans was 0.712 mg Cu/L, 0.25 mg Cu/L, 1.98 mg Cu/L, and 2.52 mg Cu/L,
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respectively [9,10]. In addition, for paddy field crab Paratelphusa hydrodromus and freshwa-
ter crab, Barytelphusa cunicularis, the 96 h-LC50 values recorded were 15.70 mg Cu/L and
215 mg Cu/L, respectively [11,12]. Likewise, in freshwater crayfish, Procambarus clarkia, the
96 h-LC50 value reached 162 mg Cu/L [13]. These large variations in sub-lethal effects to
Cu toxicity in crustaceans appear to be species specific. There are a large number of studies
on the effects of copper on fish toxicity. According to a review by Malhotra et al. [14], it can
be seen that the acute and sub-chronic exposure concentrations of different fish to copper
vary significantly, ranging from micrograms to approximately 250 g per liter.

The negative impacts of CuNPs on different aquatic organisms have been reported
by many researchers; however, it remains difficult to conclude what is the major cause of
NPs toxicity [15]. Most studies showed that the toxicity of metal nanoparticles (MNPs)
to organisms was attributed to their release of soluble ions [7,16,17], while some other
studies demonstrated that CuNPs could penetrate into cells or move to different organs
and tissues, thus damaging the organisms [18,19]. There are also some reports indicating
that the toxicity of CuNPs was caused by the combination of nanoparticles and the released
copper ions [2,20]. Zhang et al. [21] illustrated that the toxicity of CuNPs to zebrafish
embryonic cells was not only caused by the released Cu ions, and CuNPs and Cu ions
accounted for 48.4% and 51.6% of the total Cu content, respectively.

Sperm quality analysis is considered to be a potential tool for use in the assessment
of environmental quality and has been successfully applied as a biomarker to evaluate
the effects of contaminants in the aquatic environment on fish reproduction [22,23]. Con-
taminants in aquatic environments could affect the fertilization efficiency of aquatic organ-
isms [24], which can decrease spermatozoa motility and fertilization efficiency. Histopatho-
logical studies can be used as a dependable tool to investigate the toxic effects of environ-
mental pollutants and to assess symptoms of damages [25]. Gürkan et al. [26] reported that
10 days of Fe2O3 NPs exposure caused significant histopathological damages to rainbow
trout (Oncorhynchus mykiss). Antioxidant enzymes are known to be the first line of response
upon stress, playing an important role in maintaining normal metabolism and function
of the organisms [27]; they play an important role in maintaining the ROS homeostasis
of organisms [28]. The classic antioxidant enzymes include superoxide dismutase (SOD),
catalase (CAT), glutathione peroxidase (GPx), etc. They are very sensitive to environmental
pollutants, and thus, they are usually employed as important biomarkers in numerous
environmental toxicology experiments [29,30].

Previous studies suggested that contaminants could cause a potential risk to the
fish species during their reproduction season when fertilization occurs [31]. Research
on the effect of contamination on fish spermatozoa has mainly focused on the influence
of the ionic form of metals. Few studies have performed risk assessment of toxicity of
nanomaterials to male gamete motility. CuSO4, CuNPs, and CuO NPs in the aqueous
environment primarily cause a reduction of spermatozoa velocity, and the effect of Cu ions
on sea trout spermatozoa motility was more harmful than that of copper nanoparticles [24].
Our current understanding of the toxic of CuNPs to the sperm in reptiles is severely limited
as compared to the fish. Chinese soft-shelled turtles (Pelodiscus sinensis) are one of the
common species of reptiles and are widely distributed in China, which is famous for their
economic and pharmacologic value. Freshwater turtles play a major role in maintaining
balance in the ecosystem of any wetland. They act as scavengers by decaying dead organic
matter and indicators of a healthy aquatic ecosystem. Some of them are carrion eating
species that feed on aquatic weeds and reduce eutrophication. As a representative of
freshwater turtles, Chinese soft-shelled turtles first appeared 120 million years ago and
have an important position in the study of species evolution. Our previous results have
shown that the epididymis of the Chinese soft-shelled turtle is similar to that of mammals
and is divided into three parts: caput, corpus, and cauda. The cauda epididymis is the
main site of sperm storage [32]. The Chinese turtles’ epididymis is unique in that sperm
can be stored in its epididymis long-term with a low apoptosis rate. It can be seen that the
epididymis plays an important role in the storage of sperm and the reproduction of species.
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In this study, we aimed to assess the in vivo effects of CuNPs and CuSO4 on sper-
matozoa viability, epididymal structure, antioxidant enzyme activity, and inflammatory
cytokines in cauda epididymis of the Chinese soft-shelled turtle. This study may provide
preliminary information regarding the ecological impacts of CuNPs on the fertilization
efficiency of aquatic organisms.

2. Materials and Methods
2.1. Chemicals and the Test Organism

CuNPs with a primary size of 40 nm were purchased from Sigma (St. Louis, MO, USA),
the particle size was determined using Transmission Electron Microscopy (TEM, JEOL
Ltd., Tokyo, Japan), and the pristine shape of CuNPs used in the experiment was spherical
(Supplementary Materials). The stock suspension of CuNPs (100 mg L−1) was prepared
by suspending the powder in MilliQ water. The suspension was sonicated (20 kHz, 100 w,
20% cycle off at 25 ◦C) in an ice-cold bath for at least 40 min and stirred for 30 min. Cu ions
stock solution (100 mg L−1) was prepared by dissolving CuSO4 (99% purity, Sigma-Aldrich)
in deionized water. The concentration of the products tested (CuNPs and CuSO4) was
expressed as mg Cu L−1 in the media regardless of the dissolution and aggregation of the
products.

A total of 45 adult male Chinese soft-shelled turtles (body weight 700 ± 50 g) were
chosen as model species of aquatic organism, which were purchased from Yancheng,
Jiangsu Province, China. The healthy individuals with basically the same size, having no
damage on the body surface and showing normal activities, were selected in the exper-
iment. Animals were treated in accordance with the Care and Use of Wild Animals in
The People’s Republic of China. In the laboratory, turtles were reared in big water tanks
(30 × 40 × 40-cm) containing sand and filled with freshwater during the 2021 breeding
season for 7 days prior to the beginning of experiments.

Turtles were divided into five groups (Control, 5 mg kg−1, and 50 mg kg−1 CuNPs or
CuSO4), and each treatment had three replicates. We calculated the volume of the required
stock solution based on the body weight of the turtle; then, we set the volume to 20 mL
and injected it into the abdominal cavity of the turtle. The control group was replaced with
PBS (sterilized distilled water) solution. The animals were sacrificed by cervical dislocation
at 24, 48, and 72 h after intraperitoneal injection. The cauda epididymis was separated
according to the anatomical structure. One of each pair of cauda epididymis was used for
light microscopy; the other was used to collect sperm to test its viability. Subsequently,
the cauda epididymis with sperm removed was cryopreserved in liquid nitrogen for other
experiments.

2.2. Light Microscopy

The samples were fixed in neutral buffered formalin, embedded in paraffin, and
serial sectioned (at 5 µm). These sections were stained with Harris’ hematoxylin and
eosin (HE) for light microscopic observation. Slides were assessed using an Olympus
microscope (BX53, Olympus Corporation, Tokyo, Japan), camera (Olympus DP73, Olympus
Corporation, Tokyo, Japan), and the AnalySIS image-analyzing system (AnalySIS).

To observe the integrity of the epididymal epithelial structure, 20 pictures of straight
perpendicularly cut epithelium sections were taken at 400× magnification. In each picture,
the epithelium was measured 3 times.

2.3. Epididymal Sperm Preparation and Viability Test

The epididymal sample was placed in phosphate-buffered saline and exsanguinated
for 5–10 min. After transferring to fresh PBS, the connective tissue around the epididymis
was removed, and the sperm in the epididymal tubules flew into PBS for 10-15 min to
ensure that all sperm are obtained as much as possible. Then, we transferred the PBS buffer
containing sperm to a centrifuge tube and concentrated it by centrifugation at 700× g for
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10 min at 4 ◦C. Sperm were suspended in sterile PBS. We diluted the sperm concentration
to 106 mL−1.

Sperm viability was quantified with double staining of fluorescein isothiocyanate
(FITC) conjugated annexin-V and propidium iodide (PI) (Biouniquer, BU-AP0103, Biouni-
quer Technology, Nanjing, China). Ten thousand cells per sample were acquired with an
FACS scan flow cytometer (FACScan, Becton Dickinson, Franklin Lakes, NJ, USA). Take
1 mL of the prepared sperm suspension, which was washed twice with binding buffer and
processed following the manufacturer’s instructions. Cells fluorescence was analyzed with
flow cytometry using the Cell Quest Pro software (Beckman Coulter, Becton Dickinson,
Franklin Lakes, NJ, USA).

2.4. Biochemical Assay

The epididymal tube sample from which the sperm has been removed was homog-
enized with a glass homogenizer in ice-cold conditions by adding Tris-HCl buffer and a
small amount of protease inhibitor. Then, homogenates were centrifuged at 9000× g for
30 min at 4 ◦C. The supernatant was collected for measuring oxidative stress markers. SOD,
CAT, and GSH activities were determined using the kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) and according to the manufacturer’s instructions.

2.5. Analysis of mRNA Expression Levels

Primers were designed using Primer 3 software (http://bioinfo.ut.ee/primer3/, ac-
cessed on 19 February 2021). The expression of IL-1β, TNF-α, and IL-6 mRNA in the cauda
epididymis of Cu-treated soft-shelled turtles was examined using real-time PCR. Total RNA
was isolated from tissue samples using the RNeasy Mini Kit Qiagen (Catalog no. 74104).

Real-time reverse transcription polymerase chain reaction (RT-PCR) was used to detect
the mRNA expression levels of IL-1β, TNF-α, and IL-6. Total RNAs were extracted from
epididymal epithelial cells by adding 1 mL of TRIzol Reagent (Invitrogen, Waltham, CA,
USA) and reverse-transcribed to form cDNAs using the ABI7500 Real-Time PCR system
(Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s instructions.
β-actin was used as an endogenous quantity control. The primer sequences used in the
quantitative real-time PCR reactions were as shown in Table 1. The total volume of 20 µL
PCR reactions was prepared by mixing 1.0 µL of cDNA sample, 10.0 µL of 2× SYBR Premix
Ex Taq II (Tli RNaseH Plus, Takara Bio Inc., Shiga, Japan), 0.4 L of forward primer (10 M),
0.4 L of reverse primer (10 M), and 8.2 µL of ddH2O. The final results were presented as
the ratios of the relative amount of the target gene to the control gene using the 2−∆∆CT

equation, where ∆∆CT = CT (target gene) − CT (internal control gene). The results were
analyzed using the Rotor-Gene 6.0 software (Corbett Research, Mortlake, Australia). The
results were comparable to those normalized to β-actin, and the statistical analysis was
performed using the average relative mRNA levels from three independent samples.

Table 1. Primers and annealing temperature for real-time PCR.

Genes Primer Sequence (5′-3′) Annealing
(◦C)

Length
(bp)

GenBank
Accession Number

psIL-1β Fwd GACAATGACTTGAGCAGCA
psIL-1β Rev AGCCATGTTCAGCCTCACTT 60 226 JX846915

psTNF-α Fwd CAGAGAGCAGGCCCTATGAC
psTNF-α Rev TTGTTCCCCTTGAAGACCAC 60 218 XM_006127997

psIL-6 Fwd GGAGATGCTTGCCCAAAAT
psIL-6 Rev TGCACCAGGATTTTTCACC 60 244 XM_006138351

β-actin-Fwd TGTTACCCATACTGTGCCCATC β-actin-Rev
TAGCCATCTCCTGTTCAAAATCC 60 212 EU727174
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2.6. Statistical Analysis

All data were expressed as means ± SE. Significant differences were analyzed by one-
way ANOVA followed by Tukey’s test using SPSS (version 19.0). p < 0.05 was considered
significant.

3. Results and Discussion

The widespread use of CuNPs inevitably results in their release into the aquatic
environments; therefore, it is essential to evaluate their potential toxic effects on aquatic
organisms. In our study, the response of the Chinese turtle to the external stimulus has
gradually deteriorated, and the degree of injury was positively correlated with the increase
in Cu concentration and time. At 50 mg kg−1, although the animals still survive, their
physiological state has been very poor; there was almost no response to external stimuli, as
the head and neck remained outside with the treatment of 50 mg kg−1 CuSO4 for 72 h. In
addition, there were no changes in the weight and color of the turtles with the treatment of
CuSO4 or CuNPs for 72 h.

3.1. Effect of CuNPs and Cu Ions on Sperm Viability

Sperm analysis is considered to be useful for determination of the male infertility
cause [33]. Some reports showed that Cu can negatively affect sperm quality parameters in
rats [34] and rabbits [35] under acute exposure. In the present study, sperm viability was
detected by the flow cytometry. Results showed that the treatment of CuNPs and CuSO4
resulted in a dramatic decrease in sperm viability after 24 h of injection compared with
the control (Figure 1B–E). The sperm viability of Chinese soft-shelled turtles decreased
significantly with a further increase in CuNPs or Cu ion concentrations (Figure 1F). Sperm
viability was nearly 18.2% and 40.4% for 50 and 5 mg kg−1 CuSO4 after 72 h, respectively.
Meanwhile, the viability was much higher with the treatment of 50 and 5 mg kg−1 CuNPs
(Figure 1F), suggesting that Cu ions were more toxic to the sperm. The amount of soluble
ions released from CuNPs is much lower than the concentration of corresponding CuSO4.
The toxicity of copper ions on the organisms was much higher than that of the nanopar-
ticles, although nanoparticles could cause toxicity to the organisms. Kowalska-Góralska
et al. [24] reported that CuNPs and CuO NPs exerted less harmful effects than Cu ions on
spermatozoa motility of sea trout. In line with this, Adam et al. [16] illustrated that the
toxicity of CuO NPs to aquatic organisms was mainly caused by the released Cu ion.

3.2. Effect of CuNPs and Cu Ions on the Histological Analysis

Compared with the control, the epithelial cells of the epididymal duct of the Chinese
soft-shelled turtle with the treatment of 5 mg kg−1 CuNPs were slightly swollen, and the
connective tissue between the epididymal ducts was slightly loose (Figure 2A); meanwhile,
we found intravascular congestion, and a small amount of blood appeared in the lumen
blood cells in the epididymis of Chinese soft-shelled turtle with the treatment of 50 mg kg−1

CuNPs; however, the overall structure of the epididymal duct is basically intact (Figure 2B).
Part of the epithelium of the epididymal tube was peeled off, and the connective tissue
between the epididymal tubes was very loose in the epididymis with the treatment of
5 mg kg−1 CuSO4 (Figure 2C,D). The epithelial structure of the epididymal tube was
severely damaged with an increase in Cu ion concentrations (from 5 to 50 mg kg−1), cell
connections were broken, and sperm in the cavity may flow to the knot tissue through the
rupture (Figure 2E).
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Figure 1. Flow cytometry analysis using Annexin V and propidium iodide (PI) staining illustrating 
sperm viability at 24 h. Note: (A) Control; (B) CuNPs 5 mg kg−1; (C) CuNPs 50 mg kg−1; (D) CuSO4 
5 mg kg−1; (E) CuSO4 50 mg kg−1; (F) sperm viability. 
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of 50 mg kg−1 CuSO4 (Figure 3). The ROS levels and CAT activity decreased significantly 
at 48 h and 72 h. Combined with histological results, it can be seen that with time, the 
epididymal epithelial necrosis rate increased, resulting in a decrease in CAT activity. Ac-
cording to the related literature [39], ROS plays an important role in the process of remov-
ing necrotic cells. We speculate that this may be one of the important reasons for the de-
cline in ROS levels. GSH is involved in cell protection by providing reducing capacity 
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Figure 2. Photomicrograph of cauda epididymis in Chinese soft-shelled turtle with different treatment.
Note: (A) Control; (A) CuNPs 5 mg kg−1; (B) CuNPs 50 mg kg−1; (C) CuSO4 5 mg kg−1; (D) Higher
magnification of the boxed area in (C); (E) CuSO4 50 mg kg−1; (F) Control. The arrow in (A) shows
connective tissue, the arrow in (B) shows blood cells, the asterisk in C also shows connective tissue,
and the arrow in (E) shows sperm outflow. Ep, epithelium; Sp, Sperm. Scale bar: (A,B,E) = 20 µm;
(C,D) = 100 µm; (F) = 50 µm.

The plasma membrane is an important structure for maintaining a highly controlled
intracellular environment that enables biochemical reactions and enzymes to function at
optimum rates; it also plays an important role in sending and receiving cellular signals,
and it takes part in the process of nutrient absorption [36]. With this in mind, the reduction
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in spermatic plasma membrane integrity may be directly associated with cellular damage.
It is not difficult to conclude that exposure to CuNPs and Cu ions have different effects on
the structure of epididymis, although so far, there are few reports on the damage of copper
nanoparticles on the epididymis structure of Chinese soft-shelled turtles.

3.3. Effect of CuNPs and Cu Ions on the Antioxidant Enzyme Activity

NPs can cause oxidative damage to the aquatic tissue; they would induce the gen-
eration of reactive oxygen species (ROS) and oxidative damage. To lessen the damage,
organisms have developed a detoxification system with antioxidant enzyme components,
such as SOD, CAT, and GSH, which protect cells against oxidative damage and remove
superoxide radicals and hydrogen peroxide [37]. In this study, the antioxidant enzymes ac-
tivities were determined in the epididymis of Chinese soft-shelled turtles with the treatment
of 5 and 50 mg kg−1 CuNPs and CuSO4. The results showed that the injection of CuNPs
and CuSO4 resulted in a massive ROS production, and it increased with the increasing
concentration of both CuNPs and CuSO4 (Figure 3A). The ROS level was not significantly
affected by time, except for 50 mg kg−1 CuSO4. ROS decreased at 48 h and 72 h compared
to 24 h (Figure 3A). This may be due to the epididymal epithelial necrosis rate, which
increased with the treatment of CuSO4 for time. SOD, CAT, and GSH activities significantly
increased with the treatment of both CuNPs and CuSO4 (Figure 3B,C), as the SOD-CAT
system is the first line to defend against oxidative stress [38]. Compared to the control, SOD
activity even with a low dose (5 mg kg−1) of CuNPs and CuSO4 significantly increased
(p < 0.05). It increased by 37.6% and 197.0% after 72 h injection with 5 mg kg−1 CuNPs and
CuSO4, respectively. There was no significant difference of antioxidant enzymes activities
at different times, except for the treatment of 50 mg kg−1 CuSO4 (Figure 3). SOD, CAT,
and GSH activities in the epididymis of the Chinese soft-shelled turtle with the treatment
of 50 mg kg−1 CuSO4 significantly increased; however, they significantly decreased with
time. This may be explained by the broken epithelial cells with the treatment of 50 mg kg−1

CuSO4 (Figure 3). The ROS levels and CAT activity decreased significantly at 48 h and 72 h.
Combined with histological results, it can be seen that with time, the epididymal epithelial
necrosis rate increased, resulting in a decrease in CAT activity. According to the related
literature [39], ROS plays an important role in the process of removing necrotic cells. We
speculate that this may be one of the important reasons for the decline in ROS levels. GSH is
involved in cell protection by providing reducing capacity through the transformation of re-
duced to oxidized GSH and binding to metals during the detoxification process [30]. These
results showed that the antioxidant capacity was significantly impaired in the epididymis
due to massive ROS production, which resulted in oxidative stress. The accumulation of
ROS in sperm leads to a reduction in sperm motility, viability, and enzymatic activity [40].
The accumulation of ROS to high concentrations leads to oxidative stress and subsequent
lipid peroxidation (LPO), which provokes an irreversible loss of motility and inhibition
of fructolysis and respiration in spermatozoa [41]. This could be an explanation of the
decrease in sperm motility, viability, and enzymatic activity. In addition, sperm motility
is particularly associated with mitochondria activity, as mitochondria represent the cell
energy generator and concomitantly the major site of intracellular ROS formation, resulting
in a disruption of electron transport. This disruption also participates in the decline of
motility and amplifies LPO in the spermatozoa membrane.
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3.4. Effect of CuNPs and Cu Ions on the Relative mRNA Expression

The expression of IL-1β, TNF-α, and IL-6 mRNA in the cauda epididymis of the Chi-
nese soft-shelled turtle treated with CuNPs and CuSO4 was detected by qPCR. The mRNA
expression of the three inflammatory factors significantly increased with the treatment of
CuNPs and CuSO4 (Figure 4). They increased with the increase in the CuNPs concentra-
tions and time (Figure 4). Different from CuNPs treatment, the relative expression of IL-1β
and IL-6 mRNA caused by 5 mg kg−1 CuSO4 treatment increased progressively with time,
peaking at 48 h after injection. However, the injection of 50 mg kg−1 CuSO4 resulted in a
significant decrease in the relative expression of IL-1β and IL-6 mRNA with time (Figure 4).
IL-1β and TNFα are well-known pro-inflammatory cytokines and are generally considered
to be markers to assess the inflammatory response when there is an immune stimulus in
vertebrates [41]. Compelling evidence suggests that the two cytokines have similar func-
tions to their mammalian homologues [42,43]. Our results showed that IL-1β and TNFα
expression were greatly enhanced after CuNPs and CuSO4 treatment, which suggests that
the inflammatory response to the epididymis of the Chinese soft-shelled turtle significantly
increased after the stress of CuNPs and CuSO4. The difference of CuNPs and CuSO4 in
mRNA expression of inflammatory factors may be caused by the amount of soluble ions
released from CuNPs being much lower than the concentration of corresponding CuSO4.
The cytokine IL-6 possesses pro-inflammatory activity, and it is mainly produced by T cells
and macrophages. In reptiles, there is no report on IL-6 expression after CuNPs treatment.
Our results show that CuNPs and CuSO4 treatment can also cause significant expression of
the inflammatory factor IL-6 (Figure 4), but the underlying mechanism needs to be further
studied.
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4. Conclusions

This study showed that Cu ions exert a more harmful effect on the epididymis and
spermatozoa viability of Chinese soft-shelled turtles than copper nanoparticles. Contam-
ination of the aqueous environment with copper primarily caused a reduction in sperm
viability, which may impair reproduction. The antioxidative enzymes and the relative in-
flammatory factors (IL-1β, TNFα, and IL-6 mRNA) expression in the epididymis of Chinese
soft-shelled turtles significantly increased with the treatment of CuNPs and CuSO4. The
exposure to CuSO4 caused obvious morphological damage to the epididymis of Chinese
soft-shelled turtles, such as, the epithelium of the epididymal tube peeled off. These find-
ings in this work may provide preliminary information regarding the ecological impacts of
CuNPs on the fertilization efficiency of aquatic organisms.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings12020110/s1, Figure S1: Representative TEM image (A)
and particle size distribution (B) of CuNPs in Milli-Q water.
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Abstract: Polycyclic aromatic hydrocarbons (PAHs) pose risks to human and animal health, and
their accumulation in crops is a concern for the food chain in the environment. Nanoparticles (NPs)
have shown potential for chemical delivery and can be used to enhance plant resistance to PAHs. In
this study, carotenoid-coated chitosan nanoparticles (CCNPs) loaded with β-carotene were prepared
and applied to spinach grown in PAH-contaminated soil. The size of the CCNPs varied based on
reaction conditions with temperature, TPP, and pH, with sizes ranging from 260 to 682 nm. After
four weeks of treatment, the spinach showed varying growth responses depending on the specific
CCNP treatment. The treatment with CCNPs prepared at 20 ◦C, pH 6, and 10 mg/mL TPP resulted
in the best spinach growth, while the treatment at 40 ◦C, pH 6, and a TPP concentration of 20 mg/mL
hindered growth; and the growth ration increased by over 47.4% compared to the normal growing
spinach, the final biomass reached 2.53 g per plant. In addition, phenanthrene (PHE) and pyrene
(PYR) predominantly accumulated more in the spinach roots, with variations depending on the
specific CCNP treatment. The exogenous application of CCNPs can reduce the PAH transfer to
the shoots. The bioconcentration factors and transfer factors of PYR and PHE reduced differential
movement within the spinach plants, and the spinach prefers PYR to PHE in biological accumulation.
This study offers a new understanding of the mechanisms underlying NPs and PAHs interactions
and NP’s implications for crop protection and food safety.

Keywords: chitosan nanoparticles; coatings; carotenoid; PAHs; spinach

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a group of organic compounds com-
posed of multiple fused aromatic rings [1]. They are formed during the incomplete combus-
tion or pyrolysis of organic materials naturally in coal, crude oil, gasoline, etc. [2]. PAHs
are ubiquitous in the environment and can be found in the air, water, soil, and various
food sources, including agricultural products [3,4]. They are known to be persistent in the
environment, bioaccumulate in organisms, and pose potential health risks to both humans
and animals [5]. Thus, it is important to reduce the bioaccumulation of PAHs in crops.

PAHs can have detrimental effects on agricultural ecosystems [6]; PAHs can be ab-
sorbed by plant roots from contaminated soil or water and accumulate in plant tissues [7,8],
leading to a decrease in the biomasses of both roots (21.0%–42.7%) and leaves (6.4%–22.1%)
grown in PAH-contaminated soil [9]. If PAH-contaminated soil is present, plants growing
in the soil can uptake PAHs through their root system [10]; it was found that the root
can transfer PAHs through root pressure and transpiration from the root to the shoot [11],
and the root xylem plays an important role in the PAHs transfer [12]. Moreover, it was
reported that the PAHs accumulation in roots can reach 203 ng g−1, which is two times
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higher than that in the shoot tissue in crops [13]; and the cell wall fraction of the root is the
major part of over 45% of PAHs adsorption at the subcellular level [14]. How to control
and reduce the adsorption of PAHs from the soil is a breakthrough for crop protection in
PAH-contaminated environments.

