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Abstract: Eutrophication creates multiple environmental problems, threatening the ecological secu-
rity and sustainability of estuarine and coastal ecosystems worldwide. Key nutrients of concern are
nitrogen (N) and phosphorus (P), which are the main controls in eutrophication. Considering that sedi-
ments are inseparable sinks of N and P, concern has grown regarding the forms in which N and P occur
in the surface sediments of estuaries and coastal areas. Nonetheless, studies on the natural N-bearing
or P-bearing nanoparticles in estuarine and coastal sediments have rarely been reported. Herein,
the surface sediments (0–5 cm) of the Pearl River Estuary in China were collected and subjected to
analysis. Using high-resolution transmission electron microscopy (HR-TEM) analysis, numerous
natural N-bearing and P-bearing nanoparticles were observed. The results revealed that there are
some differences in the occurrence forms of N and P in nanoparticles, suggesting that N and P could
be adsorbed by nanoparticles of minerals such as hematite, goethite, muscovite, anorthite and quartz
in estuarine and coastal environments, and further form N-bearing and P-bearing nanoparticles.
These nanoparticles contained small amounts of N (1.52–3.73 wt%) and P (0.22–1.12 wt%), and were
mainly single crystal or polycrystalline in form, with sizes ranging from 10 nm × 50 nm to 250 nm
× 400 nm. In addition, P was shown to exist in the form of Ca and Fe phosphate nanoparticles in
the estuarine sediments. The Ca and Fe phosphate nanoparticles had higher phosphorus content
(5.02–9.97 wt%), mainly amorphous, with sizes ranging from 50 nm × 120 nm to 250 nm × 400 nm.
Moreover, N-bearing and P-bearing nanoparticles could influence the migration, precipitation and
release processes of N and P, and play a certain role in the N-cycling and P-cycling of estuarine and
coastal ecosystems. Furthermore, we explored the role of N-bearing and P-bearing nanoparticles in
the N-cycling and P-cycling in estuarine and coastal ecosystems. Thus, this study could provide new
ideas for water environment management and other related research fields.

Keywords: natural nanoparticles; transmission electron microscopy (TEM); estuarine and coastal
ecosystems; N-cycling; P-cycling

1. Introduction

As interaction and transition zones between ocean and land, estuarine and coastal
areas provide highly valuable ecosystem benefits for humans [1–3]. However, urbanization
and human-led development have greatly accelerated the flows of nutrients to estuarine and
coastal areas over recent decades, alarmingly increasing rates of nutrient over-enrichment
and causing widespread eutrophication [4–6]. Eutrophication creates multiple problems,
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including hypoxic “dead zones”, harmful algal blooms, threatening the ecological security
and sustainability of estuarine and coastal ecosystems world-wide [7,8]. Key nutrients of
concern include nitrogen (N) and phosphorus (P), which are considered to be the most
important limiting nutrients for life processes in aquatic ecosystems and the main controls
in eutrophication [7,9]. As the supply rate of N and P in water bodies determines the
primary production of aquatic plants, the research of nutrient elements N and P has
gradually received more attention in the field of water management [1,5,7,10–12].

As a closely linked part of water bodies, sediments are generally regarded as the
main sinks of N and P in estuarine and coastal ecosystems, playing an important role in
local N-cycling and P-cycling [5,13–15]. Due to the frequent changes in physical–chemical
properties and hydrodynamic conditions, the precipitated N and P in sediments can be
released and enter into overlying water bodies, thus leading to anabatic water pollution
and eutrophication [16–18]. Previous studies on estuarine and coastal systems have usu-
ally focused on the common forms of N (ion forms NH4+, NO3− and NO2−; molecule
forms NO, NO2, and NO3; and macromolecular compounds protein and DNA) and P (ion
form PO4

3−; insoluble phosphate forms Ca, Fe and Al phosphates; and organic phospho-
rus) [5,19–22]. On the other hand, nanoparticles are abundant in estuarine and coastal
sediments due to the continual supergene processes [23]. Natural nanoparticles have spe-
cial properties such as high mobility and adsorption properties due to their extremely small
size and surface-to-volume ratio [24,25]. Thus, nanoparticles always play an important
role in the many physiochemical processes [26,27]. Therefore, in recent years, researchers
have begun to pay attention to the role of nanoparticles in the N-cycling and P-cycling
of aquatic ecosystems. For example, the interaction of nanoparticles of minerals such
as hematite, goethite and titanium dioxide with N and P (organic and inorganic forms)
has been investigated under laboratory conditions in recent studies [28–31]. Meanwhile,
recent studies have also revealed that hematite and goethite nanoparticles have signif-
icant adsorption effects on N and P compounds, and this effect is affected by physical
and chemical conditions and the particle size of nanoparticles [28,29,31,32]. Moreover,
N-bearing nanoparticles have been observed to participate in the biochemical processes of a
variety of bacteria and fungi [33,34], and can play a role in providing nutrients during plant
growth [35]. Nonetheless, studies on the natural N-bearing or P-bearing nanoparticles in
estuarine and coastal sediments have rarely been reported. Liu et al. [36] first observed that
N could occur as nanoparticles in estuarine surface sediments, and proposed that N-bearing
nanoparticles may be a new transport form of N in estuarine and coastal environments.
However, to the best of our knowledge, no work has yet been reported regarding natural
P-bearing nanoparticles in estuarine and coastal sediments.

As one of the most important economic centers and the main river in South China, the
Pearl River Estuary has long suffered from environmental problems such as eutrophication
and harmful algal blooms caused by excessive nutrients (especially N and P) [37,38].
Therefore, the Pearl River Estuary is an excellent place to study the mechanisms of
N-cycling and P-cycling in estuary and coastal ecosystems.