Nanoparticles (NPs) have emerged as valuable tools for chemical delivery due to their
unique properties and potential applications [15,16]. The NPs size, from 1 to 100 nanome-
ters, offers several advantages for delivering chemicals efficiently and effectively, and this
technology holds the promise of the controlled release of agrochemicals and site-targeted
delivery of various macromolecules needed for improved plant disease resistance, efficient
nutrient utilization, and enhanced plant growth [17]. For example, a kind of poly(lactic-
co-glycolic) acid NP was designed for the membrane of neural stem cell delivery in the
ischemic brain and established a novel formulation of glyburide [18]; the 400.57 nm chi-
tosan nanoparticles (CNPs) coated with hyaluronic-acid can be used for the delivery of
dexamethasone for patients, and the final loaded ration can reach around 72.95% and
14.51% those are very useful for medicinal use [19]. NPs dual-coated with chitosan and
albumin allowed sustained insulin release following their passage to simulated intestinal
conditions [20]. As described, chitosan NPs present the potential to overcome the barriers
to the oral delivery of protein drugs, leading to the development of platforms capable of
improving their bioavailability [21].

Chitosan (chitin) is an environmentally friendly material that comes from the outer
skeleton of Crustacea [22]. In addition, chitosan has been established as a non-toxic,
biodegradable, and biocompatible compound, as recognized by the United States Food
and Drug Association (US FDA) [23]. Furthermore, chitosan production offers an envi-
ronmentally sustainable solution by utilizing bio-waste generated from the crustacean
production industries. Globally, chitosan production amounts to approximately 6–8 million
tons per year, with 1.5 million tons produced by Southeast Asian countries [24]. This
approach contributes to a “zero-waste” food industry, benefiting both the economy and the
environment [25]. By repurposing these by-products, chitosan serves as a valuable resource
in various applications, including the synthesis of CCNPs, and underscores the potential
of eco-friendly practices in fostering a more sustainable future. Ionic gelation is the most
commonly used method for synthesizing CNPs, and this kind of polymeric nanoparticles
has gained significant importance as they are biodegradable, biocompatible, and because
formulation methods are more widely available with a large surface area-to-volume ra-
tio [26]. It was found that chitosan-coated mesoporous silica nanoparticles at the seedling
stage led to a 70% increase in the fruit yield of uninfected watermelon because of their high
surface area [27]. A carrier system for paraquat using polymeric nanoparticles composed of
chitosan/TPP can make paraquat less toxic and, therefore, allows safer control of weeds in
agriculture due to its controlled release [28]. The increased surface area allows for greater
interaction between the nanoparticles and the target chemicals, enabling efficient loading,
encapsulation, and controlled release. Thus, it is possible to figure out a kind of chemical to
increase PAHs resistance in plants from root absorption.

In a previous study, it was found that β-carotene is a kind of antioxidant performing a
positive role in ROS scavenging when the plants were treated with PAHs [29], and the root
application of β-carotene could significantly increase wheat’s resistance to the PAHs [30].
Indeed, the direct application of β-carotene is challenging due to its sensitivity to heat,
light, and oxidation [31]. In this study, we addressed this issue by designing CNPs capable
of encapsulating β-carotene for use in PAH-contaminated soil. The small size of these
nanoparticles not only minimizes systemic toxicity but also enhances their bioavailability,
making them more effective in improving the PAH resistance of crops. By entrapping
β-carotene within CNPs, we provide a protective shield, safeguarding it from degradation
caused by environmental factors. This innovative approach offers a promising solution
for utilizing β-carotene’s benefits in enhancing crop resilience under PAH contamination,
contributing to sustainable agricultural practices. We selected the most common vegetable,
spinach (Spinacia oleracea), for the study, which is a leafy, green vegetable that originated
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in Persia; it is considered healthy, as it is loaded with nutrients and antioxidants [32].
In addition, PAHs have stronger accumulation in leafy plants [33]. Therefore, with the
best carrier and release performance of CNPs, β-carotene is expected to show its role
in improving PAH resistance and protecting crop growth under a PAH-contaminated
environment. Our study is important for PAH-contamination management in agricultural
systems and minimizing the risk of plant uptake. Additionally, we study implementing
good agricultural practices and avoiding the mitigation of PAH absorption by plants.

2. Material and Methods
2.1. Carotenoid-Coated Chitosan Nanoparticles (CCNPs) Preparation

The CNPs were prepared by ionotropic gelation with some modifications. First, 50 mL
of a solution of chitosan (10 mg/mL; pH 4.0; 27 kDa; 75%–85% deacetylation), prepared
in an aqueous solution of 1% acetic acid, was kept under vigorous stirring on a magnetic
intelligent color display heating stirrer (TP-350+; MIULAB Co., Ltd., Hangzhou, China).
The reaction formula is presented below,

C-NH3
+ − Ac− + Na+(TPP − PO−)→ C-NH3

+(TPP − PO−) + NaAC

After the chitosan was dissolved totally, the tripolyphosphate (TPP) solution was
added to the chitosan solution at the ratio of 1:5 (w/w), and the mixed solution was stirred
for one hour at 1000 r/min to obtain chitosan nanoparticles (Figure 1a). In the preparation,
two temperature levels (20 and 40 ◦C), two TPP concentrations (10 and 20 mg/mL), and two
pH levels (5 and 6) were selected for the CCNP preparation (Table 1). Then the following,
CCNPs were prepared with the CNPs and β-carotene, which were added to the CNP
solution at a 1:2 (w/w) ratio with the ultrasonic of 40 KHz (KH-250E; Kunshan Hechuang
Ultrasonic Instruments Co., Ltd., Shanghai, China) for 30 min. Then, the CCNP solution
was filtered by the dialyzer (HCA000808; Union Carbide Co., Houston, TX, USA) at 10 kDa.
Then, the CCNP solution was stored in the 4 ◦C fridge for the root ball application. The
prepared CNPs and CCNPs were also characterized using transmission electron microscopy
(TEM, JEM-2100 UHR, JEOL, Akishima, Japan). The NP solutions were dispersed properly
with water, and a mixed nanoparticle solution was prepared by sonicating the solution for
10 min. We took a carbon-coated grid on a Whatman paper and added a 10 µL drop onto a
grid using a micropipette for natural drying. The NP images are shown in Figure 1b,c.

2.2. Greenhouse Experiment

The spinach seeds used were commercial Changfeng seeds (Aishen Vegetable Seed
Breeding Center, Qingxiang, China). The seeds were germinated in a nursery box at 25 ◦C
and 70% humidity (RDN-1000D; Yanghui Equipment Co., Ltd., Ningbo, China). Every two
seeds were placed in a plastic pot (9 cm × 7 cm × 6.5 cm) with four drainage holes of 1
cm diameter at the bottom, and the pots were placed in trays (51 cm × 28 cm × 6.5 cm) to
prevent soil leakage. Two weeks later, when the seedlings had three true leaves, uniform
seedlings were selected for the root ball application at Baima Greenhouse, Nanjing Forestry
University, Nanjing, China.

PAH soil was prepared with phenanthrene (PHE) and pyrene (PYR) (Merck KGaA,
Darmstadt, German); 500 ppm concentration of PHE and PYR were added into the peat soil
(Pindstrup Mosebrug, Ryomgaard, Demark), and the final PAH concentration was 5 ppm.
In the seedling transfer, the root ball application was treated with the CCNPs; in the process,
the configured nano-colloid solution was ultrasonically shaken for 30 min, and 5 mL of
8 kinds of CCNPs solution was injected into the root ball; the root ball was completely
infiltrated with CCNPs. The seedlings were subsequently placed on the skeletonized shelf
until there was no dripping liquid and then transplanted to the pots (11 cm × 10 cm
× 13 cm); during the transplanting, the bulb was completely embedded in the soil and
mulched to complete the inter-root exposure of CCNPs. Each treatment has three biological
replicates.

103



Coatings 2023, 13, 1404

After four weeks, the treated spinach was harvested, and the phenotype was recorded
at the same time; afterward, the spinach was carefully separated from the soil and gently
rinsed four times with tap water, followed by deionized water to remove soil adhering to
the plant surface. After drying, the shoots and roots of spinach were separated with scissors
and weighed. Three replicates of each treatment were applied, and a nutrient solution was
applied once in the second week after treatment.
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Figure 1. Mechanism process of carotenoid-coated chitosan nanoparticles (CCNPs) (a); and the
representative TEM images of bare chitosan nanoparticles (CNPs) (b), and CNPs generated by ionic
gelation at a reaction temperature of 20 ◦C, a TPP solution concentration of 10 mg/mL, and a pH of 6
(i.e., T2) coated with β-carotene (CCNPs) (c); and TEM analysis of CNPs cross-linked by ionotropic
gelation with TPP. (Note: The treatments of T1–T8 are shown in Table 1). (d) Note, T1, 20 ◦C,
10 mg/mL TPP, pH = 5; T2, 20 ◦C, 10 mg/mL TPP, pH = 6; T3, 20 ◦C, 20 mg/mL TPP, pH = 5; T4,
20 ◦C, 20 mg/mL TPP, pH = 6; T5, 40 ◦C, 10 mg/mL TPP, pH = 5; T6, 40 ◦C, 10 mg/mL TPP, pH = 6;
T7, 40 ◦C, 20 mg/mL TPP, pH = 5; and T8, 40 ◦C, 20 mg/mL TPP, pH = 6.
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Table 1. Treatment information for comparison experiment.

Treatments T/◦C TPP (mg/mL) pH

T1 20 10 5
T2 20 10 6
T3 20 20 5
T4 20 20 6
T5 40 10 5
T6 40 10 6
T7 40 20 5
T8 40 20 6

2.3. PAHs Extraction and Analysis

The extraction and purification procedure for PAHs was based on that reported by
Gao et al. [2]. Specifically, the chopped plant samples were extracted with an extraction
agent (acetone: dichloromethane = 2:1, v/v) using an ultrasonic water bath for 30 min, and
this step was repeated three times. The combined extracts were passed through a silica gel
column (silica gel 3 g, anhydrous sodium sulfate 3 g) and eluted with 10 mL of 1:1 (v/v)
dichloromethane and n-hexane. The filtrate was passed through a rotary evaporator (RE-
25A; Yarong Biochemical Instrument Factory, Shanghai, China), exchanged with 2 mL of
methanol, filtered through a 0.45 µm Teflon membrane, and transferred into a 2 mL sample
vial. PAH concentrations were measured by HPLC (UltiMate 3000 HPLC; Thermo Co., Ltd.,
Waltham, MA, USA). The HPLC conditions were as follows: the pump model was LPG-
3400 SDN, the UV detector model was VWD-3100, and the column was a 4.6 mm× 150 mm
C18 column with a temperature of 30 ◦C. The mobile phase was methanol/water (80/20,
v/v) at a flow rate of 1.0 mL/min. The injection volumes for phenanthrene and pyrene
were set to 10 and 40, respectively, and the UV detection wavelength of phenanthrene was
254 nm, and that of pyrene was 234 nm. The peak areas were quantified by the external
standard method.

2.4. Bioconcentration Factor (BCF) and Translocation Factor (TF)

The ability of CCNPs to reduce PAHs accumulation is by measuring the biocon-
centration factor (BCF) (1) and translocation factor (TF) (2), defined as the ratio of PAH
concentration in plant shoots to roots and the ratio of PAH concentration in plant roots to
soils, respectively [33]; and the results are presented in Table 2.

BCF =
PAHs concentration in plants

PAHs concentration in sediment
(1)

and
TF =

PAHs concentration in shoot
PAHs concentration in root

(2)

Table 2. Bioconcentration factors (BCFs) and transfer factor (TFs) of PAHs in the shoots and roots
of spinach.

Treatment
Bioconcentration Factor (BCF) Transfer Factor (TF)

BCFPYR BCFPHE TFPYR TFPHE

T1 0.390 0.198 0.011 0.063
T2 0.088 0.035 0.007 0.079
T3 0.329 0.380 0.166 0.040
T4 0.180 0.165 0.085 0.026
T5 0.188 0.158 0.032 0.034
T6 0.567 0.084 0.009 0.064
T7 0.200 0.191 0.268 0.061
T8 0.226 0.037 0.049 0.037
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2.5. Statistics

Statistical analysis was performed using the Excel (Microsoft, Redmond, WA, USA)
(version 2019), IBM SPSS Statistics 25.0 (IBM, Armonk, NY, USA). Sampling and chemical
analyses were examined in triplicate to decrease the experimental errors and to increase
the experimental reproducibility. The confidence of the data generated in the present
investigations was analyzed by standard statistical methods to determine the mean values
and standard deviation (S.D.). Descriptive Statistics were applied to assess the normality
of the distribution, and the test data meets the normality. The differences among the
treatments were analyzed by one-way ANOVA (LSD test).

3. Results
3.1. The CCNPs Characteristics

The sizes of CNPs were around 260–682 nm; the smallest CNPs occurred with a
reaction temperature at 20 ◦C, a TPP concentration of 10 mg/mL, and the pH 6 (T2); and the
largest were prepared with the reaction conditions of 40 ◦C, pH 6, and 10 mg/mL of TPP
(Figure 1b,c). Based on the preparation of the coating NPs, β-carotene and ribonucleic acid
(RNA) had similar functional groups as the hydrophobic effect, such as the nitrogenous
bases, ribose, and phosphate groups of RNA and long carbon chain of β-carotene. Due to
the similar chemical functions, it is considered that β-carotene can be coated on the CNPs
like RNA (Figure 1a) [34], and CNPs are produced with β-carotene finally for the spinach
growth experiment.

3.2. The Phenotype and Growth of the Spinach

After four weeks’ treatment, we found that the spinach presented stress in the treat-
ment of combined PAHs of PHE and PYR with no exogenous addition (CK), and the leaves
went curly; the spinach presented growth limitations when treated with T3, T4, and T7 in
the combined PAH contaminations, and those were shorter than that in the CK (Figure 2a).
The spinach grew the least in the T7 treatment; the leaves were shriveled after the treatment
with the CCNPs of different temperatures and pH, but the TPP concentration was focused
at 20 mg/mL. The spinach grew the most in T1, T2, T5, and T8; the spinach growth was
the best in T2, for which the CCNPs were prepared with a reaction temperature of 20 ◦C,
10 mg/mL TPP, and pH 6. The leaves in the PAHs treatment of PAH and PYR were larger
and stronger when compared with the spinach treated with only PAHs (Figure 2a).
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control group, which grew naturally without reagent or contamination. The T1–T8 treatments are
shown in Table 1).
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It was recorded that the whole fresh weight of the spinach presented as the highest
at 2.52 g in the treatment of 20 ◦C, pH 6, and the TPP concentration of 10 mg/mL (T2)
with a shoot of 2.34 g and a root of 0.18 g; and the smallest, of 0.75 g, was recorded in the
treatment of 40 ◦C, pH 5, and 20 mg/mL TPP (T7), with the shoot weighing 0.70 g and the
root weighing 0.05 g (Figure 2b,c). In addition, the spinach’s fresh weight of the shoot and
root was 1.235 g and 0.11 g in the PAHs only treatment, respectively; and the shoot’s fresh
weights were 1.12, 1.24, and 0.70 g in the T3, T4, and T7 treatments, which were lower than
that in the CK after 4 weeks. The shoot’s fresh weight presented an increasing trend in the
T2, T5, T6, and T8 treatments (Figure 2b). Despite the spinach root’s fresh weight being
lower than that in the CK of 0.06 g, the other root’s fresh weights presented an increased
response after the CCNPs were added; the fresh weight reached 0.12 to 0.19 g (seven kinds
of CCNPs), respectively (Figure 2c).

3.3. The PAHs Concentration in Spinach

After 4 weeks of PAH treatment, the roots were the major location for PYR and PHE
accumulation (Figure 3). In the treatment of CCNPs with a reaction temperature of 40 ◦C,
10 mg/mL TPP, and the solution with pH 6 (T6), the spinach root accumulated the highest
(p < 0.05) PYR of 8.22 mg kg−1, while the spinach root only accumulated 3.88, 0.97, 2.15,
1.30, 1.59, 1.29, and 2.08 mg kg−1 when treated with the other CCNPs; the spinach root
in T6 presented the highest at 8.22 mg kg−1 among all treatments (Figure 3b). The PYR
accumulated the lowest at 0.041 mg kg−1 in treatment T2, and the PYR increased to the
highest of 0.42 and 0.47 mg kg−1 when treated with T3 and T7 after 4 weeks, respectively
(Figure 3a). PHE accumulated more in the spinach shoots after 4 weeks of PAHs treatment,
it reached 0.13 mg kg−1, and the spinach shoot had similar contents of 0.10 and 0.11
mg kg−1 when the spinach was treated with CCNPs of the 20 mg/mL TPP (T3 and T7),
respectively; The PHE was lowest at 0.01 mg kg−1 when the spinach was treated with
CCNPs of 40 ◦C, pH 6, and the TPP concentration of 20 mg/mL (T8) (Figure 3c). PHE
accumulated more in the roots when the spinach was treated with CCNPs of 20 ◦C, pH 5,
and 20 mg/mL. For the TPP concentration of T3, when compared with the spinach root in
the CK with 1.83 mg kg−1, the PHE accumulated the least in the spinach root treated with
the CCNPs of 20 ◦C, pH 6, and 10 mg/mL TPP (T2) and 40 ◦C, pH 6, and 20 mg/mL TPP
(T8); the PHE concentrations are 0.32 and 0.36 mg kg−1, respectively (Figure 3d).
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Figure 3. Concentrations of pyrene (PYR) and phenanthrene (PHE) in the shoots (a,c) and roots (b,d)
of spinach (Note: the error bars indicate the standard deviation (n = 3); each sample with a different
letter above indicates statistically significant differences with at least p < 0.05; CK was the blank
control group, which grew naturally without reagent or contamination. The treatments T1–T8 are
shown in Table 1).

107



Coatings 2023, 13, 1404

3.4. BCFs and TFs

The BCFs and TFs of PYR and PAH are calculated in Table 2. It is shown that the
PYR presented higher BCF in most treatments than PHE in the spinach, the BCFPHE is
higher than BCFPYR only in T3, and BCFPYR is highest, at 0.567, in T6 and lowest, at 0.088,
in T2. Meanwhile, the TF presented different trends than BCF in the spinach under PAH
treatments. As shown in Table 2, the TFPYRs are higher than the TFPHEs with values of
0.166, 0.085, 0.268, and 0.049 in T3, T4, T7, and T8, respectively; and in other treatments, the
TFPYRs are lower than the TFPHEs, with the values of 0.063, 0.079, 0.034, and 0.064 in T1, T2,
T5, and T6, respectively.

4. Discussion
4.1. Preparation of CCNPs and PAHs Accumulation

The synthesis of CCNPs involved varying reaction conditions, resulting in particles
of different sizes. The sizes of CNPs ranged from approximately 260 to 682 nm, with the
smallest size observed at a reaction temperature of 20 ◦C, TPP concentration of 10 mg/mL,
and pH 6. On the other hand, the largest size was obtained under the conditions of 40 ◦C,
pH 6, and 10 mg/mL TPP (Figure 1). Among the CCNP treatments, the one prepared at
40 ◦C, 10 mg/mL TPP, and pH 6 (T6) showed the highest accumulation of PYR in spinach
roots, with a concentration of 8.22 mg kg−1, significantly higher (p < 0.05) than the control
treatment without CCNPs (CK). The other CCNP treatments resulted in varying levels of
PYR accumulation in spinach roots, ranging from 0.97 to 2.15 mg kg−1, depending on the
specific CCNP treatment.

In subsequent experiments, CCNPs were used to investigate the transport blocking
of polycyclic aromatic hydrocarbons (PAHs), specifically PHE and PYR, in spinach plants.
After four weeks of treatment, the concentration of PAHs in the spinach was assessed,
revealing significant accumulation in the roots. Interestingly, the spinach shoots contained
higher concentrations of PHE compared to the roots. The CCNP treatments at TPP con-
centrations of 20 mg/kg (T3 and T7) resulted in shoot PHE concentrations ranging from
0.10 to 0.11 mg kg−1. The lowest shoot PHE accumulation of 0.01 mg kg−1 was observed
in the treatment with CCNPs prepared at 40 ◦C, pH 6, and 20 mg/mL TPP concentration
(T8). In contrast, the accumulation of PAHs in the spinach roots varied depending on the
specific CCNP treatment. For example, in the treatment with CCNPs prepared at 20 ◦C,
TPP concentration of 5 mg/mL, and pH 6 (T3), the root PHE accumulation was higher
compared to the CK. Conversely, the treatments with CCNPs prepared at 20 ◦C, pH 6, and
10 mg/mL TPP (T2), as well as 40 ◦C, pH 6, and 20 mg/mL TPP (T8), resulted in the lowest
root PHE accumulation, with concentrations of 0.32 and 0.36 mg kg−1, respectively. The
data indicate that smaller CCNPs facilitated reduced PAH accumulation and transfer in
spinach. Furthermore, no significant differences were observed in the concentration of PYR
in shoots between samples T5 (0.058 mg kg−1) and T6 (0.048 mg kg−1), as well as in the con-
centration of PHE between samples T5 (0.052 mg kg−1) and T6 (0.050 mg kg−1). Similarly,
there were no significant differences in the concentration of PYR in roots among samples
T4 (1.3 mg kg−1), T5 (1.59 mg kg−1), and T7 (1.29 mg kg−1), as well as in the concentration
of PHE among samples T4 (1.61 mg kg−1), T5 (1.53 mg kg−1), and T7 (1.80 mg kg−1).
These findings suggest that reaction conditions may differentially influence root and shoot
responses at various levels.

Commonly, CNPs are sensitive to temperature and pH [35]. Varying pH can affect
the size of CNPs and probe the states of water in CNP hydrogels [36], while smaller CNPs
have high water imbibing capability, minimal invasiveness, porous networks, and can
mold perfectly into an irregular defect [37]. Temperature is another key factor for CNP
synthesis; CNPs formed at high temperatures may have remaining associations, confirmed
by their spontaneous recovery after breakup at low temperatures [35]. Moreover, chitosan
treated at 25 ◦C possessed similar or weaker antibacterial activity compared to those at
4 ◦C, which can influence the CNP coating with β-carotene. In our study, we selected
20 ◦C as a reasonable temperature for CCNP synthesis and 20 ◦C with pH 6 as the ideal
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condition for CCNP coating with β-carotene. TPP serves as a polymerization agent for NPs
formation, and lower TPP concentrations were found to result in smaller CNP sizes. Our
results match well with the previous report that the coated CNPs with nano-size can have
biological effects on the crops via carrying materials to the target cells in plants [27]. With
their nano-size, CCNPs exhibited increased adsorption capacity for PAHs. The preparation
of CCNPs influenced the accumulation of PAHs in spinach plants, as specific conditions,
such as reaction temperature, TPP concentration, and pH, played a role in determining the
extent of PAH accumulation in the roots and shoots of the spinach plants. These findings
highlight the importance of understanding the interaction between CCNPs and PAHs to
assess their potential impact on plant health and food safety.

4.2. CCNPs and PAHs Transfer

The interaction between CCNPs and polycyclic aromatic hydrocarbons (PAHs) in
the environment is crucial as it can influence the transfer of these contaminants within
ecosystems. In this study, we investigated the transfer of CCNPs and PAHs, focusing on
their movement within spinach plants. The synthesis of CCNPs resulted in particles of
varying sizes, influenced by reaction conditions such as temperature, TPP, and pH [36].
The resulting CCNPs ranged in size from approximately 260 to 682 nm, with the smallest
size observed under specific conditions (20 ◦C, 10 mg/mL TPP, and pH 6) and the largest
size obtained under different conditions (40 ◦C, 10 mg/mL TPP, and pH 6) (Figure 1).

We then analyzed the transfer and accumulation of PAHs, specifically PHE and PYR,
within the spinach plants. After four weeks of treatment, we observed significant PAH accu-
mulation in the roots of the spinach plants. Notably, the treatment with CCNPs prepared at
40 ◦C, TPP concentration of 10 mg/mL, and pH 6 (T6) resulted in the highest accumulation
of PYR in spinach roots, with a concentration of 8.22 mg kg−1, significantly higher (p < 0.05)
than the control treatment without CCNPs (CK). The other CCNP treatments led to varying
levels of PYR accumulation in spinach roots, ranging from 0.97 to 2.15 mg kg−1, depending
on the specific CCNP treatment.

It was reported that coated CNPs have stronger adsorption potential than organic
containments, such as paraquat, 4-nitrophenol, methyl orange, cango red, etc. [38]. A
similar synthesized process was reported where the CNPs when coated with oxide metals
and oligo, performed better at absorbing the PAHs in the environment [39,40]. Our results
agree with the previous study; the CCNPs reduce the PAH transfer from soil to root.
Regarding PHE accumulation, the spinach shoots exhibited higher concentrations of this
PAH compared to the roots. After the four-week treatment period, the spinach shoots
accumulated PHE concentrations ranging from 0.10 to 0.11 mg kg−1 in the treatments
with CCNPs prepared at a TPP concentration of 20 mg/mL (T3 and T7), respectively.
The lowest shoot PHE accumulation of 0.01 mg kg−1 was observed in the treatment with
CCNPs prepared at 40 ◦C, pH 6, and 20 mg/mL TPP concentration (T8). In contrast,
the accumulation of PAHs in the spinach roots varied depending on the specific CCNP
treatment. For example, in the treatment with CCNPs prepared at 20 ◦C, TPP concentration
of 5 mg/mL, and pH 6 (T3), the root PHE accumulation was higher compared to the
control treatment (CK). Conversely, the treatments with CCNPs prepared at 20 ◦C, pH
6, and a TPP concentration of 10 mg/mL (T2), as well as 40 ◦C, pH 6, and 20 mg/mL
TPP (T8), resulted in the lowest root PHE accumulation, with concentrations of 0.32 and
0.36 mg kg−1, respectively.

The result indicates that the exogenous application of CCNPs can significantly reduce
the movement of PAHs from the environment to the roots and shoots of spinach plants.
CCNPs are known for their role in chemical transfer, and we found that their application
increased resistance to PAH contamination. Understanding the interaction between CCNPs
and PAHs is crucial for evaluating their potential impact on plant health and food safety.
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5. Conclusions

These findings demonstrate that the reduction of PAHs transfer and accumulation
within spinach plants by CCNPs is influenced by various factors, including the physico-
chemical properties of the nanoparticles and the specific exposure conditions. Particularly,
CCNPs exhibit better performance at room temperature and neutral pH, making them
more suitable as carriers for β-carotene in plants compared to conditions of high tempera-
ture and acidic pH. Under appropriate reaction conditions, the synthesized CCNPs show
significant protective effects on plants by efficiently providing and releasing β-carotene in
PAH-contaminated environments. The decreased uptake and translocation of PAHs within
plants can have significant implications for food safety and environmental health.

Furthermore, the main materials used in CCNP synthesis are derived from natural and
biologically harmless sources, indicating minimal risk in consuming them. Additionally,
their sustainability is enhanced by the abundance of the precursor materials used in their
synthesis. However, further research is necessary to fully comprehend the mechanisms
of transfer and potential risks associated with the interaction between CCNPs and PAHs
in plant systems. This knowledge will aid in understanding the sustainable agricultural
benefits of CCNPs and their potential applications in environmental remediation.
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26. Şenol, Z.M.; Şimşek, S. Insights into effective adsorption of lead ions from aqueous solutions by using chitosan-bentonite

composite beads. J. Polym. Environ. 2022, 30, 3677–3687. [CrossRef]
27. Buchman, J.T.; Elmer, W.H.; Ma, C.; Landy, K.M.; White, J.C.; Haynes, C.L. Chitosan-coated mesoporous silica nanoparticle

treatment of Citrullus lanatus (Watermelon): Enhanced fungal disease suppression and modulated expression of stress-related
genes. ACS Sustain. Chem. Eng. 2019, 7, 19649–19659. [CrossRef]

28. Grillo, R.; Pereira, A.E.S.; Nishisaka, C.S.; De Lima, R.; Oehlke, K.; Greiner, R.; Fraceto, L. Chitosan/tripolyphosphate nanoparticles
loaded with paraquat herbicide: An environmentally safer alternative for weed control. J. Hazard. Mater. 2014, 278, 163171.
[CrossRef]

29. Shen, Y.; Li, J.; Gu, R.; Yue, L.; Wang, H.; Zhan, X.; Xing, B. Carotenoid and superoxide dismutase are the most effective antioxidants
participating in ROS scavenging in phenanthrene accumulated wheat leaf. Chemosphere 2018, 197, 513–525. [CrossRef]

30. Shen, Y.; Li, J.; Shi, S.; Gu, R.; Zhan, X. Application of carotenoid to alleviate the oxidative stress caused by phenanthrene in wheat.
Environ. Sci. Pollut. Res. 2019, 26, 3593–3602. [CrossRef]

31. Stutz, H.; Bresgen, N.; Eckl, P.M. Analytical tools for the analysis of β-carotene and its degradation products. Free. Radic. Res.
2015, 49, 650–680. [CrossRef] [PubMed]

32. Iammarino, M.; Di Taranto, A.; Cristino, M. Monitoring of nitrites and nitrates levels in leafy vegetables (spinach and lettuce): A
contribution to risk assessment. J. Sci. Food Agric. 2014, 94, 773–778. [CrossRef] [PubMed]

33. Sushkova, S.; Minkina, T.; Tarigholizadeh, S. PAHs accumulation in soil-plant system of Phragmites australis Cav. in soil under
long-term chemical contamination. Eurasian J. Soil Sci. 2020, 9, 242253. [CrossRef]

34. Ragelle, H.; Riva, R.; Vandermeulen, G.; Naeye, B.; Pourcelle, V.; Le Duff, C.S.; D’Haese, C.; Nysten, B.; Braeckmans, K.; De Smedt,
S.C.; et al. Chitosan nanoparticles for siRNA delivery: Optimizing formulation to increase stability and efficiency. J. Control.
Release 2014, 176, 54–63. [CrossRef]

35. Qu, X.; Wirsen, A.; Albertsson, A.C. Novel pH-sensitive chitosan hydrogels: Swelling behavior and states of water. Polymer 2000,
41, 4589–4598. [CrossRef]

36. Lavanya, K.; Chandran, S.V.; Chandran, K.; Selvamurugan, N. Temperature-and pH-responsive chitosan-based injectable
hydrogels for bone tissue engineering. Mater. Sci. Eng. C 2020, 111, 110862. [CrossRef]

37. Sreekumar, S.; Goycoolea, F.M.; Moerschbacher, B.M.; Rivera-Rodriguez, G.R. Parameters influencing the size of chitosan-TPP
nano-and microparticles. Sci. Rep. 2018, 8, 4695. [CrossRef]

111



Coatings 2023, 13, 1404

38. Ali, F.; Khan, S.B.; Kamal, T.; Anwar, Y.; Alamry, K.A.; Asiri, A.M. Anti-bacterial chitosan/zinc phthalocyanine fibers supported
metallic and bimetallic nanoparticles for the removal of organic pollutants. Carbohydr. Polym. 2017, 173, 676–689. [CrossRef]

39. Rani, M.; Shanker, U. Metal oxide-chitosan based nanocomposites for efficient degradation of carcinogenic PAHs. J. Environ.
Chem. Eng. 2020, 8, 103810. [CrossRef]

40. Rodrigues, P.R.; Nascimento, L.E.S.; Godoy, H.T.; Vieira, R.P. Improving chitosan performance in the simultaneous adsorption of
multiple polycyclic aromatic hydrocarbons by oligo (β-pinene) incorporation. Carbohydr. Polym. 2023, 302, 120379. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

112



Citation: Liu, C.; Chen, Z.; Kang, R.;

Wang, J.; Lu, Q.; Wang, T.; Tian, D.;

Xu, Y.; Wang, Z.; Ding, H. N-Rich

Algal Sludge Biochar for

Peroxymonosulfate Activation

toward Sulfadiazine Removal.

Coatings 2023, 13, 431. https://

doi.org/10.3390/coatings13020431

Academic Editor: Ioannis

V. Yentekakis

Received: 19 October 2022

Revised: 29 November 2022

Accepted: 1 December 2022

Published: 14 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

coatings

Article

N-Rich Algal Sludge Biochar for Peroxymonosulfate Activation
toward Sulfadiazine Removal
Chao Liu 1,2,†, Zhenxiang Chen 3,†, Ruiqin Kang 1, Jing Wang 1, Qingwei Lu 1, Tao Wang 1, Dayong Tian 1,*,
Ying Xu 2,*, Zhan Wang 4 and Huiping Ding 5

1 College of Chemistry and Environmental Engineering, Anyang Institute of Technology, Anyang 455000, China
2 College of Chemistry and Chemical Engineering, Henan University, Kaifeng 475004, China
3 Jiangsu Xingzhou Ecological Environment Technology Co., Ltd., Nanjing 210004, China
4 Beijing Key Laboratory for Green Catalysis and Separation, Department of Chemistry and Chemical

Engineering, Beijing University of Technology, Beijing 100124, China
5 College of Chemistry and Chemical Engineering, Henan Chemical Technician College, Kaifeng 475002, China
* Correspondence: tiandayong@163.com (D.T.); hdccxu@126.com (Y.X.)
† These authors contributed equally to this work.

Abstract: The fabrication of a green, high activity and low-cost carbon-based catalyst capable of acti-
vating new oxidant (peroxymonosulfate, PMS) for contaminants abatement is needed. In this research,
we prepared novel N-doped biochars via one-step pyrolysis of algal sludge without external nitrogen
sources. The obtained ASBC800 possessed the largest specific surface area (SBET = 145.596 m2 g−1)
and thus it displayed the best catalytic performance, as revealed by the effective elimination of
sulfadiazine (SDZ, >95% within 70 min) with 0.2 g L−1 ASBC800 and 0.5 mM PMS. Both radical
species (e.g., SO4

•−, and •OH), and nonradical regime (1O2 and electron-transfer) contributed to
SDZ oxidation, in which ASBC800 played essential roles in activating PMS, accumulating SDZ, and
regulating electron shuttle from SDZ to ASBC800-PMS*. Overall, this work not only provides a novel
strategy for the synthesis of N-rich and cost-effective biochar but also promotes the development and
application of carbon-based functional materials in environmental remediation.

Keywords: peroxymonosulfate; pre-adsorption; oxidation; electron-transfer; N doping

1. Introduction

Recently, peroxymonosulfate-based advanced oxidation processes (PMS−AOPs) have
received increasing attention for pollutants removal [1–3]. Various reactive oxygen species
(ROS) can be produced in this oxidation process, including sulfate radical (SO4

•−), hydroxyl
radical (•OH) and singlet oxygen (1O2), which possess much higher redox potentials than
their parent oxidants (PMS, 1.75–1.82 V) [4]. In addition, a novel mediated electron transfer
regime may occur between target contaminants and oxidants without the generation of
ROS [5–7].

In order to produce ROS, it is of great importance to break the O–O bond of the PMS.
Metal-free carbon-based catalysts have recently aroused widespread attention owing to
their environmental protection and easy preparation [8]. Carbonaceous materials (e.g., acti-
vated carbon [9], reduced graphene oxide [10], porous carbon [11], carbon nanotubes [12]
and nanodiamonds [13]) have been proven to be potential green catalytic materials for PMS
activation due to their abundant oxygen-containing functional groups, edge defects, and
porous structures. In addition to the abovementioned carbon-based catalysts, biochar is
deemed a promising candidate for catalysis [14]. Biochar is a black solid obtained via high-
temperature pyrolysis and often used as an excellent adsorbent [15,16]. Compared with
other catalytic materials such as metal-based catalysts (e.g., Co, Fe, Cu, Mn), biochar has
the advantages of easy preparation, a wide variety of raw precursors and low cost [17,18].
However, the catalytic activity of pristine biochar is often unsatisfactory owing to its limited
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SBET and undeveloped pore structure. Thus, several modification methods (e.g., metal dop-
ing and heteroatomic doping) have been applied to enhance the catalytic performance of
pristine biochar [19,20]. Among others, N doping has been deemed a popular tool to boost
the catalytic activity of pristine biochar [21]. N doping can enhance the interaction between
catalysts and oxidants through changing the electrical potential on the carbon surface [22].
Nevertheless, the addition of external nitrogen sources (urea, thiourea, melamine, NH4NO3,
NH4Cl, NH3·H2O, etc.) is needed when preparing the N-doped biochar, which increases
the preparation cost [21,23,24]. For instance, Wu et al. [23] prepared N-doped biochar by
using pharmaceutical sludge and urea solid as the feedstocks, which may increase the
preparation cost. Therefore, it is of great importance to develop N-doped biochars without
exogenous nitrogen dopants, which may promote the development and application of
biochars in environmental remediation. Interestingly, algae, as it contains a large amount
of protein, can be directly transferred to N-doped biochars without using extra nitrogenous
chemical reagents [25–27]. It was reported that N-abundant Taihu blue algae biomass could
be used as the feedstock for N self-doping porous carbon preparation [28]. Thus, it could
be speculated that the algal sludge obtained by the mechanical pressure filtration of algal
slurries might be a promising precursor for N-doped biochars preparation. Notably, it is
still a big challenge to effectively dispose of algal sludge and thus translating the algal
sludge into valuable biochars may be an alternative solution. As one of the most widely
used antimicrobial compounds in animal husbandry, relatively high sulfadiazine (SDZ)
residues were detected in the environment [29]. Therefore, it is urgent that green and
efficient methods for SDZ-contaminated water purification are developed.

Consequently, this study aimed to prepare N-rich biochars from algal sludge for PMS
activation. The physicochemical properties of the N-doped biochars along with the adsorp-
tive and oxidative degradation of SDZ were systematically investigated. Moreover, the
activation mechanism of PMS by N-doped biochar was analyzed in detail. This study will
provide a low-cost and efficient strategy for N-doped biochars preparation and establish
an integrated oxidation process for SDZ-contaminated water cleanup.

2. Materials and Methods
2.1. Chemicals and Regents

SDZ (Table S1) and PMS were obtained from Aladdin, China. All other reagents were
analytical grade (Text S1).

2.2. Preparation and Characterization of the ASBCx

The algal sludge was collected from a sewage plant in Wuxi, China. Firstly, the algal
sludge was dried at 80 ◦C and then mechanically grinded and sieved to 0.15 mm. The
obtained powdered sample was placed in an oven and heated to a required temperature
(400, 500, 600 and 800 ◦C) at 5 ◦C min−1 and held for 2 h. The obtained black solids were
then ground into fine powders and named as ASBCx, where x represented the annealing
temperature (400, 500, 600 and 800 ◦C). Detailed information on various characterizations
and electrochemical experiments is given in Text S2 and Text S3, respectively.

2.3. Adsorption Studies

Experiments on SDZ adsorption were performed in a 100 mL bottle containing 50 mL
of SDZ solution (5 mg L−1) and 0.2 g L−1 of ASBCx. The mixture was stirred at ambient
temperature with a magnetic stirrer. At regular intervals (2, 5, 10, 20, 40, 60, 120 min), liquid
samples were taken from the mixture and filtered with 0.2 mm of filter to remove the solid
catalyst for analysis. Then, the adsorption behavior of SDZ on ASBCx was further studied
by adsorption kinetics (Text S4).
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2.4. Catalytic Degradation of SDZ

SDZ, as a model pollutant, was selected as a degradative substrate to evaluate the
catalytic activity of ASBCx. The SDZ degradation was conducted in a glass beaker (100 mL)
containing 50 mL of SDZ solution (5 mg L−1). First, 10 mg of ASBCx was dispersed in
a SDZ solution and stirred for 30 min to reach adsorption equilibrium. Then, 0.5 mM of
oxidants were injected into the suspension to initiate catalytic reaction. At regular intervals
(2, 5, 10, 20, 30, 40 min), 0.5 mL of solution was withdrawn, filtered with 0.2 mm of filter
to remove the ASBCx, and quenched with 0.5 mL of methanol for analysis. More details
of degradation experiments and analytical methods are provided in Text S5 and Text S6,
respectively.

3. Results and Discussion
3.1. Characterizations

The SEM images of the biochars prepared under 400 and 800 ◦C are shown in
Figure 1a,b, respectively. As depicted in Figure 1a, ASBC400 exhibited a massive and
plane structure, which had a relatively smooth surface. In contrast, ASBC800 (Figure 1b)
underwent a dramatic change and a large number of irregular defect structures appeared on
the surface, which might be the active sites for pollutant adsorption. In addition, compared
with the TEM image of ASBC400 (Figure 1c), it could be observed that plenty of nano-
spaces/channels were formed in ASBC800 (Figure 1d), which was able to expose abundant
active sites and beneficial for nanoconfinement effects, boosting the PMS activation and
pollutants adsorption.
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As depicted in Figure 2, N2 adsorption/desorption isotherms were characterized,
which presented type IV, and the hysteresis loop occurred at the medium pressure end.
These phenomena were due to N2 condensation and accumulation in the porous channel,
demonstrating that ASBCx were porous materials [21]. Moreover, the pore size distribution
of ASBCx is listed in Table 1, which was mainly between 6 and 10 nm, and belonged
to microporous and mesoporous. With the increase in pyrolysis temperature, the SBET
increased from 84.017 to 145.596 m2 g−1. Comparing the results, it could be seen that the
higher pyrolysis temperature endowed ASBC800 with a larger SBET. Thus, the ASBC800
with larger SBET may have more active sites for pollutants and oxidants adsorption.
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Figure 2. BET and pore size distribution of ASBC400 (a), ASBC500 (b), ASBC600 (c), and ASBC800 (d).

Table 1. Basic information of ASBCx.

Samples SBET (m2 g−1) Pore Volume (cm3 g−1) Average Pore Diameter (nm)

ASBC400 84.017 0.194 9.756
ASBC500 93.210 0.188 7.447
ASBC600 110.686 0.232 7.636
ASBC800 145.596 0.179 6.220

As depicted in Figure 3a, the Raman spectra of ASBCx showed two representative
bands at 1343 cm−1 (D bands) and 1588 (G bands) cm−1, which originated from the defects
and disorder of carbon atomic crystals and the graphitic structures, respectively. The
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intensity ratios of D to G (ID/IG) clearly indicated the defective degree of the ASBCx [30].
Therefore, the higher ID/IG value of ASBC800 (0.972) than ASBC600 (0.969), ASBC500
(0.957), and ASBC400 (0.860) suggested higher defected carbon and it could be concluded
that more new structural defects would be created under higher pyrolysis temperature.
FTIR spectroscopy in the wavenumber range of 4000 to 500 cm−1 was conducted to investi-
gate evolution of the surface of ASBCx. As displayed in Figure 3b, the band at 3428 cm−1

could be allotted to –OH stretching vibrations, whereas the peak at 2928 cm−1 was as-
signed to the C–H bond stretching vibrations [19]. Moreover, the peaks at 1470 cm−1

(C–C), 1592 cm−1 (C=C), and 1064 cm−1 (C–O) were identified [19]. Notably, the peak at
1174 cm−1 on ASBCx was owing to the formation of C–N bonds, which might be beneficial
for oxygen reduction reaction (ORR) kinetics, boosting the ORR process [31]. In addition,
the peak at 560 cm−1 was the Fe–O characteristic vibration mode of ASBCx [32]. XPS
spectra (Figure 3c) confirmed ASBCx were composed of C, N, and O elements. Moreover,
a signal appeared at 708.8 eV representing Fe 2p was observed in the XPS measurement
spectra of ASBCx [33], which was due to the addition of iron–containing reagent in the
process of algal sludge pressure filtration.
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Figure 3. Raman spectra (a), FTIR spectra (b), and XPS spectra (c) of ASBCx.

The C 1s XPS spectra (Figure S1) were divided into four sections at: 284.6, 285.3, 286.4,
and 533 eV, indicating C=C (sp2-C), C–C (sp3-C), C–O, and C=O, respectively. The O 1s
spectra (Figure S2) were also divided into four sections: –C=O (531.4), –O–C=O (532.5),
C–O (533.7), and H2O (535.0). The Fe 2p core levels of ASBCx were analyzed, and Fe 2p was
divided into two pairs of doublets and two satellite peaks (Figure S3). The peaks at 710.6
and 723.8 eV belonged to Fe2+ species, whereas the peaks at 713.6 and 726.8 eV belonged to
Fe3+ species [34]. Additionally, the other two peaks at 717.2 and 732.8 eV originated from
two satellites. The N 1s spectra of ASBCx were fitted into different components, including
pyridinic N (N in 6-atom ring, 397.9 eV), pyrrolic N (N in 5-atom ring, 399.5 eV) and
graphitic N (N in graphitic carbon plane, 401.1 eV). The content of the N configurations also
exhibited correlation with the pyrolysis temperature (Figure 4). The percentage of graphitic
N significantly increased from 15.62% to 34.82% when the pyrolysis temperature increased
from 400 to 800 ◦C. It was well accepted that the graphitic N could be more reactive in PMS
activation than other N configurations [35,36]. Thus, the increased graphitic N in ASBC800
implied its best performance for PMS activation and contaminants removal.
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3.2. Adsorptive Experiment

As shown in Figure 5a,b, the SDZ molecule could be rapidly transferred to the ASBCx
surface via adsorption. The better correlation coefficients (Table 2, R2 > 0.967) were obtained
by fitting with a pseudo-second-order kinetic model, indicating that chemisorption might
dominate the adsorption process. More specifically, ASBC800 had the highest qe value
of 12.532 mg g−1, followed with ASBC600 (1.175 mg g−1), ASBC500 (0.993 mg g−1), and
ASBC400 (0.482 mg g−1), suggesting the adsorption affinity of the catalyst could be boosted
under a higher pyrolysis temperature. Additionally, as abovementioned in Table 1, the
largest SBET would be obtained under 800 ◦C, which would be beneficial for contaminant
adsorption.
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Table 2. Adsorption kinetic parameters.

Biochar
Pseudo First-Order Pseudo Second-Order

qe k1 R2 qe k2 R2

ASBC400 0.461 0.721 0.941 0.482 2.696 0.967
ASBC500 0.915 0.239 0.912 0.993 0.435 0.969
ASBC600 1.144 0.881 0.991 1.175 1.816 0.999
ASBC800 11.763 0.352 0.985 12.532 0.043 0.990

3.3. Catalytic Degradation of SDZ

In order to evaluate the performance of ASBCx activated PMS, SDZ was selected as the
model contaminant. As depicted in Figure S4, only 23.05% of the SDZ could be oxidized
by PMS alone. For ASBC400, ASBC500 and ASBC600, negligible adsorption of SDZ was
obtained (<3%), whereas ASBC800 could adsorb 37.4% of SDZ, which may be owing to
the larger SBET caused by higher pyrolysis temperature. As for the catalytic performance,
a complete SDZ degradation removal was achieved in the ASBC800/PMS system in 40 min,
while removals of 28.7%, 30.2% and 35.0% were obtained in 40 min in ASBC400/PMS,
ASBC500/PMS, and ASBC600/PMS systems (Figure 6a), respectively. In addition, compared
to the biochars prepared at a low temperature (kobs = 0.00425–0.00587 min−1), ASBC800
gave rise to an approximately 10-fold enhancement of reaction rate constant (0.0586 min−1).
As depicted in Figure 6b, a good correlation (R2 = 0.866) between SBET and qe was observed,
indicating that the larger SBET of ASBC800 endowed it with stronger adsorptive capacity
towards SDZ, and thus enhanced SDZ removal. Similarly, a good linear relationship
was observed between kapp and qe (R2 = 0.999), suggesting that the adsorption of SDZ
was beneficial for the subsequent degradation of SDZ (Figure 6c). Therefore, it could
be concluded that the SBET of ASBCx played a vital role both in SDZ adsorption and
degradation. Notably, the ASBC800/PMS system attained a comparatively good SDZ
removal rate and even surpassed some state-of-the-art metal/metal-free based oxidation
systems (e.g., BC/PMS, Fe3O4/PMS, Cu2O/PMS, and MoS2/PMS) according to the higher
SDZ normalized removal rate, faster kinetics, and lower oxidant dosage (Figure 6d).
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3.4. Stability of the ASBC800/PMS System

In order to explore the practical application prospects of the ASBC800/PMS system,
investigating the stability of the oxidation process was of great significance. First of all,
the effect of ASBC800 dosage on SDZ degradation was explored (Figure 7a). As the
ASBC800 dosage increased from 5 to 15 mg, the SDZ could be removed more quickly.
This was because a higher dosage of ASBC800 could increase adsorptive sites for the
PMS and SDZ, which could enhance the interaction among catalysts, oxidants and target
contaminants. The effects of organic matter and inorganic anions (e.g., humic acid (HA),
Cl−, H2PO4

−) were further confirmed. HA, as a representative NOM, is often used as
the model compound to explore the effects of NOM on the oxidation processes. HA with
abundant electrons can function as a scavenger to consume the generated ROS, and thus
obviously depress the oxidation process. More specifically, HA can attach to the surface of
catalysts through π–π stacking, hydrophobic or other interactions and cover the active sites,
and thus hinder the adsorption of pollutants. On the other hand, HA may compete with
the target pollutants for ROS, inhibiting organic contaminants degradation. Notably, the
ASBC800/PMS system could exhibit strong tolerance to HA (Figure 7b). Interestingly, Cl−

remarkably accelerated the SDZ oxidation process (Figure 7c). This was probably because
Cl− reacted with PMS, which further produced other species such as Cl• or HOCl, and
thus synergistically degraded SDZ (Equations (1)–(11)). In addition, H2PO4

− showed weak
influences on SDZ oxidation processes (Figure 7d), which might be due to the fact that
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H2PO4
− can convert SO4

•−and •OH to HPO4
•− that have a weaker oxidizing capacity,

(Equations (12) and (13)), and thus slightly suppress the oxidation process.

SO•−4 + Cl− → SO2−
4 + Cl• (1)

HO− + Cl• → ClOH•− (2)

Cl• + Cl• → Cl2 (3)

Cl• + Cl− → Cl•−2 (4)

Cl•−2 + Cl•−2 → Cl2 + 2Cl− (5)

Cl•−2 + H2O→ ClOH− + H+ + Cl− (6)

ClOH•− + H+ → Cl• + H2O (7)

R• + Cl•−2 → R− Cl + Cl− (8)

Cl− + HSO−5 → SO2−
4 + HOCl (9)

2Cl− + HSO−5 + H+ → SO2−
4 + Cl2 + H2O (10)

R− H + HOCl → R− Cl + H2O (11)

HPO2−
4 + SO•−4 → SO2−

4 + HPO•−4 (12)

HPO2−
4 + HO• → OH− + HPO•−4 (13)
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3.5. Activation Mechanism
3.5.1. Identification of Reactive Oxygen Species

As evidenced in Figure 6a, the removal of SDZ was significantly boosted in the
ASBC800/PMS system, suggesting the formation of reactive oxygen species (ROS). On the
one hand, •OH and SO4

•− could function as two primary ROS, which often dominate the
radical-based oxidation process. Quenching experiments were taken firstly for elucidating
the generated ROS in the ASBC800/PMS system. If radicals played vital roles in such
oxidation system, the addition of methanol (MeOH) and tertiary butanol (TBA) would
obviously inhibit the degradation of SDZ (Table S3). As depicted in Figure 8a, a mod-
erate inhibition of SDZ elimination was obtained, indicating that •OH and SO4

•− were
produced in the ASBC800-mediated PMS activation process. Moreover, we monitored the
leaching of Fe2+ during the oxidation process (Figure S5), and the leached Fe2+ content
was 0.23 mg L−1, which met the requirements of surface water environmental quality stan-
dards (GB3838-2002, 0.3 mg L−1). In addition, the SDZ degradation experiments were also
conducted in the PMS/Fe2+ (0.23 mg L−1) system, in which the SDZ could be removed by
the homogeneous reaction system (Figure S6). Notably, both high concentrations of MeOH
and TBA could not completely suppress the SDZ removal, and thus other ROS might also
participate in the oxidation reaction.
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1O2, as the selective ROS, could also oxidize contaminants, especially the electron-rich
compounds. To verify the generation of 1O2 in the ASBC800/PMS system, L-histidine
(L-his) was chosen for the quenching experiments. As shown in Figure 8a, the oxidizing
capability of the ASBC800/PMS system was effectively inhibited after adding 5 mM of
L-his, indicating that 1O2 was also generated and obligated to the elimination of SDZ. In
addition, D2O was able to accelerate the 1O2-dominated oxidation process because the
lifetime of 1O2 in D2O (55 µs) was longer than that in H2O (4.2 µs). As shown in Figure 7,
SDZ removal was accelerated in D2O, suggesting that 1O2 was the contributor. The above
inference could be further verified by EPR tests. As shown in Figure 8b, both DMPO-OH
and DMPO-SO4 signals were detected in the ASBC800/PMS system, and the signal of
TEMP-1O2 was also observed in the ASBC800/PMS system, confirming that ASBC800 was
capable of generating ROS via PMS activation.

3.5.2. Electrochemical Analysis

Apart from common reactive species produced in the oxidation system, electron-
transfer regime was further investigated by electrochemical tests (Text S6). Firstly, electro-
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chemical impedance spectroscopy (EIS) was measured to evaluate the conductivity of the
biochars prepared under different temperatures. As depicted in Figure 9a, the semicircle
diameter of ASBC800 was smallest, which suggested that ASBC800 possessed the best
conductivity among other biochars and thus could serve as the favorable medium for
electron transfer. Secondly, a noticeable increase in current was seen from the LSV curves
with the injection of PMS (Figure 9b), demonstrating the formation of metastable ASBC800-
PMS complexes (ASBC800-PMS*). Notably, another remarkable increase in current was
triggered upon the injection of SDZ, manifesting the formation of current flow from SDZ to
ASBC800-PMS*. In addition, an I-t plot was further conducted to verify this conclusion.
As evidenced in Figure 9c, an obvious current jump was detected with sequential injec-
tion of PMS and SDZ, which was the solid evidence proving the occurrence of electron
transfer. Overall, both radicals (e.g., SO4

•−, and •OH), and nonradical pathways (1O2
and electron-transfer) were responsible for SDZ oxidation, in which the leached Fe2+ was
beneficial for the generation of radicals and ASBC800 played essential roles in activating
PMS, accumulating SDZ, and regulating electron shuttle from SDZ to ASBC800-PMS*.

Figure 9. EIS analysis of ASBC800 (a), LSV under different conditions (b), and I-t curves (c).

3.6. Durability and Reusability

To examine the practical application potential of ASBC800 in eliminating SDZ-contaminated
water, SDZ degradation experiments were performed in real river water and wastewater.
As displayed in Figure 10a, unremarkable deterioration of SDZ removal was observed in
river water, whereas a moderate deterioration occurred in wastewater, which might be
owing to the ultra-high concentration compounds in the wastewater. Nevertheless, over
79% of SDZ was successfully degraded in river water and wastewater, indicating that
ASBC800 has an excellent resistance. In addition, cycle experiments were performed to
evaluate the stability of the ASBC800/PMS system. Unfortunately, we noticed a remark-
able deterioration of SDZ degradation in the second run (Figure 10b). We supposed that
the depletion was induced by the retarded adsorption capacity (from 38.7% of the first
run to 22.75% of the second run). This was probably due to the adsorbed SDZ being not
completely degraded, and thus only limited active sites could be provided for the SDZ
adsorption. To verify this hypothesis, we used acetonitrile to wash the residual SDZ on
the surface of ASBC800 in order to regenerate the catalyst. As expected, the adsorption
efficiency of SDZ was significantly recovered from 22.75% to 28.60%, and thus the total
removal rate of SDZ was also improved.
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4. Conclusions

In conclusion, N-rich and cost-effective biochars were fabricated by algal sludge, which
were further used to catalyze PMS for SDZ degradation. To be specific, the ASBC800/PMS
system exhibited excellent performance for SDZ removal (>95% within 70 min), which
even surpass many state-of-the-art metal/metal-free based oxidation systems. Based on
the quenching experiments, solvent exchange experiments and EPR characterizations, both
radical pathways (i.e., •OH and SO4

•−) and nonradical pathways (i.e., 1O2 and electron-
transfer) were demonstrated to be responsible for SDZ removal. Notably, during the
electron transfer process, PMS molecules were first adsorbed on the ASBC800 surface to
form the surface-bound ASBC800-PMS* complexes, which could subsequently degrade the
co-adsorbed SDZ. Owing to the selectivity of non-radical mechanisms, the ASBC800/PMS
system could maintain outstanding SDZ removal efficiency even in real wastewater, in-
dicating that ASBC800 possesses promising prospects for practical application. Overall,
this study might provide a new insight into N-rich and environment friendly biochar
preparation from algal sludge and deepen the insight into mechanisms of PMS activation
with carbon-based functional materials.
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Fe2+/PMS; Figure S7: Removal of SDZ by solvent exchange experiment; Table S1: The physicochem-
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activation [37–44]; Table S3: Second-order rate constants for reactions of the MeOH and TBA with
different radicals; Text S1: Chemicals and regents; Text S2: Characterizations of the biochars; Text S3:
Details of electrochemical experiment; Text S4: Adsorption kinetics; Text S5: Details of degradation
experiments.

Author Contributions: C.L.: writing—original draft, formal analysis, investigation, and visualization.
Z.C.: writing—original draft, formal analysis, investigation, and supervision. R.K.: investigation and
formal analysis. H.D.: writing—reviewing and editing, investigation. Q.L.: writing—reviewing and
editing, investigation. T.W.: writing—reviewing and editing, investigation. J.W.: writing—reviewing
and editing, investigation. D.T.: conceptualization, methodology. Y.X.: formal analysis, resources,
writing—review and editing. Z.W.: visualization, supervision. All authors have read and agreed to
the published version of the manuscript.

124



Coatings 2023, 13, 431

Funding: This work has been supported by the Research Project of Science and Technology of the
Anyang City (2022C01NY016), the Research Project of Science and Technology of the Henan Province
(222102320274), PhD research startup foundation of Anyang Institute of Technology (BSJ2021035),
Postdoc research startup foundation of Anyang Institute of Technology (BHJ2022005), and Major
science and technology projects of Anyang (201928).

Institutional Review Board Statement: All authors agreed to publish this manuscript in Environ-
mental Science and Pollution Research.

Informed Consent Statement: All authors read and approved the final manuscript.

Data Availability Statement: The data used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare no competing interests.

References
1. Miao, J.; Zhu, Y.; Lang, J.; Zhang, J.; Cheng, S.; Zhou, B.; Zhang, L.; Alvarez, P.; Long, M. Spin-State-Dependent Peroxymonosulfate

Activation of Single-Atom M–N Moieties via a Radical-Free Pathway. ACS Catal. 2021, 11, 9569–9577. [CrossRef]
2. Xiao, C.; Hu, Y.; Li, Q.; Liu, J.; Li, X.; Shi, Y.; Chen, Y.; Cheng, J. Carbon-doped defect MoS2 co-catalytic Fe3+/peroxymonosulfate

process for efficient sulfadiazine degradation: Accelerating Fe3+/Fe2+ cycle and 1O2 dominated oxidation. Sci. Total Environ.
2023, 858, 159587. [CrossRef] [PubMed]

3. Wang, L.; Jiang, S.; Huang, J.; Jiang, H. Oxygen-doped biochar for the activation of ferrate for the highly efficient degradation of
sulfadiazine with a distinct pathway. J. Environ. Chem. Eng. 2022, 10, 108537. [CrossRef]

4. Yu, J.; Feng, H.; Tang, L.; Pang, Y.; Zeng, G.; Lu, Y.; Dong, H.; Wang, J.; Liu, Y.; Feng, C.; et al. Metal-free carbon materials
for persulfate-based advanced oxidation process: Microstructure, property and tailoring. Prog. Mater. Sci. 2020, 111, 100654.
[CrossRef]

5. Huang, K.; Zhang, H. Direct Electron-Transfer-Based Peroxymonosulfate Activation by Iron-Doped Manganese Oxide (delta-
MnO2) and the Development of Galvanic Oxidation Processes (GOPs). Environ. Sci. Technol. 2019, 53, 12610–12620. [CrossRef]
[PubMed]

6. Hu, P.; Su, H.; Chen, Z.; Yu, C.; Li, Q.; Zhou, B.; Alvarez, P.; Long, M. Selective Degradation of Organic Pollutants Using an
Efficient Metal-Free Catalyst Derived from Carbonized Polypyrrole via Peroxymonosulfate Activation. Environ. Sci. Technol. 2017,
51, 11288–11296. [CrossRef] [PubMed]

7. Miao, J.; Geng, W.; Alvarez, P.; Long, M. 2D N-Doped Porous Carbon Derived from Polydopamine-Coated Graphitic Carbon
Nitride for Efficient Nonradical Activation of Peroxymonosulfate. Environ. Sci. Technol. 2020, 54, 8473–8481. [CrossRef]

8. Duan, X.; Sun, H.; Wang, S. Metal-Free Carbocatalysis in Advanced Oxidation Reactions. Acc. Chem. Res. 2018, 51, 678–687.
[CrossRef]

9. Cheng, X.; Li, P.; Zhou, W.; Wu, D.; Luo, C.; Liu, W.; Ren, Z.; Liang, H. Effect of peroxymonosulfate oxidation activated by
powdered activated carbon for mitigating ultrafiltration membrane fouling caused by different natural organic matter fractions.
Chemosphere 2019, 221, 812–823. [CrossRef]

10. Fu, C.; Sun, G.; Wang, C.; Wei, B.; Ran, G.; Song, Q. Fabrication of nitrogen-doped graphene nanosheets anchored with carbon
nanotubes for the degradation of tetracycline in saline water. Environ. Res. 2022, 206, 112242. [CrossRef]

11. Huo, X.; Zhou, P.; Zhang, J.; Liu, Y.; Cheng, X.; Liu, Y.; Li, W.; Zhang, Y. N, S-Doped porous carbons for persulfate activation to
remove tetracycline: Nonradical mechanism. J. Hazard. Mater. 2020, 391, 122055. [CrossRef] [PubMed]

12. Xiong, W.; Wang, Z.; He, S.; Hao, F.; Yang, Y.; Lv, Y.; Zhang, W.; Liu, P.; Luo, H. Nitrogen-doped carbon nanotubes as a highly
active metal-free catalyst for nitrobenzene hydrogenation. Appl. Catal. B Environ. 2020, 260, 118105. [CrossRef]

13. Yang, B.; Kang, H.; Ko, Y.; Woo, H.; Gim, G.; Choi, J.; Kim, J.; Cho, K.; Kim, E.; Lee, S.; et al. Persulfate activation by nanodiamond-
derived carbon onions: Effect of phase transformation of the inner diamond core on reaction kinetics and mechanisms. Appl.
Catal. B Environ. 2021, 293, 120205. [CrossRef]

14. Ye, S.; Zeng, G.; Tan, X.; Wu, H.; Liang, J.; Song, B.; Tang, N.; Zhang, P.; Yang, Y.; Chen, Q.; et al. Nitrogen-doped biochar fiber
with graphitization from Boehmeria nivea for promoted peroxymonosulfate activation and non-radical degradation pathways
with enhancing electron transfer. Appl. Catal. B Environ. 2020, 269, 118850. [CrossRef]

15. Chen, T.; Zhou, Z.; Han, R.; Meng, R.; Wang, H.; Lu, W. Adsorption of cadmium by biochar derived from municipal sewage
sludge: Impact factors and adsorption mechanism. Chemosphere 2015, 134, 286–293. [CrossRef]

16. Chen, Y.; Lin, Y.; Ho, S.; Zhou, Y.; Ren, N. Highly efficient adsorption of dyes by biochar derived from pigments-extracted
macroalgae pyrolyzed at different temperature. Bioresour. Technol. 2018, 259, 104–110. [CrossRef]

17. Yu, J.; Tang, L.; Pang, Y.; Zeng, G.; Feng, H.; Zou, J.; Wang, J.; Feng, C.; Zhu, X.; Ouyang, X.; et al. Hierarchical porous biochar
from shrimp shell for persulfate activation: A two-electron transfer path and key impact factors. Appl. Catal. B Environ. 2020,
260, 118160. [CrossRef]

125



Coatings 2023, 13, 431

18. Wang, H.; Guo, W.; Liu, B.; Si, Q.; Luo, H.; Zhao, Q.; Ren, N. Sludge-derived biochar as efficient persulfate activators: Sulfurization-
induced electronic structure modulation and disparate nonradical mechanisms. Appl. Catal. B Environ. 2020, 279, 119361.
[CrossRef]

19. Mian, M.; Liu, G.; Fu, B.; Song, Y. Facile synthesis of sludge-derived MnOx-N-biochar as an efficient catalyst for peroxymonosulfate
activation. Appl. Catal. B Environ. 2019, 255, 117765. [CrossRef]

20. Zaeni, J.; Lim, W.; Wang, Z.; Ding, D.; Chua, Y.; Ng, S.; Oh, W. In situ nitrogen functionalization of biochar via one-pot synthesis
for catalytic peroxymonosulfate activation: Characteristics and performance studies. Sep. Purif. Technol. 2020, 241, 116702.
[CrossRef]

21. Mian, M.; Liu, G.; Zhou, H. Preparation of N-doped biochar from sewage sludge and melamine for peroxymonosulfate activation:
N-functionality and catalytic mechanisms. Sci. Total Environ. 2020, 744, 140862. [CrossRef] [PubMed]

22. Zhang, P.; Yang, Y.; Duan, X.; Liu, Y.; Wang, S. Density Functional Theory Calculations for Insight into the Heterocatalyst
Reactivity and Mechanism in Persulfate-Based Advanced Oxidation Reactions. ACS Catal. 2021, 11, 11129–11159. [CrossRef]

23. Wu, Q.; Zhang, Y.; Liu, H.; Liu, H.; Tao, J.; Cui, M.; Zheng, Z.; Wen, D.; Zhan, X. FexN produced in pharmaceutical sludge biochar
by endogenous Fe and exogenous N doping to enhance peroxymonosulfate activation for levofloxacin degradation. Water Res.
2022, 224, 119022. [CrossRef]

24. Ren, F.; Zhu, W.; Zhao, J.; Liu, H.; Zhang, X.; Zhang, H.; Zhu, H.; Peng, Y.; Wang, B. Nitrogen-doped graphene oxide aerogel
anchored with spinel CoFe2O4 nanoparticles for rapid degradation of tetracycline. Sep. Purif. Technol. 2020, 241, 116690.
[CrossRef]

25. Ouasfi, N.; Zbair, M.; Bouzikri, S.; Anfar, Z.; Bensitel, M.; Ait Ahsaine, H.; Sabbar, E.; Khamliche, L. Selected pharmaceuticals
removal using algae derived porous carbon: Experimental, modeling and DFT theoretical insights. RSC Adv. 2019, 9, 9792–9808.
[CrossRef] [PubMed]

26. Ji, R.; Wu, Y.; Bian, Y.; Song, Y.; Sun, Q.; Jiang, X.; Zhang, L.; Han, J.; Cheng, H. Nitrogen-doped porous biochar derived from
marine algae for efficient solid-phase microextraction of chlorobenzenes from aqueous solution. J. Hazard. Mater. 2021, 407, 124785.
[CrossRef] [PubMed]

27. Wang, H.; Wang, H.; Zhao, H.; Yan, Q. Adsorption and Fenton-like removal of chelated nickel from Zn-Ni alloy electroplating
wastewater using activated biochar composite derived from Taihu blue algae. Chem. Eng. J. 2020, 379, 122372. [CrossRef]

28. Wang, H.; Wang, H.; Liu, G.; Yan, Q. In-situ pyrolysis of Taihu blue algae biomass as appealing porous carbon adsorbent for CO2
capture: Role of the intrinsic N. Sci. Total Environ. 2021, 771, 145424. [CrossRef]

29. Gaballah, M.; Guo, J.; Hassanein, A.; Sobhi, M.; Zheng, Y.; Philbert, M.; Li, B.; Sun, H.; Dong, R. Removal performance and
inhibitory effects of combined tetracycline, oxytetracycline, sulfadiazine, and norfloxacin on anaerobic digestion process treating
swine manure. Sci. Total Environ. 2023, 857, 159536. [CrossRef]

30. Yu, J.; Tang, L.; Pang, Y.; Zeng, G.; Wang, J.; Deng, Y.; Liu, Y.; Feng, H.; Chen, S.; Ren, X. Magnetic nitrogen-doped sludge-derived
biochar catalysts for persulfate activation: Internal electron transfer mechanism. Chem. Eng. J. 2019, 364, 146–159. [CrossRef]

31. Zhong, K.; Li, M.; Yang, Y.; Zhang, H.; Zhang, B.; Tang, J.; Yan, J.; Su, M.; Yang, Z. Nitrogen-doped biochar derived from
watermelon rind as oxygen reduction catalyst in air cathode microbial fuel cells. Appl. Energ. 2019, 242, 516–525. [CrossRef]

32. Zhu, K.; Bin, Q.; Shen, Y.; Huang, J.; He, D.; Chen, W. In-situ formed N-doped bamboo-like carbon nanotubes encapsulated with
Fe nanoparticles supported by biochar as highly efficient catalyst for activation of persulfate (PS) toward degradation of organic
pollutants. Chem. Eng. J. 2020, 402, 126090. [CrossRef]

33. Li, X.; Jia, Y.; Zhou, M.; Su, X.; Sun, J. High-efficiency degradation of organic pollutants with Fe, N co-doped biochar catalysts via
persulfate activation. J. Hazard. Mater. 2020, 397, 122764. [CrossRef] [PubMed]

34. Cheng, X.; Dou, S.; Qin, G.; Wang, B.; Yan, P.; Isimjan, T.; Yang, X. Rational design of highly selective nitrogen-doped Fe2O3-CNTs
catalyst towards H2O2 generation in alkaline media. Int. J. Hydrogen Energ. 2020, 45, 6128–6137. [CrossRef]

35. Qi, Y.; Ge, B.; Zhang, Y.; Jiang, B.; Wang, C.; Akram, M.; Xu, X. Three-dimensional porous graphene-like biochar derived from
Enteromorpha as a persulfate activator for sulfamethoxazole degradation: Role of graphitic N and radicals transformation. J.
Hazard. Mater. 2020, 399, 123039. [CrossRef]

36. Ho, S.; Chen, Y.; Li, R.; Zhang, C.; Ge, Y.; Cao, G.; Ma, M.; Duan, X.; Wang, S.; Ren, N. N-doped graphitic biochars from C-
phycocyanin extracted Spirulina residue for catalytic persulfate activation toward nonradical disinfection and organic oxidation.
Water Res. 2019, 159, 77–86. [CrossRef]

37. Dong, F.; Yan, L.; Huang, S.; Liang, J.; Zhang, W.; Yao, X.; Chen, X.; Qian, W.; Guo, P.; Kong, L.; et al. Removal of antibiotics
sulfadiazine by a biochar based material activated persulfate oxidation system: Performance, products and mechanism. Process
Saf. Environ. 2021, 157, 411–419. [CrossRef]

38. Feng, Y.; Wu, D.; Deng, Y.; Zhang, T.; Shih, K. Sulfate Radical-Mediated Degradation of Sulfadiazine by CuFeO2 Rhombohedral
Crystal-Catalyzed Peroxymonosulfate: Synergistic Effects and Mechanisms. Environ. Sci. Technol. 2016, 50, 3119–3127. [CrossRef]

39. Jiang, Z.; Li, Y.; Zhou, Y.; Liu, X.; Wang, C.; Lan, Y.; Li, Y. Co3O4-MnO2 nanoparticles moored on biochar as a catalyst for activation
of peroxymonosulfate to efficiently degrade sulfonamide antibiotics. Sep. Purif. Technol. 2021, 281, 119935. [CrossRef]

40. Li, Y.; Feng, Y.; Yang, B.; Yang, Z.; Shih, K. Activation of peroxymonosulfate by molybdenum disulfide-mediated traces of Fe(III)
for sulfadiazine degradation. Chemosphere 2021, 283, 131212. [CrossRef]

41. Liu, T.; Wu, K.; Wang, M.; Jing, C.; Chen, Y.; Yang, S.; Jin, P. Performance and mechanisms of sulfadiazine removal using persulfate
activated by Fe3O4@CuOx hollow spheres. Chemosphere 2021, 262, 127845. [CrossRef] [PubMed]

126



Coatings 2023, 13, 431

42. Tan, C.; Lu, X.; Cui, X.; Jian, X.; Hu, Z.; Dong, Y.; Liu, X.; Huang, J.; Deng, L. Novel activation of peroxymonosulfate by an easily
recyclable VC@Fe3O4 nanoparticles for enhanced degradation of sulfadiazine. Chem. Eng. J. 2019, 363, 318–328. [CrossRef]

43. Zeng, H.; Zhang, H.; Deng, L.; Shi, Z. Peroxymonosulfate-assisted photocatalytic degradation of sulfadiazine using self-assembled
multi-layered CoAl-LDH/g-C3N4 heterostructures: Performance, mechanism and eco-toxicity evaluation. J. Water Process Eng.
2019, 33, 101084. [CrossRef]

44. Zhu, L.; Shi, Z.; Deng, L.; Duan, Y. Efficient degradation of sulfadiazine using magnetically recoverable MnFe2O4/δ-MnO2 hybrid
as a heterogeneous catalyst of peroxymonosulfate. Colloid Surface A 2021, 609, 125637. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

127



Citation: Liu, C.; Chen, Z.; Kang, R.;

Niu, Y.; Su, W.; Wang, X.; Tian, D.; Xu,

Y. Sedum Plumbizincicola Derived

Functional Carbon for Activation of

Peroxymonosulfate to Eliminate

Bisphenol A: Performance and

Reaction Mechanisms. Coatings 2022,

12, 1892. https://doi.org/10.3390/

coatings12121892

Academic Editor: Alexandru Enesca

Received: 27 October 2022

Accepted: 28 November 2022

Published: 5 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

coatings

Article

Sedum Plumbizincicola Derived Functional Carbon for
Activation of Peroxymonosulfate to Eliminate Bisphenol A:
Performance and Reaction Mechanisms
Chao Liu 1,2,†, Zhenxiang Chen 3,†, Ruiqin Kang 1, Yongsheng Niu 1,*, Wenhui Su 1, Xiaolong Wang 1,
Dayong Tian 1 and Ying Xu 2,*

1 Department of Environmental Engineering, College of Chemistry and Environmental Engineering,
Anyang Institute of Technology, Anyang 455000, China

2 College of Chemistry and Chemical Engineering, Henan University, Kaifeng 475004, China
3 Jiangsu Xingzhou Ecological Environment Technology Co., Ltd., Nanjing 210004, China
* Correspondence: nys2205@163.com (Y.N.); hdccxu@126.com (Y.X.)
† These authors contributed equally to this work.

Abstract: Carbon-based functional materials are deemed to be excellent candidates to adsorb con-
taminants from wastewater, yet their catalytic roles in advanced oxidation processes (AOPs) are still
ambiguous. Therefore, four functional carbons (SPFCx) were fabricated in this study under various
pyrolysis temperatures by using Sedum plumbizincicola (SP) residues (a kind of phytoremediation
plant) as the precursors. Notably, SPFC800 exhibited the best adsorption capacity (qe = 26.081 mg g−1)
toward bisphenol A (BPA) due to its having the largest specific surface area (121.57 m2 g−1). By
injecting peroxymonosulfate (PMS, 5.0 mM), BPA (10 mg L−1) could be completely removed within
70 min. More importantly, the BPA removal was stable and effective even in complex wastewater.
Interestingly, radicals played minor roles in the SPFC800/PMS system, while nonradical mecha-
nisms (i.e., 1O2 and electron-transfer regime) were responsible for the BPA elimination, which was
verified by quenching tests, solvent exchange experiments (H2O2→D2O), and electrochemical experi-
ments. Overall, this work may provide a facile and green method for BPA contaminated-wastewater
purification and promote the application of AOPs in environmental remediation.

Keywords: peroxymonosulfate; pre-adsorption; degradation; nonradical oxidation

1. Introduction

Phytoremediation technology is deemed to be a green environmental protection tech-
nology for soil remediation [1–3]. Notably, the core principle of this method is to use
hyperaccumulators (e.g., pteris vittata, violabaoshaensis, and ellshohzia splendens) to
concentrate the metals from the contaminated soil and then harvest the plants to remove
heavy metal pollutants [4,5]. As a result, large amounts of plant-based wastes containing
heavy metals are produced during the phytoremediation processes. Notably, these harvests
often contain very high concentrations of heavy metals, which may become new sources of
pollution upon improper disposal. Therefore, the safe disposal of the harvest is deemed to
be an important issue [6,7]. Up until now, several methods (e.g., liquid extraction, landfill,
composting treatment, and thermal treatment) have been developed to treat the harvest
in the previous studies. Although liquid-phase extraction can effectively extract heavy
metals from the plants, the generated extraction liquid needs to be treated, which may
cause high treatment costs. In addition, the landfill may take up a lot of land resources, and
the ultra-high concentrations of heavy metals in the harvest may migrate into the leachate,
which may cause secondary pollution to the soil and groundwater. Therefore, developing
an effective, green, and promising technology for the reuse of hyperaccumulator residues
is urgent.
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Recently, thermal treatment technology has been widely recognized. In particular,
thermal treatment can prevent metal leaching, which is conducive to harmless disposal.
Notably, value-added functional carbon (FC) can be obtained by pyrolyzing these plant
residues under oxygen-limited conditions, which may further be used for water decontam-
ination [8–11]. To our satisfaction, the inherent heavy metals can be converted into metal
oxide nanoparticles, which can reduce the release of metallic pollutants [12]. Meanwhile,
metal species can tailor the structures of carbon materials [13–16]. Recently, FC has been
successfully applied for contaminants degradation in advanced oxidation processes (AOPs)
by coupling with various oxidants (e.g., hydrogen peroxide (H2O2), periodate (PI), perox-
ymonosulfate (PMS), and peracetic acid (PAA)) [17–21]. As a result, the specific roles of
carbon materials in AOPs were tentatively investigated in previous studies [22–25]. For
instance, peroxydisulfate (PDS) could effectively be activated to produce reactive oxygen
species (ROS, e.g., SO4

−, O2
− and 1O2) with the assistance of FC prepared by peanut

shells, corn straw, and water hyacinth [26–30]. Despite many attempts, the mechanism
of interaction between target pollutants, oxidants, and carbon materials in heterogeneous
AOPs remained unclear [31–33].

Due to the large scale of bisphenol A (BPA) utilization, BPA contamination can be
found in various environmental compartments (e.g., air, water, and soil), which may
cause disease by disrupting the human endocrine system [34]. To this end, several
methods (e.g., adsorption, flocculation, and biological treatment) are used for BPA
removal [35–38]. Notably, AOPs have been considered as promising methods for BPA
elimination in recent years. For example, a series of photocatalysts were designed and
applied for the photocatalytic degradation of BPA [34]. However, the constant input of
energy may increase the cost of the technology; thus carbon-catalyzed AOPs are deemed
to be the promising candidates for pollutants removal.

In this study, Sedum plumbizincicola, which is often used to concentrate heavy metals
from contaminated soil, was used for the FC preparation. BPA, which is widely used
in the manufacturing industry, was selected as the target pollutant. First, the apparent
morphology of the FC was characterized. After that, the adsorptive behaviors of BPA
on FC were analyzed by fitting with the kinetic models. Then, the BPA removal was
investigated in several AOPs (i.e., FC/PMS, FC/PDS, and FC/H2O2 systems). Furthermore,
the BPA degradation mechanism was systematically explored by quenching tests, solvent
exchange tests, and electrochemical experiments. Additionally, the catalytic activity and
stability of the FC were also investigated in real water samples. Overall, this work not only
provides a facile and low-cost method for the preparation of functional materials toward
environmental remediation but also deepens the understanding of carbon-catalyzed AOPs.

2. Materials and Methods
2.1. Materials

The BPA (≥99%) was purchased from Aladdin. D2O (99.9%) was purchased from
Macklin, Nanjing, China. Quenching agents (e.g., methanol (MeOH, ≥99.9%), L-histidine
(L-his, 99%), Furfuryl alcohol (FFA, 98%) and Tert-butanol (TBA, 99%)) were obtained from
Aladdin, Nanjing, China. Other chemicals were at least analytical grade and used without
further purification. Ultrapure water (18.25 MΩ) was produced by Spring-S60i + PALL
system. In addition, a multifunctional crusher (LINGSUM, 1000C) was used for grinding
Sedum plumbizincicola.

2.2. Methods
2.2.1. Preparation and Characterization of FC

Sedum plumbizincicola, a kind of hyperaccumulator collected in Yunnan, China, was
used for the FC preparation. Firstly, sedum plumbizincicola was washed with pure water
and then dried at 60 ◦C for 12 h. After that, the dried sedum plumbizincicola was ground
to powder, transferred into a crucible, and carbonized in the muffle furnace at the required
temperature (i.e., 500 ◦C, 600 ◦C, 700 ◦C, and 800 ◦C) for 2 h. Then, the black solid block was
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ground to desired size by using a 100-mesh sieve, washed with the pure water, and dried
at 60 ◦C (about 4 h) until constant weight. The final products were designated as SPFCx, in
which x was the annealing temperature (i.e., 500 ◦C, 600 ◦C, 700 ◦C, and 800 ◦C). In addition,
Field emission scanning electron microscopy (SEM, Fei Quanta 400 FEG, Hillsboro, OR,
USA) was used to determine the morphologies of SPFCx. The specific surface area (SBET)
was calculated according to the Brunauer-Emmett-Teller equation (Micromeritics ASAP
2020, Micromeritics Instrument Corporation, Norcross, GA, USA).

2.2.2. Adsorption

Adsorption was carried out in several conical flasks (100 mL) that contained 50 mL
of BPA solution (10 mg L−1) and 0.2 g L−1 of SPFCx. At predetermined time intervals,
samples were collected, quenched by MeOH and then analyzed by liquid chromatography.
The adsorption behaviors of BPA on SPFCx were determined by kinetic studies. Two kinetic
models (i.e., pseudo-first and pseudo-second order kinetic models) were selected to analyze
the adsorptive behaviors of BPA on SPFCx:

Pseudo first− order kinetic model : qt = qe

(
1− e−k1t

)
(1)

Pseudo sec ond− order kinetic model : qt =
k2q2

et
1 + k2qet

(2)

where, qe and qt are the adsorption amounts of BPA on SPFCx at equilibrium and time t
(mg g−1), respectively. k1 (min−1) and k2 (g mg−1 min−1) are the corresponding adsorption
rate constants, respectively.

2.2.3. Catalytic Degradation of BPA

BPA, an endocrine disruptor, was selected as the target contaminant to assess the
catalytic performance of SPFCx. The experiments were conducted as follows: 10 mg
SPFCx was first added into the BPA solution (10 mg L−1) and stirred for 40 min to achieve
adsorption equilibrium. Then, 5 mM oxidants (e.g., PMS, PDS, and H2O2) were injected
into the mixture to initiate the catalytic reaction. At predetermined time intervals, 0.5 mL
solution was withdrawn, filtered with a 0.2 mm filter to remove the solid catalyst, and
quenched with 0.5 mL methanol for analysis.

The elimination of BPA was also tested in real water matrixes (i.e., pure water (PW),
river water (RW) from Taihu in Wuxi, chemical wastewater (WW) collected from a sewage
treatment plant in Anyang, and tap water (TW)).

2.2.4. Analytical Methods

The concentration of BPA could be detected by Agilent 1260 High Performance Liquid
Chromatography (HPLC, Agilent, Beijing, China) equipped with a reversed-phase C18
column (5 µm, 4.6 × 250 mm). The mobile phase contained water and methanol (15/85,
v/v). The flow rate was 1.0 mL min−1 and the injection volume was 20 µL. Electrochemical
experiments were performed on a CHI660E electrochemical workstation and the details of
the analytical methods were provided in the Supplementary Materials Text S1. In addition,
the 1O2 in SPFC800/PMS systems was identified via electron paramagnetic resonance (EPR,
Bruker A320 spectrometer, Bruker, Beijing, China) analysis.

3. Results and Discussion
3.1. Characterizations

In order to evaluate the apparent morphology of the prepared SPFCx, SEM images
were conducted. As depicted in Figure 1, the particle size of SPFC500 (Figure 1a) was
relatively larger than that of the SPFC800 (Figure 1b), indicating that higher pyrolysis
temperature might be beneficial for the complete decomposition of the precursors and
the finer particle size may endow SPFC800 with larger SBET and more active sites. It was
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reported that higher surface areas and more adsorptive sites were beneficial for removing
contaminants [39–42].
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Figure 1. SEM images of SPFC500 (a) and SPFC800 (b).

In order to further verify the enlargement of surface area with the increasing pyrolysis
temperature, the nitrogen adsorption method was carried out to measure the SBET of SPFCx.
The structure information of SPFCx was summarized in Table 1. The results demonstrated
that with the increase of annealing temperature (from 500 to 800 ◦C), the SBET significantly
increased from 36.09 to 121.57 m2 g−1, indicating more adsorptive sites were created,
which may be beneficial for accumulating the BPA from the solution. The largest SBET
of SPFC800 might be owing to the complete decomposition of contents (e.g., fatty acid
esters) in precursors. Moreover, the pore volume of SPFCx also increased (from 0.0277
to 0.0847 cm3 g−1) with increasing pyrolysis temperature, which might be beneficial for
producing more active sites. The average pore diameters of SPFCx were between 3.651
and 3.977 nm, suggesting that SPFCx could produce abundant mesoporous pores. Notably,
much more meso/micro pores might be formed during higher pyrolysis temperature as
evidenced by the smaller pore diameter. The well-interconnected porous structures may
contain plenty of nano-spaces/channels, which might be beneficial for the formation of
nanoconfinement effects, boosting BPA removal [43,44].

Table 1. The basic information of SPFCx.

Samples SBET (m2 g−1) Pore Volume (cm3 g−1) Average Pore Diameter (nm)

SPFC500 36.09 0.0277 3.997
SPFC600 59.88 0.0592 3.764
SPFC700 78.29 0.0631 3.799
SPFC800 121.57 0.0847 3.651

3.2. Adsorption

As shown in Figure 2a,b, BPA molecule could quickly accumulate on SPFCx surface
within 30 min.

Notably, better correlation coefficients (Table 2, R2 > 0.982) were obtained by fit-
ting with the pseudo-second-order kinetic model, suggesting the adsorption process
might be chemisorption. More specifically, SPFC800 exhibited the highest qe value of
26.081 mg g−1, followed with SPFC700 (21.158 mg g−1), SPFC600 (18.619 mg g−1), and
SPFC500 (18.308 mg g−1), indicating the pyrolysis temperature was beneficial for enhancing
the adsorption affinity. Thus, it could be speculated that a larger SBET would be obtained
under high pyrolysis temperature, which would be beneficial for contaminant adsorption.
As depicted in Figure 2c, a good linear relationship between qe and SBET (R2 = 0.941) was
observed, further confirming that the adsorption of BPA was determined by the specific
surface area of SPFCx.
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Figure 2. Pseudo first (a); pseudo second (b) order kinetic models; and the correlation analysis
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Table 2. The parameters obtained by fitting with adsorption kinetic equation.

Biochar
Pseudo First-Order Pseudo Second-Order

qe k1 R2 qe k2 R2

SPFC500 17.771 (0.408) 0.862 0.951 18.308 (0.302) 0.0847 0.982
SPFC600 18.084 (0.411) 0.876 0.951 18.619 (0.307) 0.0855 0.982
SPFC700 20.399 (0.509) 0.674 0.949 21.158 (0.323) 0.0521 0.985
SPFC800 25.184 (0.624) 0.724 0.944 26.081 (0.418) 0.0461 0.983

3.3. Catalytic Degradation Performance

Although H2O2 was a traditional and effective oxidant that was usually utilized
in Fenton and/or Fenton-Like processes, it could hardly oxidize the BPA even with the
help of SPFCx (Figure 3a). The removal of BPA in such an oxidation process was almost
attributed to the adsorption by SPFCx. However, a moderate synergistic effect was observed
between BPA adsorption and BPA oxidation in SPFCx/PDS systems (Figure 3b). Notably,
BPA was more rapidly removed by SPFCx/PMS systems (especially SPFC800), which
might be attributed to the non-symmetrical structure of PMS, and thus it was easier to be
decomposed (Figure 3c). Due to the highest BPA removal rates in SPFC800/PMS systems,
the subsequent BPA degradation experiments would be performed in the SPFC800-induced
systems (Figure 3d).
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3.4. Catalytic Mechanism

In order to reveal why BPA could be quickly and effectively removed in SPCF800/PMS
system, quenching experiments were conducted first to demonstrate the involved ROS for
BPA removal. Apparently, with the injection of MeOH (Figure 4a, from 500 to 2000 mM), the
removal efficiency of BPA was only slightly inhibited, indicating that BPA degradation was
not dependent on the radicals (i.e., SO4

− and ·OH). Furthermore, a similar phenomenon
was observed by using TBA (quencher for ·OH, from 100 to 1000 mM) as the quenching
agent, confirming the minor role of ·OH in BPA elimination (Figure 4b). Nevertheless, both
L-his and FFA (classic quenchers for 1O2) could significantly inhibit the BPA removal, which
suggested that 1O2 might be obligated to the BPA removal (Figure 4c,d). In order to further
confirm the existence of 1O2 in SPFC800/PMS system, BPA degradation was conducted
in D2O, which could prolong the half-life of 1O2. As shown in the inset of Figure 4d, BPA
removal was boosted in D2O, demonstrating the vital roles of 1O2 in BPA elimination.
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The EPR test was further conducted to verify the generation of 1O2 in SPFC800/PMS
system by using TEMP as the spin-trapping agent (Figure 5). A distinctive triplet signal
was detected upon the injection of SPFC800 into the PMS solution, which indicated the
existence of 1O2, matching well with the quenching results.
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In addition, electrochemical experiments were performed to verify the occurrence
of electron transfer regime. The EIS results could be used to reveal the resistance of the
catalyst. As shown in Figure 6a, SPFC800 possessed a smaller semicircle diameter than
SPFC500, indicating the better conductivity of SBC800, and thus electrons could be easier
to transfer on SPFC800 surface than SPFC500. The LSV and I-T curves of SPFC800 were
also carried out. As shown in Figure 6b, the current density increased upon the injection of
PMS, suggesting the rapid interaction between PMS and SPFC800. Furthermore, another
obviously increased current density was detected after adding BPA, which might be owing
to the electron transfer among BPA (electron donor), PMS (electron acceptor), and SPFC800
(electric conductor). Similarly, as illustrated in Figure 6c, the current responses showed
obvious variations upon the injection of PMS and BPA, revealing the vital role of electron
transfer mechanism. The potential of the SPFCx surface was characterized to reveal the
electron transfer regime in depth. It was well accepted that the PMS could first combine with
the catalyst to form the catalyst-PMS complexes (C-PMS*) with higher oxidation capacity.
Notably, the C-PMS* was formed first and the potential of C-PMS* significantly increased
with the higher dosage of PMS, revealing why BPA generally could be more effectively
degraded with higher dosage of oxidants. According to the abovementioned analysis, the
reaction mechanism between PMS, BPA, and SPFC800 was elucidated. Nonradicals were
the dominant species in the catalytic process, and the SPFC800 could not only directly
activate PMS to produce 1O2 but accumulate PMS to form the C-PMS*, leading to effective
BPA removal [24,45].
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3.5. Degradation in Real Water

BPA degradation experiments were further conducted in SPFC800/PMS system by
adding several interfering substances (i.e., HA, Cl−, and HCO3

−). As shown in Figure 7a,
the removal of BPA was slightly inhibited by adding 10 mM of HA, which might be
owing to that HA could consume PMS and/or the ROS. Similarly, with the injection
of HCO3

−, the BPA degradation was inhibited, which could be due to that the ROS
generated in PMS/SPFC800 system were converted into CO3

•− with lower oxidation
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capacity (Equations (3) and (4)). Interestingly, BPA removal was slightly accelerated by
adding 10 mM of Cl−, which was attributed to that Cl− may react with PMS and/or the
ROS to form Cl•, synergistically eliminating BPA (Equations (5)–(8)).

HO• + HCO−3 → H2O + CO•−3 (3)

SO−•4 + HCO−3 → SO2−
4 + HCO−3 , k = 9.1× 106 M−1s−1 (4)

SO−•4 + Cl− → SO2−
4 + Cl• , k = 2.0× 108 M−1s−1 (5)

HO• + Cl• → ClOH−• (6)

ClOH−• + H+ → Cl• + H2O (7)

Cl• + Cl− → Cl−•2 , k = (0.8− 2.1)× 1010 M−1s−1 (8)
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Figure 7. Elimination of BPA in SPFC800/PMS system after adding interfering substances ((a),
i.e., HA, Cl−, and HCO3

−) and degradation of BPA in actual water samples; ((b), i.e., RW, WW, TW,
and PW). (Experimental conditions: [BPA] = 10 mg L−1, [Oxidant] = 5 mM, [SPFCx] = 0.2 g L−1,
[HA] = 5 mg L−1, and [Cl−1] = [HCO3

−] = 5 mM).

To further evaluate the feasibility of the SPFC800 for BPA elimination, the BPA degra-
dation experiments were carried out in different water matrixes (Table 3). As shown in
Figure 7b, BPA removal did not change in TW and was slightly inhibited in RW, which
was due to that RW often contained a lot of impurities, consuming the ROS. In addition,
a moderate deterioration was observed in WW, which could be owing to the ultra-high
concentrations of coexisting contaminants, which could compete with BPA for the ROS.

Table 3. The basic information of the real waters.

Water Sample pH CODCr
(mg L−1)

Cl−
(mg L−1)

NH4
+-N

(mg L−1)
PO43−

(mg L−1)

PW 7.2 ± 0.03 <10 0.47 0.09 0.02
TW 7.13 ± 0.03 <10 12.6 1.37 0.138
RW 7.08 ± 0.03 <10 8.52 2.14 0.577
WW 7.44 ± 0.03 572 ± 20 1388 4.11 2.06

4. Conclusions

In this study, a series of sedum plumbizincicola derived functional carbon (SPFCx)
catalysts were successfully fabricated. The SPFCx could effectively and rapidly activate
PMS for BPA removal. Notably, the catalytic performance was highly decided by the pyrol-
ysis conditions. Among others, SPFC800 exhibited the best catalytic activity because of its
highest surface area and pore volumes. In addition, the non-radical pathway (i.e., 1O2 and
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electron transfer regime) rather than the radical pathway dominated the BPA degradation.
More importantly, the BPA elimination (>80%) was highly stable and effective even in
complex wastewater, demonstrating that the SPFC800/PMS system was promising for
BPA-contaminated water remediation. Overall, this work may promote the application of
AOPs in environmental remediation.
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Abstract: A novel magnetic fluorescent nanoprobe (Fe3O4@ZnS@MPS(MFNPs)) was synthesized,
which recognized and cooperated with Ag+ ions, and a rapid method for detecting Ag+ was es-
tablished in solution. It was found by fluorescence spectroscopy analysis that the MFNPs could
detect Ag+ in PBS solution and, upon addition of Ag+ ions, the fluorescence (FL) of MFNPs could be
quenched significantly. The sensor has a low limit of detection (LOD) of 7.04 µM for Ag+. The results
showed that MFNPs were extremely specific and sensitive for the quantitative detection of Ag+ over
a wide pH range. Then, the recognition mechanism between MFNPs and guest Ag+ was explored via
measures of infrared spectroscopy and electron microscopy. It was speculated that the oxygen atoms
in the sulfonic acid group cooperated with Ag+ to form a synergistic complexation. The assay was
successfully used to determine the content of Ag+ in real samples.

Keywords: magnetic fluorescent nanosensor; selective recognition; silver ion; 3-sulfhydryl-1-propane
sodium (MPS)

1. Introduction

Silver has always attracted attention due to its unique chemical properties of strong
corrosion resistance and high antioxidant capacity. Because of its rarity and high gloss, silver
is widely used in the production of daily necessities [1,2]. A large number of widespread
uses have a relatively significant impact on the environment. Therefore, it is necessary to
adopt appropriate detection methods to analyze it. Excessive human exposure to silver
is likely to cause silver poisoning, growth retardation, etc., and too much silver hurts the
eyes and skin [3,4]. Thus, it is of great significance to investigate an effective method for
detection of Ag+.

Silver ions can be detected by a variety of methods, such as fast but unstable electro-
chemical detection and accurate but expensive flame atomic absorption spectrometry [5–7].
In addition to these techniques, the extraction method using molecular receptors or chelat-
ing ligands is also widely used in the detection of Ag(I). Compared with conventional
assays, fluorescence detection has greater advantages, such as rapid reaction, simple opera-
tion, low cost, and high sensitivity [8–10].

However, these fluorescent probes also cause further pollution to the environment
when they are used to detect Ag+. Compared with these fluorescent probes, ZnS QDs
have unique advantages, such as a narrow and symmetric emission spectrum, excellent
light stability, and resistance to photobleaching [11]. Therefore, the development of multi-
functional fluorescence chemosensors for sensing of heavy metals, that are friendly to the
environment, is increasingly attracting attention [12].

In recent years, magnetic nanomaterials have attracted significant attention in the
academic field due to their excellent magnetic reaction ability, high biocompatibility, and
good stability [13–15]. Among these, superparamagnetic iron oxide (Fe3O4) is particularly
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versatile due to its unique high coercivity, easily functional modification, excellent con-
trollable magnetic responsiveness, which can be manipulated by external magnetic fields,
and controllable size and surface [16–18]. This enables researchers in various fields, such
as chemistry, biology, medicine, and materials science, to use MFNPs to construct multi-
functional nanoprobes and conduct significant research in sewage treatment, biological
imaging, drug delivery, and other fields [19,20].

However, due to the strong magnetic dipole attraction between the particles, Fe3O4
nanoparticles tend to aggregate. Therefore, stabilizers such as organic matter, semicon-
ductors, and oxides with specific functional groups are often applied to the nanoparticles’
surface in order to improve stability. Using a variety of biocompatible polymers to function-
alize and modify the surface of Fe3O4 nanoparticles to provide new functions is the focus of
current research. When the stability of Fe3O4 nanoparticles is guaranteed, the introduction
of fluorescent substances is conducive to the separation and transfer of detection substances,
especially heavy metals in water, thus expanding the application field of fluorescent probes.
Aggregation-induced sedimentation technology can efficiently and rapidly remove Ag+

from water samples and can avoid secondary pollution [21].
In this work, a novel environmentally friendly magnetic fluorescent nanosensor

(Fe3O4@ZnS@MPS(MFNPs)) modified with 3-sulfhydryl-1-propane sodium for coinstanta-
neous detection and removal of Ag+ from water samples is reported (Scheme 1). The results
showed that MFNPs achieved highly specific recognition and were extremely sensitive
for the quantitative detection of Ag+ over a wide pH range. The sensor has a low limit
of detection (LOD) of 7.04 µM for Ag+. The optimal adsorption capacity of MFNPs was
calculated to be about 395.79 mg/g and the optimal adsorption rate capacity of MFNPs
was calculated to be about 98%. This work provides a new method for the synthesis of
magnetic fluorescent nanosensors, exploiting their application not only for the detection of
Ag+, but also other heavy metal ions, with the multiple functions of enrichment, detection,
and separation.
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2. Materials and Methods
2.1. Preparation of Fe3O4 Magnetic Nanoparticle

The magnetic Fe3O4 nanoparticle was synthesized via the solvothermal method and
prepared as follows: FeCl3·6H2O (2.7 g) was dissolved in 60 mL ethylene glycol in a
water bath and stirred until fully dissolved. Sodium acetate (7.2 g) and surfactant (0.5 g)
were added and stirred for 30 min. The solution was moved to a Polytetrafluoroethylene
kettle, which was sealed tightly, and the hydrothermal reaction was carried out at high
temperature. The reaction was then allowed to end and to cool naturally. The solution
was moved to a Teflon kettle, which was sealed, followed by a hydrothermal reaction at a
high temperature and natural cooling at the end of the reaction. The black precipitate was
collected after washing several times, and the dispersive solution was prepared by adding
water for further modification.
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2.2. Preparation of Fe3O4@ZnS

The chemical coprecipitation method was employed to synthesize Fe3O4@ZnS core/shell
nanocomposites. First, 10 mL of Fe3O4 was diluted to 100 mL and the solution was kept
neutral. Then, 2.5 mmol of Zn(Ac)2·2H2O and Na2S·9H2O were dissolved in turn under
the condition of water bath stirring, and were stirred for 6 h. The item was attracted by
a magnetic force and then underwent a thorough cleansing process with ultrapure water
and ethanol. The Fe3O4@ZnS nanoprobe was completed and water was added to make a
dispersion for further modification [22].

2.3. Preparation of Fe3O4@ZnS@MPS

A quantity of 5 mL of Fe3O4@ZnS ethanol solution was placed in a round-bottom
flask. Then, 5 mL 3-sulfhydryl-1-propane sodium (MPS) (89.105 mg, 0.1 mmol/L) ethanol
solution was added. The mixture was then stirred in a water bath at 40 ◦C for 4 h in the dark.
After the item was attracted by a magnetic force, it underwent a thorough cleansing process
with ultrapure water and ethanol. Water was added to the prepared Fe3O4@ZnS@MPS
microspheres to make a dispersion solution.

2.4. Instrumentation

The surface topography of the microspheres was observed via a scanning electron mi-
croscope (SEM) (Quanta 200, FEI, Hillsboro, OR, USA) (EHT = 5.00 kV) and a transmission
electron microscope (TEM) (JEM 2100, JEOL, Tokyo, Japan) (Accelerating Voltage = 200 kV).
Fourier transform-infrared (FTIR) spectra were obtained from a spectrometer (Thermo
Scientific Nicolet IS50, Thermofisher, Waltham, MA, USA). X-ray diffraction (XRD) images
were obtained using an X-ray diffractometer (D8FOCUS, Bruker, Berlin, German). The mea-
surement was conducted using CuKα radiation (λ= 1.5406 Å) in the range of 2θ= 20◦–80◦

at a scan speed of 2◦/min. XPS spectra data were obtained on an X-ray photoelectron
spectrometer (Krayos AXIS Ultra DLDX, Shimadzu, Tokyo, Japan) (Analyzer Mode: Con-
stant Analyzer Energy: Pass Energy 30.0 eV; Energy Step Size: 0.100 eV). The magnetism
(VSM) was measured using a vibrating sample magnetometer (7404 vibrating sample
magnetometer, LakeShore, Carson, CA, USA). The thermogravimetric (TG) curves were
obtained using a thermalgravimetric analyzer (Discovery SDT650 synchronous TGA-DTA
Instrument, TA, Los Angeles, CA, USA). Fluorescence spectra were measured on a fluo-
rescence spectrophotometer (FluoroMax-plus instrument, Horiba, Austin, TX, USA) with
an excitation of (370) nm. The concentration of Ag+ in solution was determined by atomic
absorption spectrometry (AAS) (ICP-OES:Thermo Fisher iCAP 7400, Thermofisher, USA).

2.5. Materials

Other chemicals used in this study, such as FeCl3·6H2O, CH3COONa·3H2O, Zn(ac)2,
Na2S, polyethylene glycol 2000, 3-sulfhydryl-1-propane sodium, Co2+, Pb2+, Ni2+, Hg2+,
Al3+, Cu2+, Zn2+, Cd2+, Fe3+, Fe2+, K+, Ca2+, and NaCl, were purchased from Shanghai
Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China).

2.6. Procedure for the Fluorescent Detection of Ag+

Certain volumes of Ag+ solutions were added to 0.4 mg of the Fe3O4@ZnS@MPS
suspension, whose final volume was tuned to 5 mL by PBS buffer solution. After a 5 min
reaction, the emission spectra were measured at an excitation wavelength of 370 nm. The
selectivity performance of Fe3O4@ZnS@MPS assay for the detection of Ag+ was carried
out by measuring its fluorescence response in the presence of various common ions (Co2+,
Pb2+, Ni2+, Hg2+, Al3+, Cu2+, Zn2+, Cd2+, Fe3+, Fe2+, K+, Ca2+, Na+).

2.7. Removal and Adoption Capacity Performance of Ag+

The removal and adoption capacity performance of Ag+ testing was determined in a
centrifuge tube, for different concentrations of AgNO3, after shaking well.
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The removal activities can be evaluated by the following equation:

R =
C0 − C1

C0
× 100% (1)

C1 is the final concentration of Ag+, and C0 is the initial concentration of Ag+ ions.
The concentration of Ag+ ions was analyzed via AAS.

The adsorption amount of Ag+ (Q mg/g) can be calculated according to the follow-
ing equation:

Qe =
(C 0 − C1)V

m
(2)

Qe is the adsorption capacity (mg·g−1), C0 and Ce are the initial and equilibrium
concentrations of Ag+ (mg·L−1), respectively, V is the volume of the metal ion solution (L),
and m is the Fe3O4@ZnS@MPS mass (g).

3. Results and Discussion
3.1. Characterization of MFNS
3.1.1. Morphology Analysis

The morphology and particle size of Fe3O4 MNPs and Fe3O4@ZnS@MPS core-shell
nanocomposites were investigated using SEM and TEM.

Figure 1a,c show the SEM and TEM images of Fe3O4 MNPs, from the commercial
Fe3O4 with a diameter distribution from 150 to 250 nm, which reveal that Fe3O4 MNPs
have a regular and uniform distribution. In addition, the SEM image of Fe3O4@ZnS@MPS
is shown in Figure 1b. Compared with Figure 1a,b, it can be seen that ZnS particles are
accumulated on the surface of Fe3O4 after the modification of the thiol group, and the
surface of Fe3O4 MNPs becomes irregular and rough. In addition, TEM images (Figure 1d)
of Fe3O4@ZnS@MPS with a diameter distribution from 200 to 300 nm were obtained, which
show that ZnS particles modified with sulfhydryl groups have been deposited on the
surface of Fe3O4 MNPs [23].
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3.1.2. XRD Analysis

Figure 2 shows the XRD patterns of Fe3O4, Fe3O4@ZnS, and MFNPs. In the XRD
pattern, several diffraction peaks around 2θ = 30.1◦, 35.6◦, 43.1◦, 53.7◦, 57.1◦, and 62.8◦

were observed for Fe3O4@ZnS@MPS, which could be assigned to the (220), (311), (400),
(422), (511), and (440) planes of the cubic spinel crystal structure of Fe3O4, respectively.
There were also three new diffraction peaks at around 2θ = 28.9◦, 47.7◦, and 57.0◦, which
could confirm the existence of ZnS crystals in the composites [24]. The position of the
diffraction peak did not change when the quantum dots and sulfhydryl groups were
modified, indicating that the Fe3O4 magnetic core did not undergo chemical or structural
changes during the coating process. Figure 2 clearly shows that the spectral peaks are
basically the same before and after functionalization, indicating that the crystal structure of
Fe3O4 does not change during different functionalization processes [25,26].
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Figure 2. XRD patterns of (a) Fe3O4, (b) Fe3O4@ZnS, and (c) Fe3O4@ZnS@MPS nanocomposites.

3.1.3. FT−IR Analysis

Figure 3 shows the infrared (IR) spectra of Fe3O4, Fe3O4@ZnS, Fe3O4@ZnS@MPS, and
MPS. It can be seen from the infrared spectra of the magnetic microspheres that the strong
absorption peak at 584 cm−1 is related to the stretching vibration of the Fe–O bond. For
Fe3O4 @ZnS magnetic fluorescent nanoparticles, the peaks corresponding to the stretching
vibration of Fe–O and Zn–S appeared at 580 cm−1 and 627 cm−1. The stretching vibration
of -SH in MPS corresponds to a peak at 2555 cm−1. For MFNP nanoparticles, the Zn–S
stretching vibration peak was obviously masked after sulfhydryl modification at 1018 cm−1,
and a new C–H peak appeared at 2922 cm−1 [27]. The corresponding peak of the new
S–O stretching vibration was 1042 cm−1, while the peak at 1178 cm−1 was assigned to the
O=S=O symmetric stretching vibration. This can prove that the sulfhydryl group is bound
to the surface of the microspheres and the ligand is successfully modified on the surface of
the microspheres [28–31].
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Figure 3. FT−IR spectra of commercial Fe3O4, Fe3O4@ZnS, Fe3O4@ZnS@MPS, and MPS.

3.1.4. XPS Analysis

The elemental composition of the Fe3O4@ZnS@MPS nanoparticle was explored by
XPS analysis (Figure 4), The five peaks at 1019.2 eV, 709.8 eV, 529.6 eV, 285.6 eV, and
159.2 eV are composed of Zn 2p, Fe 2p, O 1s, C 1s, and S 2p, respectively, confirming the
successful synthesis of Fe3O4@ZnS@MPS nanoparticles. Figure 4b shows that the binding
energies of Fe3+ 2p3/2 and Fe3+ 2p1/2 are 710.8 and 725.0 eV, respectively, and the bimodal
fitting of Fe 2p can obtain the binding energies of Fe2+ 2p3/2 and Fe2+ 2p1/2 at 708.7 and
721.6 eV, respectively. The results indicate that Fe3O4 exists in the nanoparticle. According
to Figure 4c, the difference in binding energy between Zn 2p3/2 and Zn 2p1/2 is 22.5 eV,
indicating that metallic Zn supported by the MFNPs mainly exists in the Zn2+ valence state.
Peaks at 159.5 eV and 160.7 eV (Figure 4d) are attributed to metal sulfides S2− (2p3/2 and S
2p1/2) from ZnS, respectively [32,33].

3.1.5. Hysteresis Curve

The magnetic properties of the Fe3O4 and Fe3O4@ZnS@MPS MFNPs were studied
using a VSM in an external magnetic field from −20,000 to +20,000 Oe, and results are
shown in Figure 5. The saturation magnetization of Fe3O4 MNPs was 64.52 emu/g, and
that of Fe3O4@ZnS@MPS nanocomposites was 47.09 emu/g. The magnetization in the
nanocomposites is reduced due to the diamagnetic effect of the thick sulfhydryl-modified
ZnS layer around the Fe3O4 MNPs. Ion redistribution of Zn2+ may also have contributed to
the decrease in the saturation magnetization of the composite. However, it still possesses
typical superparamagnetism, which can meet the experimental requirements, and still
shows excellent magnetic properties after removal of Ag+ (inset figure) [11,34].
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3.1.6. Thermogravimetric Analysis

In order to study the thermal properties of the samples, a thermal weight loss analyzer
was used to analyze the samples. The thermal properties constitute an important index
used to evaluate the hybrid materials, and differ with different synthesis methods. The
TGA curves of MFNFs were measured at a heating rate of 10 ◦C/min under a nitrogen
atmosphere, and the results are shown in Figure 6. As shown in Figure 6, the overall weight
loss rate of the products is not very large, and the weight loss rate of Fe3O4 is only about 8%.
After the modification of ZnS, its weight loss is reduced to 15%, and the extra weight loss is
the water contained in ZnS. The weight loss rate reaches 18% after the modification of MPS,
indicating that the polymer in the sample was removed. Therefore, the TGA analysis shows
that the sulfhydryl group was modified on the surface of Fe3O4 magnetic microspheres.
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Figure 6. TGA curves of Fe3O4, Fe3O4@ZnS, and Fe3O4@ZnS@MPS.

Combined with the above data, it can be proven that the Fe3O4@ZnS@MPS magnetic
fluorescent nanosensors (MFNPs) have been successfully synthesized.

3.2. Detection Performance Study of MFNPs
3.2.1. Performance Analysis of Magnetic Fluorescence Nanosensor MFNPs

Figure 7 shows the comparison of fluorescence characteristic spectra before and after
the addition of Ag+ to MFNPs. Figure 7 shows that the addition of Ag+ can significantly
quench the fluorescence intensity of MFNPs, and the inset shows the TEM images of MFNPs
before and after the addition of Ag+. It can be clearly seen that Ag+ has been loaded and
dispersed on the surface of the MFNPs. MFNPs have good dispersibility and are almost
spherical. The complexation of Ag+ with sodium 3-sulfhydryl-1-propane sulfonate on the
surface of MFNPs leads to Ag+ aggregation and obvious fluorescence quenching.
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images of MFNPs before and after Ag+ addition.

3.2.2. The Effect of pH on the Fluorescence of MFNPs

One of the crucial factors determining the sensor’s capacity for detection is the pH level
of the solution. As can be seen from Figure 8, the fluorescence intensity of the probe itself
does not change greatly within the range of 4.8–9.0, and the degree of fluorescence intensity
quenched by the addition of silver ions was not affected by the pH value. Therefore, we
chose the common neutral liquid pH value of 7.0 as the experimental standard.
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Figure 8. Fluorescence intensity of MFNPs at 425 nm in the absence and presence of Ag+ at differ-
ent pH.

147



Coatings 2023, 13, 1557

3.2.3. The Response Range and Relation Curve of MFNPs to Ag+

With the increase in the concentration of Ag+, the fluorescence intensity gradually
weakens in the range of 0–100 µM (Figure 9). There was a linear relationship between the
concentration of Ag+ and the fluorescence intensity I/I0 = −0.00426x + 1.00934 (R2 = 0.9967),
where x is the concentrations of Ag+ (µM), with the LOD of 7.04 µM. Therefore, the sensor
of the presented invention can more accurately determine the content of Ag+. Based on the
data of the linear range and the detection limit, it can be seen that the probe showed good
performance (Table 1).
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Table 1. Comparison of the present nanoprobe with other reported sensors for Ag+ detection.

Type of Sensor Detection Range LOD Reference

Eu-MIL-61(Ga(OH)(btec)·0.5H2O) 0–1000 µM 0.23 µM Dalton Transactions, 46 (2017)875 [35]
Triphenylamine–thiophene-

pyridinium 5.0–9.0 µM 3.6 µM Talanta, 255(2023)124222 [36]

Nitrogen and bromine co-doped
carbon dots 0–6.0 µM 0.14 µM

Spectrochimica Acta Part A: Molecular
and Biomolecular Spectroscopy,

296(2023)122642 [37]
NPCl-doped

carbon quantum dots 15.89–27.66 µM 26.38 µM Analytica Chimica Acta, 1144 (2021)
1–13 [38]

Cholesteric chiral artificial receptor L5 2–20 µM 0.13 µM Microchemical Journal,
190(2023)108633 [39]

Fe3O4@ZnS@MPS 0–100 µM 7.04 µM This work

3.2.4. Particle Selectivity and Interference Ion Determination

High selectivity is a necessary condition for the sensor. Therefore, under the same
conditions, the Ag+ selectivity of the prepared magnetic fluorescent sensor was investigated
by detection of the reaction of the relevant analytes. The results show that the fluorescence
quenching effect of Ag+ is the best. Although the other ions will experience weak quenching,
this is obviously negligible compared with that of silver ions (Figure 10a). To further
investigate the ability of the magnetic fluorescent sensor to recognize silver ions in the
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presence of other metal ions, the anti-interference ability of the sensor was also investigated.
When an equal amount of silver ions was added to an equal amount of other metal ions
(400 µM Ag+, Co2+, Ni2+, Al3+, Cu2+, Zn2+, Cd2+, Fe3+, Fe2+, K+, Ca2+, Na+, Pb2+, Hg2+),
the other ions did not affect the detection of silver ions by the magnetic fluorescent sensor.
The bar graph clearly proves this point (Figure 10b); it is obvious that the common metal
ions in the environment do not interfere with the qualitative and quantitative detection of
silver ions by the particles.
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(400 µM, 1, Co2+; 2, Pb2+; 3, Ni2+; 4, Hg2+; 5, Al3+; 6, Cu2+; 7, Zn2+; 8, Cd2+; 9, Fe3+; 10, Fe2+; 11, K+;
12, Ca2+; 13, Na+;14, Blank).

3.2.5. Removal of Ag+

Adsorption capacity is considered to be one of the most important properties of
nanomaterials, so adsorption tests were performed in conical flasks (100 mL) to determine
the adsorption amount of Ag+. The effect of the initial Ag+ concentration on the adsorption
efficiency is shown in Figure 11. The adsorption analysis showed that with the increase in
the initial Ag+ concentration, the adsorption capacity of MFNPs also gradually increased.
This was due to the increase in the initial concentration, which improved the adsorption
driving force and ion mass transfer rate, and the binding site on the adsorbents’ surface
was gradually occupied by Ag+; thus, the adsorption capacity increased. The removal
rate of Ag+ in the solution gradually decreased after 100 µM, reaching 99.62%, which is
because the amount of adsorbent in the solution is finite, and the adsorption site provided
for Ag+ is also finite. When the concentration of heavy metals is low, almost all Ag+ can be
combined with the adsorption site to achieve a higher removal rate, and then the adsorption
gradually reaches equilibrium. Therefore, the adsorption effect of the adsorbent on the
free metal ions in the solution is reduced, resulting in a lower removal rate. When the Ag+

concentration changed from 300 µM to 600 µM, the removal rate decreased from 99.54%
to 93.54%, and the adsorption capacity increased from 322.496 mg/g to 606.112 mg/g.
In general, the optimal Ag+ concentration at the intersection point of 400 µM could be
obtained. Compared with other materials, the adsorption and transfer rates of this material
are relatively high (Table 2).

149



Coatings 2023, 13, 1557Coatings 2023, 13, x FOR PEER REVIEW 12 of 15 
 

 

 
Figure 11. Effect of the initial concentration of Ag+ on the adsorption capacity and removal efficiency 
of magnetic fluorescent nanoparticles. 

Table 2. The adsorption capacity of reported adsorbents for Ag+. 

Type of Sensor Adsorption Capacity 
(mg/g) Reference 

Bifunctional 
polysilsesquioxane 

microspheres 
416.88 Journal of Hazardous Materials  

442(2023) 130,121 [40] 

ZMC-MAH-TEPA (grafted 
magnetic zeolite/chitosan) 70.12 International Journal of Biological Macromolecules 222 (2022) 

2615–2627 [41] 
DMTD-AP(2,5-dimercap-to-
1,3,4-thiadiazole modified 

apple pomace) 
196.9 Sustainable Chemistry and Pharmacy 26 (2022) 100,621 [42] 

L-PRL(o -phenanthroline-
based polymer) 325.8 Chinese Chemical Letters 34 (2023)  

107,485 [43] 
MFNPs 395.79 This work 

3.3. Infrared Spectroscopy Analysis before and after Complexation of MFNPs with Ag+ 
Infrared spectra of MFNPs before and after the addition of Ag+ were analyzed using 

FT-IR, and the FT-IR spectra of MFNPs and MFNPs + Ag+ complexes are shown in Figure 
12. From the infrared spectra of MFNPs, the corresponding peaks of S = O telescopic vibra-
tion at 1042 cm−1 were observed. 

The peak shape of the absorption peaks at 1045.31 cm−1, 1198.70 cm−1, and 1407.66 cm−1 
changed, indicating that S–O, O=S=O, and C–O might play a key role in the synergistic effect 
with Ag+. The result can be clearly observed in Figure 8; when the Fe3O4@ZnS-MPS inter-
acted with Ag+, the tensile peak of methoxy (S–O) was changed from 1045.31 cm−1 to 1014.02 
cm−1, while the characteristic absorption peak of O=S=O moved from 1198.70 cm−1 to 1159.20 
cm−1 and the characteristic absorption peak of C–O moved from 1407.66 cm−1 to 1382.18 cm−1. 
The reason for the change in the infrared absorption peak of the sulfonic acid group might 
be that the oxygen atoms in the sulfonic acid group cooperated with Ag+ to form a synergis-
tic complexation. The oxygen atoms of the sulfonic acid group had a negative charge, indi-
cating that the S–O and O=S=O group could adsorb Ag+ by electrostatic interaction as Ag+ 
laced electrons. Thus, it was speculated that the oxygen atom of the S–O and O=S=O group 
donated electrons to the Ag+, which led to the transfer of charge and resulted in changes in 
the infrared spectrum [43]. 

0 200 400 600

0

200

400

600

A
ds

or
pt

io
n 

ra
te

(%
)

 Ag+ adsorption
 Adsorption rate

Ag+ concentration(μM)

Q
e(

m
g/

g)

94

96

98

100

Figure 11. Effect of the initial concentration of Ag+ on the adsorption capacity and removal efficiency
of magnetic fluorescent nanoparticles.

Table 2. The adsorption capacity of reported adsorbents for Ag+.

Type of Sensor Adsorption Capacity (mg/g) Reference

Bifunctional polysilsesquioxane
microspheres 416.88 Journal of Hazardous Materials 442(2023)

130,121 [40]
ZMC-MAH-TEPA (grafted magnetic

zeolite/chitosan) 70.12 International Journal of Biological
Macromolecules 222 (2022) 2615–2627 [41]

DMTD-AP(2,5-dimercap-to-1,3,4-thiadiazole
modified apple pomace) 196.9 Sustainable Chemistry and Pharmacy 26 (2022)

100,621 [42]
L-PRL(o -phenanthroline-based polymer) 325.8 Chinese Chemical Letters 34 (2023) 107,485 [43]

MFNPs 395.79 This work

3.3. Infrared Spectroscopy Analysis before and after Complexation of MFNPs with Ag+

Infrared spectra of MFNPs before and after the addition of Ag+ were analyzed using
FT-IR, and the FT-IR spectra of MFNPs and MFNPs + Ag+ complexes are shown in Figure 12.
From the infrared spectra of MFNPs, the corresponding peaks of S = O telescopic vibration
at 1042 cm−1 were observed.
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The peak shape of the absorption peaks at 1045.31 cm−1, 1198.70 cm−1, and 1407.66 cm−1

changed, indicating that S–O, O=S=O, and C–O might play a key role in the synergistic
effect with Ag+. The result can be clearly observed in Figure 8; when the Fe3O4@ZnS-MPS
interacted with Ag+, the tensile peak of methoxy (S–O) was changed from 1045.31 cm−1 to
1014.02 cm−1, while the characteristic absorption peak of O=S=O moved from 1198.70 cm−1

to 1159.20 cm−1 and the characteristic absorption peak of C–O moved from 1407.66 cm−1

to 1382.18 cm−1. The reason for the change in the infrared absorption peak of the sulfonic
acid group might be that the oxygen atoms in the sulfonic acid group cooperated with
Ag+ to form a synergistic complexation. The oxygen atoms of the sulfonic acid group
had a negative charge, indicating that the S–O and O=S=O group could adsorb Ag+ by
electrostatic interaction as Ag+ laced electrons. Thus, it was speculated that the oxygen
atom of the S–O and O=S=O group donated electrons to the Ag+, which led to the transfer
of charge and resulted in changes in the infrared spectrum [43].

3.4. The Fluorescent Detection of Ag+ in Actual Samples

The practicability of the MFNPs for the detection of Ag+ was demonstrated by analyz-
ing real water samples. The real samples were selected from tap water, water from Songhua
River in Jilin, and electrolysis waste water. First, suspended particles were removed from
these water samples using centrifugal separation. Then, the supernatant was analyzed
according to the previous procedure of Ag+. Certain volumes of the supernatant and Ag+

solutions were added to 200 µL of the Fe3O4@ZnS@MPS suspension, and the final volume
was tuned to 2 mL by PBS buffer solution. As shown in Table 3, Ag+ was not detected in
the real water samples. The recovery of Ag+ detection was in the range of 85.20%–105.30%,
with the RSD (relative standard deviation) in the range of 3.18%–5.32%. The result indicated
that the MFNPs had great potential for the detection of Ag+ in real water samples.

Table 3. The performance of the MFNPs in real water samples.

Sample Added (µM) Measured (µM) Recovery (%) RSD (%)

Tap water
1 0.926 92.60 3.18

5.0 4.859 97.18 4.25
10.0 10.321 103.21 3.86

River water
1 1.053 105.30 4.34

5.0 4.987 99.74 3.89
10.0 9.842 98.42 4.45

Electrolysis
waste water

1 0.852 85.20 5.32
5.0 4.320 86.40 4.96
10.0 8.620 86.20 4.85

4. Conclusions

In summary, we present the design, synthesis, and performance of a novel magnetic
fluorescent nanoprobe (Fe3O4@ZnS@MPS(MFNPs)) modified with 3-sulfhydryl-1-propane
sodium for simultaneous detection and removal of Ag+ from water solutions. Our proposed
Fe3O4@ZnS@MPS sensor exhibits significant quenching fluorescence intensity ability and
high selectivity for Ag+. It was shown that the Fe3O4@ZnS@MPS fluorescent sensor was a
good adsorbent for the removal of Ag+, due to the aggregation and magnetic separation
of the sensor. In addition, it could be applied over a wide pH range. The above results
confirmed that this method is an inexpensive, simple, convenient, and extremely sensitive
method that enables highly specific recognition for the simultaneous detection and removal
of Ag+ from aqueous solutions. This study provided a new idea for the determination and
removal of Ag+ and other heavy metals.
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Abstract: In the present research, photo-responsive controlled-release hexaconazole (Hex) nanopar-
ticles (Nps) were successfully prepared with azobenzene (Azo)-modified bimodal mesoporous
silica (BMMs), in which β-cyclodextrin (β-CD) was capped onto the BMMs-Azo surface via host–
guest interactions (Hex@BMMs/Azo/β-CD). Scanning electron microscopy (SEM) confirmed that
the nanoparticles had a spherical structure, and their average diameter determined by dynamic
light scattering (DLS) was found to be 387.2 ± 3.8 nm. X-ray powder-diffraction analysis and
N2-adsorption measurements indicated that Hex was loaded into the pores of the mesoporous
structure, but the structure of the mesoporous composite was not destroyed. The loading capacity of
Hex@BMMs/Azo/β-CD nanoparticles for Hex was approximately 27.3%. Elemental components of
the nanoparticles were characterized by X-ray photoelectron spectroscopy (XPS) and electron disper-
sive spectroscopy (EDS). Ultraviolet–visible-light (UV–Vis) absorption spectroscopy tests showed
that the azophenyl group in BMMs-Azo undergoes effective and reversible cis-trans isomerization
under UV–Vis irradiation. Hex@BMMs/Azo/β-CD Nps exhibited excellent light-sensitive controlled-
release performance. The release of Hex was much higher under UV irradiation than that in the
dark, which could be demonstrated by the bioactivity test. The nanoparticles also displayed excellent
pH-responsive properties, and the sustained-release curves were described by the Ritger–Peppas
release kinetic model. BMMs nanocarriers had good biological safety and provided a basis for the
development of sustainable agriculture in the future.

Keywords: nanoparticle; hexaconazole; photo-responsibility; mesoporous silicas; controlled-release

1. Introduction

Pesticides are considered the most effective way to control pests and diseases in
farmland, and improve agricultural productivity [1]. Currently, traditionally formulated
pesticides are dominant in China. However, more than 90% of the pesticides cannot accu-
rately act on specific targets, and their effective utilization rate is low due to poor water
dispersibility, dust drift, volatilization, evaporation, and degradation, which has led to seri-
ous environmental pollution [2–4]. With the rise of nanotechnology in the agricultural field,
slow- and controlled-release pesticides have been rapidly developed [5–7]. Environmen-
tal stimulus-responsive systems, such as pH- [8–10], redox- [11,12], temperature- [13,14],
enzyme- [15,16], and ultraviolet (UV)-light-responsive [17,18] materials have been devel-
oped for triggered pesticide release, which can improve the utilization rate of pesticides
and reduce environmental pollution.

Among the various stimulative-responsive systems, light-responsive materials are
particularly attractive and more achievable in practical applications [19,20]. UV light, as
an external stimulative factor, is widely used in intelligent nano slow/controlled-release
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systems, due to its good controllability, remote control, and clean energy. Unlike the
traditional “gatekeeper” system, a light-response system is reversible [21]. Pesticides can be
accurately released under the illumination of a specific light source at the specified location.

Azobenzene (Azo) is a novel UV-light-responsive molecule, and shows trans/cis-
isomers. It has been reported that trans- and cis-isomers of azobenzene (Azo) can be
reversibly converted between each other. Trans-to-cis isomerization can occur under UV-
light (300–400 nm) irradiation, while cis-to-trans isomerization can be induced by visible
light (435 nm) or heating [22,23]. The host–guest interaction of trans-Azo and β-cyclodextrin
(β-CD) was well recognized by hydrophobic and van der Waals forces, while cis-Azo cannot
be, which is fully reversible. No side reaction or decomposition after long-term irradiation
occurs, which is one of the ideal photochemical reactions in the materials application
field [12,24].

Bimodal mesoporous silica (BMMs) with a double-channel structure was synthesized
by the sol–gel method [25,26]. Compared with traditional silicon mesoporous materials,
the large pore volume of BMMs can significantly improve the loading capacity of pesticides.
BMMs are widely used as drug carriers due to their adjustable structure, good stability,
excellent biocompatibility, and low toxicity [27,28]. Hexaconazole (Hex) is a triazole
fungicide with broad-spectrum protection and is used as a treatment for plant diseases
caused by fungi [29,30]. However, the usage of Hex is limited due to its poor water
solubility and low utilization efficiency. In addition, Hex has a long residual life in the
environment and is very difficult to degrade in the agricultural soil and water environment.
The residual Hex reduces soil and water quality, and causes irreversible harm and toxicity
to soil microorganisms and animals and plants in water [31,32]. Therefore, it is desirable to
design and prepare an intelligent, controlled-release system to improve the utilization rate
and biological safety of Hex.

Herein, aminoazobenzene modified with a silane coupling agent was grafted onto the
surface of BMMs, and Hex was encapsulated in the mesopore surface through physical
adsorption. A host–guest supramolecular valve was formed after trans-Azo was recognized
by β-cyclodextrin (β-CD), which was further wrapped on a BMMs carrier to prepare the
light-responsive pesticide-release system (Hex@BMMs/Azo/β-CD). The procedure is
shown in Figure 1. The physico-chemical characteristics, release behavior, and biological
activity of nanoparticles (Nps) were investigated. This study provides a new method of
improving the utilization efficiency of pesticides and reducing environmental pollution.
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2. Materials and Methods
2.1. Materials

Hexaconazole (95%) was purchased from Beijing Jinyue Biotechnology Co., Ltd. (Bei-
jing, China). P-aminoazobenzene, 3-isocyanatopropyltriethoxysilane, and β-cyclodextrin
(β-CD) were supplied by Sigma Aldrich (Saint Louis, MO, USA). Cetyltrimethy-lammonium
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bromide (CTAB), tetraethyl orthosilicate (TEOS), and ammonia (25%, analytical reagent
grade) were obtained from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). An-
hydrous tetrahydrofuran (THF) was purchased from Tianjin Fuchen Chemical Reagent
Factory (Tianjin, China). N-hexane was purchased from the Beijing Chemical Plant (Beijing,
China). Deionized water was obtained with a Milli-Q water purification system (Milli-
pore Co., Burlington, MA, USA) and used for all reactions and treatment processes in
the laboratory.

2.2. Preparation of BMMs

CTAB (1.0448 g) was dissolved in 41.6 mL of distilled water in a flask and TEOS
(3.2 mL) was slowly added dropwise to the solution. Subsequently, 0.96 mL of ammonia
was quickly added into the flask with continued stirring until the solution turned into a
white gel. The white gel was then suction-filtered, washed with distilled water, and dried
at 100 ◦C for 8 h. The obtained product was heated to 550 ◦C at 5 ◦C/min for 5 h to remove
CTAB to attain BMMs.

2.3. Modification of Azo-Si

Isocyanate propyltriethoxysilane (1.0255 g), p-aminoazobenzene (0.794 g), and anhy-
drous tetrahydrofuran (THF, 7.5 mL) were added to a three-necked flask. The reaction
mixture was stirred at 70 ◦C for 10 h under a nitrogen atmosphere. To obtain Azo-Si,
40 mL of nhexane was used as a precipitator. After THF was removed by rotary evap-
oration, the solid precipitate was frozen overnight at −20 ◦C and collected by vacuum
filtration. The product was washed with n-hexane and dried at 35 ◦C for 8 h to yield orange
needle-like crystals.

2.4. Preparation of BMMs/Azo Nps

After drying at 110 ◦C for 2 h, 300 mg of BMMs were dispersed in 30 mL of anhydrous
methanol and sonicated for 10 min. Next, 30 mg of Azo was added into the BMMs solution
with nitrogen protection. The final reaction mixture was stirred at 65 ◦C for 12 h, and then
filtered. The resulting yellow solid precipitate was washed with THF and methanol, and
dried in a vacuum at 35 ◦C for 10 h to provide the product (BMMs/Azo).

2.5. Preparation of Hex@BMMs/Azo Nps

BMMs/Azo (100 mg) and hexaconazole (20 mg/mL) were added to a flask, and the
resulting solution was stirred at 35 ◦C for 24 h, centrifuged at a speed of 5000 rpm, washed
with methanol three times, and dried at 35 ◦C for 8 h. The obtained products were denoted
Hex@BMMs/Azo Nps.

2.6. Preparation of Hex@BMMs/Azo/β-CD Nps

Hex@BMMs/Azo (100 mg) was immersed in phosphate buffer solution (PBS, pH = 7.4),
and then 50 mg of β-CD was added. The mixture was placed in the magnetic stirrer for
24 h. Next, the solution was centrifuged for 8 min at 5000 rpm, rinsed with PBS three times,
and dried at 35 ◦C for 8 h to obtain H@BMMs/Azo/β-CD Nps.

2.7. Azo Loading Capacity

Nps were collected by centrifugation, and the concentrations of Azo were detected by
high-performance liquid chromatography (HPLC, 1200 Series, Agilent Corp., Wilmington,
DE, USA) with a C18 bonded reverse-phase column. The mobile phase of the methanol–
water mix (70:30, v/v) was programmed with a flow rate of 1.0 mL/min at 210 nm with a
UV detector. The injection volume was 10 µL and the retention time was 12 min at 30 ◦C.
The loading capacities (LC) were calculated as follows:

LC(%) =
Cloading × Vloading − CresidualVresidual − C1V1 − C2V2 − C3V3

m
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where LC is the Hex loading capacity (%), m is the total amount of Nps (mg), Cloading, Cresidual,
and C1, C2, C3 are the Hex concentrations of the original loading, residual, and eluted
solutions for the first, second, and third time respectively (mg/mL) and Vloading, Vresidual,
V1, V2, and V3 are the volumes of the original loading, residual, and eluted solutions for
the first, second, and third time, respectively (mL).

2.8. Characterization of Hex@BMMs/Azo/β-CD Nps

The morphologies and the electron dispersive spectroscopy (EDS) maps of nanoparti-
cles were observed by scanning electron microscopy (SEM) (Zeiss, Oberkochen, Germany).
Particle size, polydispersity index (PDI), and zeta potential were analyzed by a dynamic
light scattering (DLS) detector (Malvern Instruments Ltd., Malvern, UK). The obtained
nanoparticles were suspended in deionized water at pH 7.0 ± 0.1.

The structure and interaction analyses of samples were conducted using X-ray pow-
der diffraction (XRPD, D8 ADVANCE X, Bruker/AXS, Inc., Karlsruhe, Germany) and
Fourier-transform infrared spectroscopy (FTIR, Nicolet Nexus 470, Nicolet Instrument
Corp., Concord, CA, USA). The nitrogen adsorption–desorption isotherms were deter-
mined using an Autosorb-iQ pore analyzer (Quantachrome, Boynton Beach, FL, USA).
The surface areas, pore-size distributions, and pore volumes were calculated using the
Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda methods. Thermogravimetric
analyses (TGA) were carried out by a thermal analyzer (PerkinElmer, Waltham, MA, USA).
Elements were analyzed by using X-ray photoelectron spectroscopy (ESCALAB 250Xi,
Thermo Fisher Scientific, Waltham, MA, USA). Photoisomerization of azophenyl groups
was measured using a UV–Vis spectrophotometer (UV-2600 Shimadzu Co., Ltd., Tokyo,
Japan) at wavelength of 250–600 nm.

2.9. Adhesion Test

The contact angles of Hex@BMMs/Azo/β-CD Nps on leaves were measured using a
contact-angle apparatus (JC2000D2M, Powereach Ltd., Shanghai, China). Technical Hex,
Hex@BMMs/Azo, and deionized water were used as controls. Two-week-old tomato leaves
were selected as model plants, and carefully washed with deionized water. After the leaves
were air-dried, Hex@BMMs/Azo/β-CD dispersion, Hex@BMMs/Azo dispersion, technical
Hex solution, and water were dropped onto the leaves on a glass slide, respectively.
Images of the droplet on the leaf surface were taken, and the corresponding contact angles
were detected using a contact-angle meter (Dataphysics-TP50, DataPhysics Instruments,
Filderstadt, Germany).

2.10. Release Behavior of Hex@BMMs/Azo/β-CD Nps

Hex@BMMs/Azo/β-CD Nps (15 mg) were suspended in 3 mL of methanol–water
solvents (50:50, v/v). The suspension was transferred to a dialysis bag (molecular cutoff
capacity 3500 kDa) and then put into flasks with 60 mL of methanol/H2O (1:1, v/v) solution.
The release medium was then shaken at a speed of 100 rpm at 37 ◦C and irradiated contin-
uously with 150, 300, and 500 W UV lamps (365 nm). Five milliliters of the sample were
collected at fixed time intervals, and the same amount of fresh medium was replenished in
the system. Hex contents were measured by HPLC, and the release ratio of Hex from the
nano-delivery sample was calculated.

To investigate the pH sensitivity of Hex, the release of Hex from Nps at different
pH levels (4.0, 7.0, and 9.0) under 300 W, 365 nm UV light was measured using the same
method as described above. The cumulative release rate of Hex in Nps was then calculated
using the following equation:

Q(%) =
V0 × CT + V × ∑T−1

N−1 C
W

× 100%

where W is the total mass concentration of Hex in the Pickering emulsion, V0 is the volume
of the sustained-release solution, and V is the volume of the slow-release solution taken at
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a specific interval time. CT and C are the concentrations of T and N samples, respectively.
The release kinetics of Hex from Hex@BMMs/Azo/β-CD Nps was separately investigated
using four mathematical models, namely the pseudo-zero-order equation, pseudo-first-
order equation, Higuchi model, and Ritger–Peppas model.

2.11. Bioactivity Test

Hex@BMMs/Azo/β-CD Nps (40 mg) were dispersed in 8 mL of sterile distilled water
with 0.1% Tween 80, and then 4 mL of the aqueous suspension was exposed to UV light
(365 nm) under stirring at 25 ◦C. Technical Hex solution, non-irradiated Nps, and distilled
water were used as controls. Rhizoctonia solani cakes (5 mm in diameter) were placed into
the center of potato dextrose agar (PDA) petri dishes with Nps (50, 100, and 200 mg/L).
The dishes were incubated for 14 days at 28 ◦C and each colony diameter was measured
every 24 h. The relative inhibition rates against the fungi were calculated according to the
colony diameters.

2.12. Biosafety Evaluation

Human embryo skin fibroblast cells (CCC-ESF-1 cells) were seeded in 96-well plates
in triplicate and cultured in DMEM medium supplemented with 10% FBS and 1% peni-
cillin/streptomycin at 37 ◦C for 24 h. Then, CCC-ESF-1 cells were treated with different
concentrations (0, 31.25, 62.5, 125, 250, and 500 µg/mL) of BMMs/Azo/β-CD for 24 h, and
the cell viability was evaluated using a cell counting kit (CCK8, Dojindo, Japan). E. coli
was cultured in LB culture medium with different concentrations (0, 31.25, 62.5, 125, 250,
and 500 µg/mL) of BMMs/Azo/β-CD Nps at 37 ◦C for 24 h, and the E. coli concentrations
were determined by UV–Vis absorptiometry at 600 nm. All tests were carried out at least
in triplicate.

2.13. Data Analysis

The data were analyzed using SPSS 20.0 statistical analysis software (SPSS, Chicago, IL,
USA). All experiments were performed three times. Statistical significance was determined
as p < 0.05.

3. Results and Discussion
3.1. Morphological Observations

Figure 2 shows SEM images of BMMs, BMMs/Azo, Hex@BMMs/Azo, and Hex@BMMs/
Azo/β-CD. The Nps had spherical shapes and were not destroyed due to the encapsulations
of Hex, Azo, and β-CD. The particle sizes, zeta-potential values, and PDIs were further
measured by DLS analysis (Table 1). After Hex was loaded and the mesopore surface
was grafted with Azo/β-CD, the average particle size of Nps increased from 269.8 ± 6.8 nm
(BMMs) to 387.2 ± 3.8 nm (Hex@BMMs/Azo/β-CD). The highest PDI value, i.e., 0.153 ± 0.02,
indicated that the Nps had better mono-dispersity and stability. Owing to the presence of -OH
on the surface of the mesoporous silica, the zeta potential of BMMs was −13.93 ± 1.57 mV.
After the modification of azobenzene, the zeta-potential value of BMMs/Azo increased to
−8.42 ± 1.71 mV because of the neutralization of the amino groups present on the surface of
the modified azobenzene. After loading Hex, the zeta-potential value of Hex@BMMs/Azo/β-
CD Nps decreased to −16.97 ± 0.95 mV, due to the negative charge of Hex, indicating that
the pesticide Hex was successfully loaded into the Nps.

3.2. Structure and Interaction Analysis

The structure of the Nps was also tested by XRPD and the results are shown in
Figure 3A. BMMs had an obvious (100) crystal-plane diffraction peak at 2θ = 1.86◦, which
is the characteristic peak of BMMs, indicating that it had a highly ordered, double-hole
structure. After grafting the modified azobenzene, BMMs/Azo exhibited the same (100)
crystal-plane diffraction peak, indicating that the BMMs/Azo Nps still maintained an
ordered mesoporous structure. After Hex was loaded into the BMMs, the peak intensity
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decreased from 1.99◦ to 1.97◦, and the d value moved from 44.09 to 44.85 nm. This is because
the Hex in the channel reduced the scattering between the mesoporous channels and the
pore wall. The strength of the XRPD peaks (2θ = 2◦) of the β-CD-coated Hex@BMMs/Azo
Nps decreased significantly, and the shape broadened, showing that the mesoporous
structure was affected, and β-CD was successfully encapsulated into the system.
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Table 1. The mean diameters and distributions of nanoparticles based on BMMs.

Nps Mean Size (nm) PDI Zeta Potential (mV)

BMMs 269.8 ± 6.8 0.062 ± 0.03 −13.93 ± 1.57
BMMs/Azo 367.4 ± 3.3 0.144 ± 0.01 −8.42 ± 1.71
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areas and pore volumes (D) of BMMs, BMMs/Azo, Hex@BMMs/Azo, and Hex@BMMs/Azo/β-CD.

The FTIR spectra of BMMs, BMMs/Azo, Hex@BMMs/Azo, and Hex@BMMs/Azo/β-
CD were determined to evaluate the Nps’ structural changes with various functional groups
(Figure 3B). BMMs exhibited three characteristic peaks at 1082, 780, and 810 cm−1 that
were anti-symmetrical and symmetrical stretching-vibration peaks of Si–O–Si groups. The
absorption bands at 1644 and 1419 cm−1 were the stretching-vibration peaks of the –CONH–
group and the vibration peaks of the C=C group in the aromatic ring respectively, indicating
that the modified Azo was successfully grafted onto the surface of BMMs. The characteristic
absorption peak of Hex at 3227 cm−1 and the absorption peak with increasing intensity at
1082 cm−1 suggested that the pesticide Hex was adsorbed in the pores of mesoporous silica
through van der Waals forces and hydrogen bonds. The loading content of Hex in Nps was
also tested by HPLC, and the loading ratios of Hex (27.3%) in Hex@BMMs/Azo/β-CD
were obtained. To investigate the porosity, pore surface areas, and pore volumes of the
nano-delivery system, nitrogen adsorption/desorption measurements were performed.
As shown in Figure 4C, the N2 adsorption/desorption isotherms of BMMs, BMMs/Azo,
Hex@BMMs/Azo, and Hex@BMMs/Azo/β-CD belong to the Langmuir IV isotherm with
two hysteresis loops. The first hysteresis loop, at 0.2 < P/P0 < 0.4, rose rapidly owing to
monolayer adsorption of nitrogen. The second hysteresis loop appeared at P/P0 = 0.8–0.95,
indicating that the capillary tube of the particle accumulation pore had been condensed. The
corresponding pore-size distribution revealed that the Nps had a dual-model structure and
two pore sizes (Figure 3C, inset). After the loading of Hex molecules and the modification of
Azo/β-CD in BMMs, the shape of the adsorption isotherm remained basically unchanged
compared with BMMs, indicating that the mesoporous structure of the sample still existed.
However, the BET specific surface area and pore volume of Hex@BMMs/Azo/β-CD
significantly decreased, implying that Hex molecules occupied a significant number of
pores and surface sites of Nps (Figure 3D). These observations further suggested that the
modified Azo interacted with Si–OH groups, and that Hex was successfully loaded into
Hex@BMMs/Azo/β-CD Nps.
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The loading rate of the Hex@BMMs/Azo/β-CD Nps was determined by TG analysis.
The TG curves of nanoparticles are shown in Figure 4A. The mass loss of all samples mainly
included two stages. The first stage was the evaporation of water in the samples before
150 ◦C, and the second weight-loss peak occurred at the stage from 150 to 800 ◦C due to the
decomposition of organic components incorporated in the samples. The weight losses of
BMMs/Azo and Hex@BMMs/Azo were 8.1% and 32.8%, respectively. Hence, the loading
rate of Hex@BMMs/Azo was about 24.7%, which was approximately consistent with the
result of HPLC. After β-CD was grafted to the surface of Hex@BMMs/Azo Nps, the weight
loss was 39.5%, proving that Hex was successfully loaded into Azo-functionalized BMMs
and β-CD played a good encapsulation role.

To analyze the chemical elements on the surface of nanoparticles, the samples were
characterized by XPS. As shown in Figure 4B, the surface of BMMs nanoparticles mainly
contains two elements, Si and O. The binding energies of approximately 533.08 and
104.06 eV belong to O1s and Si2p, respectively. The weak emerging signal at 285.08 eV
was attributed to C1s, which was a residual component after the calcination of the CTAB
template. In the BMMs/AZO spectrum, the C1s peak was more intense than that of
BMMs and a new signal of N1s was observed at the binding energy of 401.08 eV, con-
firming that Azo was successfully modified on the surface of BMMs. Furthermore, a new
peak of Cl2p appeared at 201.08 eV in the spectrum of Hex@BMMs/Azo, compared with
BMMs/Azo, indicating that BMMs/Azo nanoparticles were successfully loaded with Hex.
The element components of Hex@BMMs/Azo/β-CD were completely consistent with
those of Hex@BMMs/Azo. Due to the coating of β-CD, the thickness of the surface of
Hex@BMMs/Azo increased, resulting in the weakening of the absorption peak intensity of
Hex@BMMs/Azo/β-CD nanoparticles. In addition, the result of EDS analysis (Figure 4C)
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showed that the elements of Si, O, C, N, and Cl were all distributed in Hex@BMMs/Azo/β-
CD, which further proved the successful preparation of the nano-pesticide system.

3.3. Foliage Adhesion of Hex

Adhesion experiments were conducted to prove that the Hex@BMMs/Azo/β-CD
nano-delivery system had better adhesion behavior on the leaf surfaces. As shown in
Figure 5, the contact-angle values of Hex@BMMs/Azo Nps and Hex@BMMs/Azo/β-CD
Nps were 83.89◦ ± 0.36◦ and 71.64◦ + 0.41◦ respectively, which were obviously lower than
those of Hex technical solution (103.62◦ ± 0.37◦) and deionized water (105.57◦ ± 0.48◦).
The data showed that Azo/β-CD-coated Hex@BMMs microcapsules exhibited excellent
adhesion properties. Compared with deionized water and technical Hex, the contact angles
of the Nps were reduced because the hydroxyl groups on the surface of BMMs increased
the infiltration of the nano-delivery system on the leaf surface. The smaller contact angle
of Hex@BMMs/Azo/β-CD Nps was due to the properties of β-CD, including internal
hydrophobicity and external hydrophilicity. After mesoporous silica was modified by
β-CD, the hydrophilicity of the silica surface increased and the contact angle decreased,
which improved the water solubility of the Nps and the adhesion of Nps on leaves.
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3.4. Photo-Responsive Property

To verify that β-CD could self-assemble with BMMs/Azo to form a gatekeeper for
the controlled-release of pesticide, we detected the UV absorption spectra of BMMs,
BMMs/Azo, and BMMs/Azo/β-CD under UV irradiation. As shown in Figure 6A,
com-pared with BMMs, an obvious UV absorption peak appeared at 357 nm after the
modification of Azo, indicating that Azo was successfully grafted on the surface of BMMs.
When β-CD was capped onto the nanoparticles’ surface, the UV peak intensity was higher
than that of BMMs/Azo. This was mainly because the electron cloud density of the Azo-
conjugated system was interfered by the higher electron cloud in the inner cavity of β-CD
molecules, resulting in the decrease of electron transition energy and the increase of absorp-
tion intensity of the conjugated system, which led to the enhancement of BMMs/Azo/β-CD
absorption spectrum intensity.
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We further investigated the effect of light on the trans/cis-isomers of Azo molecules.
The UV absorption spectra of BMMs, BMMs/Azo, and BMMs/Azo/β-CD nanoparticles
were detected by UV–Vis spectroscopy. After nanoparticles were radiated by UV light, the
peak at 357 nm decreased with increasing time from 0 to 60 min (Figure 6B), indicating that
the UV light could induce trans-cis transformation of Azo molecules. Under the following
Vis light radiation, the peak intensities showed contrasting trends (Figure 6C), suggesting
that the Vis light radiation could induce cis-trans transformation of Azo molecules. Espe-
cially from 90 to 120 min, a significant transition appeared in the nano-system, implying
that cis-Azo structures were mostly converted to trans-Azo structures under the irradiation
of visible light, and the detached β-CD recombined with BMMs/Azo again. As a result,
Azo in BMMs/Azo/β-CD Nps exhibited trans-cis reversible photoisomerization, which
could be mutually transformed from a trans structure to a cis structure under the alternating
irradiation of UV–Vis light, which was consistent with previous reports [22,33]. In addition,
BMMs-Azo Nps were repeatedly irradiated many times, and no “fatigue” to light was
observed, indicating that the nanomaterial had good reversible light-responsive capability.

3.5. Release Behavior
3.5.1. Effect of Light Intensity

To investigate the controlled-release performance of Hex from Hex@BMMs-Azo-
CD under UV light, Hex@BMMs-Azo-CD Nps were irradiated under different UV-light
intensities (150, 300, and 500 W at 365 nm). As shown in Figure 7A, the release of Hex from
the microcapsules under UV irradiation was faster than that in darkness. This was because
the Hex@BMMs-Azo-CD Nps were endowed with irreversible “gatekeeper” systems, and
Azo underwent trans- to cis-isomerization under UV irradiation. The “cap” of the pesticide-
carrying non-complex that blocked the mesopores was opened, and Hex molecules were
released from the pores, indicating that the nano-pesticide delivery system responded to
light stimulation. Compared with the control with a release rate of only 6.37% in darkness,
Hex was released rapidly from the Nps within 100 min of illumination. After 360 min, the
release ratios of Hex reached 41.5%, 58.3%, and 79.0% at light intensities of 150, 300, and
500 W, respectively. In addition, the Azo-modified BMMs carrier was more sensitive to
UV light with increasing light intensity, and the Hex-release rate was obviously increased,
which further showed that UV light was the dominant driving force for Hex release. In
short, these results demonstrated that Hex could be released from Hex@BMMs-Azo-CD
Nps via stimulation by UV light.

3.5.2. Effect of pH

The release behaviors of Hex@BMMs-Azo-CD Nps were investigated at different pH
values (4.0, 7.0, and 9.0). The sustained-release curves of pesticide at various pH values
are shown in Figure 7B. The cumulative release rate gradually increased as the pH value
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decreased. At pH 4, the Hex-release rate reached 66.58% at 360 min. After 360 min, the
release rate of Hex@BMMs-Azo-CD Nps at pH 4 was 66.9%, and those at pH 7 and pH
9 were 58.3% and 40.4%, respectively. This was mainly due to the grafting of β-CD on
the surface of the Nps. CD is relatively stable under alkaline and neutral conditions,
but is easily hydrolyzed under acidic conditions. After the sealed “cap” was opened by
hydrolysis, Hex molecules were easily released from the mesopores. In addition, excessive
hydrogen ions in the acid solution will be added to the N=N bond of azobenzene, resulting
in a pH response.
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3.5.3. Release Kinetics Analysis

To further elucidate the effect of pH on the mechanism of Hex sustained release
from Hex@BMMs-Azo-CD NPs, we studied the release kinetics using the zero-order
kinetics model, first-order kinetics model, Higuchi kinetics model, and Ritger–Peppas
kinetics model (Figure 7C). Table 2 presents the values of parameters and the regression
coefficients (R2).
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Table 2. Release parameters of HEX at different pH values.

pH Fitting Methods Kinetic Equation Determination
Coefficient, R2

4.0

Zero-order fitting Q = 0.1176t + 29.65 0.8576
First-order fitting Q = 59.58(1 − e−0.0224t) 0.9098

Higuchi fitting Q = 2.79t1/2 + 16.425 0.9577
Ritger–Peppas fitting Q = 11.45xn1 0.9827

7.0

Zero-order fitting Q = 0.1326t + 18.64 0.8392
First-order fitting Q = 56.74(1 − e−0.0129t) 0.9899

Higuchi fitting Q = 3.17t1/2 + 3.596 0.9457
Ritger–Peppas fitting Q = 5.09xn2 0.9509

9.0

Zero-order fitting Q = 0.0914t + 12.93 0.8873
First-order fitting Q = 39.36(1 − e−0.0125t) 0.9743

Higuchi fitting Q = 2.14t1/2 + 2.879 0.9687
Ritger–Peppas fitting Q = 3.52xn3 0.9789

Note: Q is the fractional release of pesticide, t is the elapsed time, R2 is the high value of the linear regression
coefficient, and n is the release exponent, where n1, n2, and n3 are 0.308, 0.426, and 0.425, respectively.

Regardless of acidic or alkaline conditions, the R2 value of the Ritger–Peppas kinetic
equation was higher than those of the other three mathematical models, indicating that
the Ritger–Peppas kinetic model was more suitable for the release behavior of Hex. The
values of n in acidic and alkaline environments were 0.308 and 0.425 respectively, and both
values, which were lower than 0.45, proved that the Hex release in Hex@BMMs/Azo/β-CD
mainly followed Fick diffusion, and the concentration was the main influencing factor in
the slow-release process. However, under neutral conditions, the R2 value of the first-order
kinetic equation was the highest, and the release of Hex conforms to the first-order kinetic
model, implying that the release of Hex was closely related to concentration.

3.6. Bioactivity Test

Figure 8 shows the bioactivity of Hex@BMMs/Azo/β-CD plotted against concentra-
tions of Rhizoctonia solani ranging from 50 to 200 mg/L. Compared with the negative control,
the inhibition rates were 40.3% (non-irradiated Nps), 60.1% (irradiated Nps), and 56.8%
(technical Hex) respectively, at the Hex-as-an-active-ingredient concentration of 50 mg/L at
14 days, due to the sustained release of Hex in the nano-delivery systems. In addition, the
control efficiencies of UV-irradiated samples were significantly higher than those of non-
UV-irradiated samples and technical controls, indicating that UV irradiation significantly
improved the release of Hex in the nano-delivery systems. This result is consistent with
previous reports [23,34]. In short, the UV-stimuli-responsive Nps exhibited a better and
more sustained antibacterial activity against Rhizoctonia solani than technical Hex.
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3.7. Biosafety Evaluation

To further evaluate the biological safety of nanocarriers, the toxicological effects of
different concentrations of BMMs/Azo/β-CD on CCC-ESF-1 cells and E. coli were studied.
Figure 9 shows that different concentrations of BMMs/Azo/β-CD Nps had little influence
on the growth and metabolism of CCC-ESF-1 cells and E. coli, indicating that an Azo-
modified nano-pesticide loading system had excellent biological safety.
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Figure 9. Biosafety evaluation of different concentrations of BMMs/Azo: (A) Escherichia coli sus-
pension OD600, (B) photograph of Escherichia coli colony, (C) CCC-ESF-1 cell survival rate, and
(D) photograph of CCC-ESF-1 cell. (a) Control, (b) 31.25 µg/mL, (c) 62.55 µg/mL, (d) 125 µg/mL,
(e) 250 µg/mL, and (f) 500 µg/mL.

4. Conclusions

In this work, we prepared a novel UV-responsive nano-pesticide delivery system by
the sol–gel method. Azo was modified and grafted with BMMs, and then the fungicide
Hex was loaded into mesoporous silica by adsorption. The Hex@BMMs/Azo/β-CD Nps
had a uniformly spherical morphology and good dispersibility in water. The nanocomplex
showed excellent photo-responsive controlled-release performance owing to the strong
host–guest complex between the trans-Azo and β-CD, which was used to control Hex
release from BMMs under UV–Vis irradiation. In addition, the release of Hex in Nps
was promoted in an acidic environment by varying the pH of the structure. The Ritger–
Peppas kinetic model was a better fit for the release behavior of Hex. The carrier displayed
good adhesion on leaf surfaces, and was biologically benign. The sustained fungicidal
efficacy against Rhizoctonia solani indicated that Hex@BMMs/Azo/β-CD nanoparticles
could effectively improve the utilization of Hex and decrease pesticide residue. Therefore,
this work provides a promising approach to reduce the risk to the environment, and
promote the development of green agriculture in the future.
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Abstract: Sulfamethoxazole (SMX) contamination in large quantities of wastewater can cause poten-
tial environmental problems. Due to difficulty in degrading SMX by natural processes, it is necessary
to develop a novel technology to solve this problem. Advanced oxidation processes (AOPs) have
been identified as methods with a high potential to treat recalcitrant organic pollutants. The nanoscale
schwertmannite (nano-SWT) was prepared with an indoor-temperature synthesis method facilitated
by polyvinylpyrrolidone (PVP). In this study, we performed a reaction of the nano-SWT materials
with Fenton-like catalysts for SMX degradation in hydrogen peroxide (H2O2) media. The findings
showed that the nano-SWT prepared by addition of 0.1 g·L−1 PVP (nano-SWT-n, n = 0.1) could
degrade 92.5% of the SMX within 90 min at indoor temperature, which was due to the nano-SWT
providing abundant reaction sites at the solid/solution interfaces. Additionally, SMX could be highly
mineralized with 75% TOC removal and H2O2 was efficiently utilized during the nano-SWT/H2O2

process. In addition, after six cycles of Fenton-like degradation, the nano-SWT remained stable
and reusable as a Fenton-like catalyst for SMX degradation. The nano-SWT performed well as a
catalyst for SMX degradation. Additionally, this work provides a feasible environmental purification
approach for the efficient degradation of SMX through the use of nanoscale schwertmannite as a
catalyst in heterogeneous Fenton-like systems.

Keywords: Fenton-like; sulfamethoxazole; nanoscale schwertmannite; degradation

1. Introduction

A crucial sulfonamide antibacterial agent known as sulfamethoxazole (SMX) is effec-
tive in treating people and animals with illnesses and infections [1,2]. As SMX is widely
used in the areas of industry and home activities, large quantities of wastewater that con-
tain SMX will be produced each year. However, due to its limited biodegradability, even
minute levels of SMX will lead to severe environmental problems and its degradation in the
environment is difficult [1,3]. For example, SMX can impede aquatic organism activity or
cause changes in microorganisms that lead to antibiotic resistance [4]. The German Federal
Environment Agency suggests a threshold of 100 ng·L−1 for the introduction of antibiotics
into groundwater [5,6]. Hence, an effective strategy to remove SMX from wastewater or
groundwater needs to be developed.

Advanced oxidation processes (AOPs) have been deemed a very popular method
for treating recalcitrant organic compounds through generating abundant, highly active
hydroxyl radicals (•OH), as it has a rapid rate of oxidation, a broad range of applications,
and a high level of mineralization [7–9]. In the presence of Fe(II) and H2O2, the Fenton
reaction is regarded as one of the most efficient AOPs [9,10], and is used for its simple
operation, high efficiency, and cost-effective production of •OH. However, as a wastewater
treatment process, the Fenton reaction is severely limited by the high H2O2 consumption,
the amount of ferric hydroxide sludge, and the difficulty in recovering the catalyst after
it has been used [11–13]. Heterogeneous catalysts for Fenton-like reactions have been
thoroughly investigated in order to solve these problems [14,15].

169



Coatings 2023, 13, 1097

Schwertmannite (Fe8O8(OH)8−2x(SO4)x, 1.75 ≥ x ≥ 1) is a secondary Fe(III)-
oxyhydroxysulfate mineral that is frequently found in acidic mining effluent, acid
sulphate soils, or the leachate of acidic sludge [2,16,17]. Generally, weakly crystalline
mineral particles with spherical shapes that range in size from nanometers to microns
are seen in schwertmannite [16,17]. In recent years, among the heterogeneous Fenton-
like reactions, schwertmannite can serve as a catalyst and shows excellent catalytic
performance [17–20]. Furthermore, both chemogenic and biogenic schwertmannites
have been used as catalysts to degrade organic pollutants in heterogeneous Fenton-like
reactions under difficult conditions [21,22]. It is important to note that chemically
synthesized schwertmannite (ferrous ions are readily oxidized by hydrogen perox-
ide) typically takes the shape of micron-sized spherical aggregates with diminished
catalytic activity and specific surface area. Higher H2O2 concentrations or catalyst
dosages are necessary to ensure the effective removal of organic contaminants since
the aggregation of schwertmannite particles may significantly impede oxidation pro-
cesses [23]. Hence, on the basis of synthetic design methodologies, it is extremely
important to investigate the connection between the morphology/micro-environment
and the catalytic capabilities of schwertmannite in Fenton-like systems.

Therefore, the aim of this study was to investigate the feasibility of nanoscale schw-
ertmannite (nano-SWT) as Fenton-like catalysts for SMX degradation in the presence of
H2O2 (nano-SWT system). The main objectives were to: (1) prepare nano-SWT through
the addition of polyvinylpyrrolidone (PVP), which is a type of organic surfactant that
is inexpensive, and characterize it; (2) investigate the SMX degradation efficiency using
nano-SWT as a Fenton-like catalyst in different conditions (such as nano-SWT dosage,
H2O2 concentration, or initial pH); (3) explore the SMX mineralization degree and the
utilization efficiency of H2O2 during the nano-SWT/H2O2 process; (4) study the stability
and reusability of the nano-SWT as a Fenton-like catalyst for SMX degradation after six
cycles of usage. This work can provide a feasible environmental purification approach for
the efficient degradation of SMX through the use of nanoscale schwertmannite as a catalyst
in heterogeneous Fenton-like systems.

2. Materials and Methods
2.1. Chemicals

Sulfamethoxazole (SMX, >99%) was obtained from Aladdin Co., Ltd. (Shanghai,
China). Polyvinylpyrrolidone (PVP, K30) was purchased from Solarbio Co., Ltd. (Beijing,
China). Methanol, acetonitrile, acetic acid, and formic acid were supplied by Tedia Co.,
Ltd. (Shanghai, China). Hydrogen peroxide (H2O2, >99.9%), sulfuric acid (H2SO4, >99%),
sodium hydroxide (NaOH, >99%), ferrous sulfate heptahydrate (Fe2SO4•7H2O, >99%),
and other analytical-grade chemicals were purchased from Shanghai Sinopharm Chemical
Reagent Co. Ltd. based in China, without further purification. Milli-Q water was employed
in this work to prepare the solutions and suspensions that were used.

2.2. Preparation and Characterization of Nano-SWT

Schwertmannite was prepared using the technique outlined in the literature [1]. Sim-
ply, in 100 mL deionized water, 5.56 g of FeSO4•7H2O and PVP (0, 0.1, 0.25 g) were
dissolved. Then, the solution pH was raised to 3.0 using 1.0 M H2SO4. After that,
3.0 mL of H2O2 (v/v 30%) was gradually added to the aforementioned mixture at a rate of
0.3 mL/min using an injection pump while stirring for 24 h at room temperature. The
resulting mixture was centrifuged at 10,000 rpm for five minutes, and water and ethanol
were used to rinse the precipitates three times. After that, the precipitates were dried
under vacuum at 60 ◦C to achieve a constant weight. Then, the sample were recorded as
nano-SWT-n (n = 0, 0.1, and 0.25), where n is the amount of PVP used.

Using an X-ray diffractometer (XRD, 40 kV, 40 mA, ThermoFisher XTRA, Waltham,
MA, USA), the crystal structure of the nano-SWT was analyzed. Using a scanning electron
microscope (SEM, Hitachi S-4700, Tokyo, Japan) with an accelerating voltage of 20 kV, the
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morphology of the nano-SWT was determined. The functional groups of the nano-SWT
were examined using Fourier transform infrared spectroscopy (FTIR, Nicolet iS50, Ther-
moFisher, Waltham, MA, USA). The specific surface area of the nano-SWT was measured
using the Brunauer–Emmett–Teller (BET, TriStarII 3020, Micromeritics, Norcross, GA, USA)
via N2 adsorption–desorption method. The sulfur (S) and iron (Fe) contents of the nano-
SWT were examined through inductively coupled plasma atomic emission spectrometry
(ICP–OES, Agilent 720, Santa Clara, CA, USA).

2.3. Catalytic Degradation of SMX

The SMX degradation experiments were conducted in a 250 mL flask without energy
input, and this procedure was regulated using the methods of previous research [2]. Briefly,
a specific amount of the nano-SWT was added into 100 mL of a SMX solution. Then, NaOH
(0.1 mM) or H2SO4 (0.1 mM) were used to bring the original pH levels of the suspensions
to the appropriate levels. After that, all suspensions in flasks were mixed under magnetic
stirring at 180 rpm, and the reaction temperature was controlled at 25 ◦C for half an hour
to achieve adsorption equilibrium. By adding a specific amount of H2O2 (v/v 30%) to
the aforementioned solution, the reaction was then started. To filter 0.5 mL suspension
samples from each flask at predetermined intervals, a 0.22 µm membrane filter was used.
To stop SMX from reacting with the reactive species, 0.5 mL of methanol was added to the
filtrate. Afterward, the concentration of SMX was determined using the treated filtrates.
No quenching agent was added before the TOC analysis; the filtrates were quickly cooled
down using ice packs for the TOC measurement. After the SMX degradation, suspensions
of the nano-SWT were gathered by filtration via a 0.22 µm filter paper and subjected to
reusability experiments using Milli-Q water. Duplicates of each degradation experiment
were run.

The following equation was used to compute the SMX degradation efficiency:

R =
(C0 − Ct)

C0
× 100%

In this equation, Ct represents the concentration of SMX at sampling time t, C0 repre-
sents the initial concentration of SMX, and R represents the degradation efficiency.

2.4. Analytical Methods

High Performance Liquid Chromatography (HPLC, Agilent, Santa Clara, CA, USA),
outfitted with a UV detector and a C18 chromatographic column (250 mm × 4.6 mm, 5 µm),
was used to determine the concentration of SMX. The SMX concentration was analyzed
in an eluent comprised of acetonitrile and 0.1% formic acid with volume ratio of 55:45
(v/v) at UV 270 nm. The eluent flowed at a rate of 1 mL per minute [2]. Shimadzu TOC-
LCPH/CPN analyzers were used to calculate the total organic carbon (TOC) [17]. The
titanium sulfate method was used to measure the concentration of H2O2 by combining
H2SO4 with K2TiO(C2O4)2 to create an orange complex with a maximum absorbance at
400 nm [23].

3. Results
3.1. Characterizations of Prepared Schwertmannite

According to Figure 1, the XRD patterns of the three prepared iron precipitates revealed
that seven typical broad characteristic peaks were observed in the diffraction spectrum of
the weak crystal structure (2θ: 18.2, 26.3, 35.2, 39.5, 46.5, 55.3, 61.3◦), which are all in agree-
ment with the standard diffraction data of schwertmannite (PDF#47-1775) [23]. This result
indicated the three iron precipitates that were created consisted of pure schwertmannite
particles. The surface morphology of the three schwertmannite materials (nano-SWT-n,
n = 0, 0.1, 0.25) was investigated using scanning electron microscopy (SEM) techniques
(Figure 2). The SEM showed that the nano-SWT-0 surface was relatively smooth, while the
nano-SWT-0.1 and nano-SWT-0.25 showed rather rough hierarchical structures. Moreover,
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at diameters of about 1.0 µm, the nano-SWT-0 particles were considerably agglomerated.
Nevertheless, with sizes ranging from 50 to 200 nm, the nano-SWT-0.1 and nano-SWT-0.25
particles were evenly scattered nanoparticles, which may be due to the lowered surface
energy of the nano-SWT and the surfactant-like behavior of PVP [23]. Evidently, the PVP
coating decreased the size of the nanoparticles, causing them to aggregate and form a loose
spherical structure that produced a lot of active sites in the nano-SWT.
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Figure 1. XRD analyses of nano-SWT-n (n = 0, 0.1, 0.25).

The chemical formula of the nano-SWT-n (n = 0~0.25) were determined as Fe8O8
(OH)5.92(SO4)1.14, Fe8O8(OH)5.84(SO4)1.08, and Fe8O8(OH)5.78(SO4)1.11, respectively
(Table 1), which are consistent with those reported by previous studies [17,24–26].
In these schwertmannite samples, the Fe/S molar ratio ranged from 7.03 to 7.44 with
nano-SWT-0.1 having the highest Fe/S ratio of 7.44 and having more hydroxyl (OH)
and fewer sulphate (SO4

2−) groups in its structure (Table 1). These findings indi-
cated that nano-SWT-0.1 had a greater surface area available since the aggregation of
nanoparticles was reduced [23,27].

Table 1. Sulfur (S) and iron (Fe) contents, as well as BET surface areas in nano-SWT.

Sample Fe (wt.%) S (wt.%) Molar Ratio (Fe/S) n Formulae Bet (m2/g)

Nano-SWT-0 46.88 6.67 7.03 1.14 Fe8O8(OH)5.92(SO4)1.14 4.58
Nano-SWT-0.1 39.73 5.34 7.44 1.08 Fe8O8(OH)5.84(SO4)1.08 130.12

Nano-SWT-0.25 30.08 4.17 7.21 1.11 Fe8O8(OH)5.78(SO4)1.11 85.40

Indeed, the study showed that the specific surface areas of the nano-SWT-n (n = 0~0.25)
were 4.58, 130.12, and 85.40 m2·g−1, respectively. It is clear that the introduction of PVP
is conducive to increasing the BET surface area. Meanwhile, the optimal nano-SWT-0.1
would be produced if the amount of the PVP surfactant could be controlled. More catalytic
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active sites might be provided by the relatively high BET surface area of the nano-SWT,
which would be advantageous for increasing catalytic efficiency [28–30]. Moreover, the
N2 adsorption–desorption isotherms of the nano-SWT-n (n = 0~0.25) were determined,
and these three samples represented type IV isotherms with hysteresis loops (Figure 3),
indicating that these nanoparticles formed a porous structure [31,32].
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3.2. Catalytic Performances of Catalyst for SMX Degradation

The SMX degradation conditions in the nano-SWT/H2O2 system were optimized
under a variety of significant factors, such as nano-SWT dosage, H2O2 concentration,
and initial pH of the reaction solution. The impact of nano-SWT dosage on the catalytic
degradation of SMX was examined. According to Figure 4a, when the dosage of the
nano-SWT was increased from 0.1 g·L−1 to 0.2 g·L−1 within 90 min of the reaction, the
degradation efficiency of SMX rose from 72.1% to 92.5%. The findings showed that the
increased number of higher dosages of ≡Fe(OH)2+ on nano-SWT led to the production of
more ≡Fe2+ and •OH [2,17,33], which was the cause of the better SMX degrading efficiency.
However, when the nano-SWT loading was raised to 0.5 g·L−1, the considerable “screen
effect” on SMX degradation in the nano-SWT/H2O2 system prevented a significant increase
in SMX degradation efficiency [34,35]. Thus, 0.2 g·L−1 of nano-SWT was appropriate for
SMX degradation in the nano-SWT/H2O2 system.
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Figure 4. The degradation efficiency of SMX at various catalyst (nano-SWT-0.1) dosages (a), H2O2

concentrations (b), initial pH values (c), and columns marked with the same letter in the group of
SMX degradation efficiency do not differ significantly from each other at p < 0.05, and TOC removal
and H2O2 decomposition (d).

Investigations were conducted into how H2O2 concentration affected the rate of SMX
degradation in the nano-SWT/H2O2 system. Figure 4b demonstrates that the degradation
efficiency of SMX noticeably increased from 36.1% to 92.2% in the nano-SWT/H2O2 system
as the H2O2 concentration was increased from 1 mM to 5 mM. This phenomenon signified
that more reactive species might be generated at higher H2O2 concentrations in the nano-
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SWT/H2O2 system. Nevertheless, the subsequent increase in H2O2 concentration from
5 mM to 10 mM caused the SMX degradation efficiency in the nano-SWT/H2O2 system
to drop from 92.5% to 83.1%. The result can be explained by the fact that reactive species
were mixed again or quenched by excess H2O2 [2,18,36]; similar phenomena appeared
in previous studies [2,17]. The ideal H2O2 concentration for the SMX degradation in the
nano-SWT/H2O2 system was 40 µM because too much H2O2 would undoubtedly increase
the treatment cost.

Because pH affects the surface charge of catalysts and SMX molecules, as well as the
conversion of reactive species [37,38], the nano-SWT was also investigated for catalytic
activity in the pH range of 2 to 9. Figure 4c shows that the catalytic activities for the
degradation of SMX in acidic conditions (pH = 2, 3, 5) was more efficient than that in
neutral (pH = 7) or alkaline (pH = 9) conditions. The efficiency of SMX degradation reached
a high at pH 3. The following points may help to explain the findings. Previous studies
have shown that Sch has a pHzpc of 5.3, and SMX has a pKa,1 and pKa,2 of 1.6 and
5.7, respectively [33,39]. Hence, the surface charge of the nano-SWT increased when the
pH was lowered from 5 to 2, and the SMX molecule mostly existed in the neutral phase
(pKa,1 < pH < pKa,2). Based on the above theory, the nano-SWT electrostatically adsorbs
SMX and H2O2, thus facilitating the heterogeneous activation of H2O2 to the reactive
species for SMX degradation. The electrostatic repulsion between the nano-SWT and the
SMX molecule occurred as the pH rose from 5 to 7 or 9, resulting in the nano-SWT becoming
negatively charged (pH > pHzpc) and SMX entering an anionic phase (pH > pKa,2). This
prevented the heterogeneous activation of H2O2 to the reactive species for SMX degradation.
It is worth noting that at an initial pH of 7 or 9, the SMX degradation efficiencies were
35.8% and 36.8% in the nano-SWT/H2O2 process, respectively, and there was no difference
(p > 0.05) between the two conditions. This result can be explained that, in the nano-
SWT/H2O2 process, when the pH value drops from 7 or 9 to close to 4 [2], it creates a
more acidic environment for the nano-SWT to adsorb and activate H2O2 into the reactive
species for the degradation of SMX. Meanwhile, the consumption of OH− from H2O by the
nano-SWT at pH > pHzpc may be the source of the pH drop in the solution.

Moreover, the degradation efficiency of SMX at pH 2 (80.1%) was slightly lower than
that of pH 3 (92.2%). A possible reason is that the degradation of SMX may be converted to
reactive species by various solution pH levels [40,41]. At pH 2, •OH may be scavenged
more readily by H+ in the nano-SWT/H2O2 system [42,43], whereas at pH 5 to 9, the
conversion of •OH was facilitated, but the redox potential of •OH was reduced [44].
Based on the above results, the nano-SWT demonstrated excellent catalytic activity under
acidic conditions (pH 2–5) with its SMX degradation efficiency ranging from 49.5% to
92.5% after only 90 min. Moreover, the optimal environments for SMX degradation in
this nano-SWT/H2O2 system were H2O2 5.0 mM, schwertmannite 0.2 g·L−1, and pH 3.
The SMX mineralization degree in the nano-SWT/H2O2 system was assessed by TOC
removal. Figure 4d shows that the nano-SWT/H2O2 system removed 75% of the TOC
within 90 min, and this result further proved that the nano-SWT/H2O2 system has the
ability to degrade SMX and mineralize it efficiently. The result implied that the •OH from
the nano-SWT/H2O2 system promoted the degradation of SMX and its intermediates, such
as 4-aminobenzenesulfonic acid, 4-nitro sulfamethoxazole, and nitrosobenzene [2]. The
concentration of H2O2 steadily dropped in line with the decline in TOC. H2O2 utilization
efficiency can be reflected by the ratio of the stoichiometric consumption of H2O2 to the
actual consumption for the degradation of SMX during the nano-SWT/H2O2 process. After
almost all the SMX disappeared from the nano-SWT/H2O2 system, the utilization efficiency
of H2O2 reached up to 60.5%, which was much higher than of Sch in the degradation of
some organic pollutants, such as nitrobenzene and phenanthrene, through Fenton-like
reactions [17,22].
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3.3. Stability and Reusability of the Nano-SWT in the SMX Degradation Process

The long-term stability and reusability of the nano-SWT in the SMX degradation
process should also be taken into account from an application standpoint. Therefore,
the catalytic performance of the nano-SWT was examined via multi-cycle experiments.
The initial concentrations of SMX, H2O2, and nano-SWT were 50 µM, 5.0 mM, and
0.2 g·L−1, respectively, in each cycle, the reaction time was 90 min, and the initial pH
of the solution was 3. Figure 5 shows that when the nano-SWT was reused for six cycles,
the SMX degradation efficiency decreased from 92.5% to 85.2%. The slight decrease in
performance of the nano-SWT/H2O2 system may be attributed to the decrease in surface
iron content on the catalyst after each cycle [2]. This result demonstrated that the nano-SWT
can be reused as a Fenton-like catalyst for SMX degradation because it still maintained
up to 85.2% of its catalytic capacity after six cycles of reuse. The stability and reusability
properties of the nano-SWT in the nano-SWT/H2O2 system are similar to those for the
previous reports using schwertmannite as a catalyst [45,46].
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Figure 5. SMX degradation efficiency during repeated nano-SWT applications. Experimental con-
ditions: H2O2 concentration = 5 mM, nano-SWT dosage = 0.2 g·L−1, SMX concentration = 50 µM,
initial pH =3.0, and reaction time = 90 min.

The FTIR spectra of newly synthesized nano-SWT and nano-SWT after being used for
six cycles are shown in Figure 6. It was found that the absorption peaks were caused by the
stretching of free or bound hydroxyl groups at a wavelength of 3217 cm−1. The structural
OH groups or the O-H vibrations of H2O molecules were responsible for the absorption
peaks at 1631 cm−1. The absorption peaks at 609 cm−1 were attributed to the vibration of
SO4

2−. The wavelengths of 1117 and 982 cm−1 corresponded to the γ1 and γ3 vibrations
of SO4

2−, respectively. The vibration of the Fe-O bond was a contributing factor to the
absorption peaks at 483 cm−1. The FTIR spectra of all functional groups matched those
of Sch as stated in previous investigations [17,24,47,48]. The FTIR spectrum of the reused
nano-SWT was consistent with that of the newly synthesized nano-SWT. The findings
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showed that the structure and functional groups of the nano-SWT were minimally affected
by the nano-SWT/H2O2 reaction. This result suggests that the mineral structure of the
nano-SWT, a great Fenton-like catalyst for SMX degradation, remained unchanged over the
course of multiple uses. Above all, after six cycles of Fenton-like degradation, the nano-SWT
maintain stability and was reusable as a Fenton-like catalyst for SMX degradation.
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Figure 6. FTIR spectra of newly synthesized nano-SWT and nano-SWT after six cycles of use.
Experimental conditions: H2O2 concentration = 5 mM, nano-SWT dosage = 0.2 g·L−1 , SMX
concentration = 50 µM, initial pH =3.0, and reaction time = 90 min.

4. Conclusions

A simple PVP-assisted synthetic method was used to synthesize nano-SWT. By adding
a small amount of PVP, the structure and surface characteristics of synthesized nano-SWT
can be engineered. The nano-SWT can be used as a catalyst to efficiently degrade SMX
in a heterogeneous Fenton-like reaction (nano-SWT/H2O2 reaction). The degradation
efficiency of SMX was more than 92.5% within 90 min of reaction time under suitable
reaction conditions, which is due to the nano-SWT providing abundant reaction sites at the
solid/solution interfaces. Moreover, the SMX could be highly mineralized with removal
of 75% of the TOC within 90 min, and the utilization efficiency of H2O2 could reach up
to 60.5% after almost all the SMX disappeared from the nano-SWT/H2O2 system. In
addition, the nano-SWT had good stability and reusability as a Fenton-like catalyst for
SMX degradation, as evidenced by the fact that repeated use did not appreciably alter its
catalytic capacity and function groups. As a result, in heterogeneous Fenton-like reactions,
the nano-SWT is a great catalyst for the degradation of SMX. Hence, the nano-SWT/H2O2
system was verified to be a promising method for the efficient degradation of SMX.
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