In this study, high-resolution transmission electron microscopy (HR-TEM) was used
as our primary probing technique. We discovered and analyzed numerous N-bearing
and P-bearing nanoparticles in surface sediments. The characteristics of N-bearing and
P-bearing nanoparticles, including categories, sizes, shapes, chemical compositions and
crystalline features, were obtained. Based on the HR-TEM observation results, the forms
in which N-bearing and P-bearing nanoparticles were present in surface sediments were
compared and analyzed. Furthermore, we explored the role of N-bearing and P-bearing
nanoparticles in the N-cycling and P-cycling in estuarine and coastal ecosystems. Thus, this
study could provide new ideas for the water environment management and other related
research fields.
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2. Materials and Methods
2.1. Study Area

The Pearl River, spanning a total length of 2320 km and encompassing a drainage area
exceeding 450,000 km2, stands as the paramount river in Southern China (Figure 1a,b) [39–41].
According to the Pearl River Sediment Bulletin 2021, the average annual runoff of the Pearl
River exceeds 342.1 km3, ranking second only to the Yangtze River in China. The Xi (west),
Bei (north), and Dong (east) Rivers are the three principal branches of the Pearl River, which
eventually converge and flow into the Pearl River Estuary. The Pearl River Delta, where
the Pearl River Estuary is located, has a diverse ecosystem and rich products, feeding a
population exceeding 50 million [39,42]. The Pearl River Delta serves as the foundation
basis for the urban agglomeration of the Guangdong–Hong Kong–Macao Greater Bay Area
(GBA), which has evolved into one of the foremost bay regions globally [43]. With the
rapid growth in population and expansion of human activities over recent decades, the
Pearl River Estuary has gradually become a region with numerous ecological problems,
such as eutrophication and harmful algal blooms caused by excessive nutrients (especially
N and P) [37,38]. Located in the northern part of the South China Sea, the Pearl River
Estuary spans 2000 km2 and has an average depth of less than 30 m [39]. Its sediments
primarily comprise diverse geological units in the basin and stored a variety of terrigenous
materials [44,45].

Sustainability 2023, 14, x FOR PEER REVIEW 3 of 18 
 

nanoparticles in the N-cycling and P-cycling in estuarine and coastal ecosystems. Thus, 
this study could provide new ideas for the water environment management and other 
related research fields. 

2. Materials and Methods 
2.1. Study Area 

The Pearl River, spanning a total length of 2320 km and encompassing a drainage 
area exceeding 450,000 km2, stands as the paramount river in Southern China (Figure 1a,b) 
[39–41]. According to the Pearl River Sediment Bulletin 2021, the average annual runoff of 
the Pearl River exceeds 342.1 km3, ranking second only to the Yangtze River in China. The 
Xi (west), Bei (north), and Dong (east) Rivers are the three principal branches of the Pearl 
River, which eventually converge and flow into the Pearl River Estuary. The Pearl River 
Delta, where the Pearl River Estuary is located, has a diverse ecosystem and rich products, 
feeding a population exceeding 50 million [39,42]. The Pearl River Delta serves as the foun-
dation basis for the urban agglomeration of the Guangdong–Hong Kong–Macao Greater 
Bay Area (GBA), which has evolved into one of the foremost bay regions globally [43]. 
With the rapid growth in population and expansion of human activities over recent dec-
ades, the Pearl River Estuary has gradually become a region with numerous ecological 
problems, such as eutrophication and harmful algal blooms caused by excessive nutrients 
(especially N and P) [37,38]. Located in the northern part of the South China Sea, the Pearl 
River Estuary spans 2000 km2 and has an average depth of less than 30 m [39]. Its sedi-
ments primarily comprise diverse geological units in the basin and stored a variety of 
terrigenous materials [44,45]. 

 
Figure 1. (a) Water system map of the Pearl River Basin. (b) Sketch map of the study area and sam-
pling sites (modified from [40,41]). (c) Total nitrogen (TN) and (d) total phosphorus (TP) content in 
the surface sediments (0–5 cm) in the Pearl River Estuary, China.  

Figure 1. (a) Water system map of the Pearl River Basin. (b) Sketch map of the study area and
sampling sites (modified from [40,41]). (c) Total nitrogen (TN) and (d) total phosphorus (TP) content
in the surface sediments (0–5 cm) in the Pearl River Estuary, China.

2.2. Sampling Methods

In this study, 6 surface sediment samples were collected from 6 sampling sites in the
Pearl River Estuary in 2021. The locations of sampling sites (Z1–Z6) are shown in Figure 1
and Table 1. The surface sediment (0–5 cm) was collected at each sampling site using a
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stainless-steel grab sampler, with a total weight of 500 g. The samples were immediately
sealed separately in the sampling bag and transported on ice to the laboratory. The grain
sizes of the 6 samples were mainly muddy-silty, while their colors were mainly yellow to
brownish yellow. In the laboratory, the sediments in each station were divided into two
individual parts. A part of each sample was stored at 4 ◦C until further X-ray powder
diffraction (XRD) analysis and TEM analysis. Another part of each sample was preserved
at −20 ◦C for measurements of total nitrogen (TN) and total phosphorus (TP).

Table 1. Location information of sampling sites, total nitrogen (TN) and total phosphorus (TP) in
surface sediments of the Pearl River Estuary.

Sample Number Latitude (◦N) Longitude (◦E) Depth (m) TN (mg/g) TP (mg/g)

Z1 22◦52′33′′ 113◦33′48′′ 16.3 0.953 0.540
Z2 22◦48′49′′ 113◦36′41′′ 6.0 1.190 0.584
Z3 22◦45′57′′ 113◦39′10′′ 4.5 0.955 0.514
Z4 22◦34′45′′ 113◦45′09′′ 13.9 1.113 0.383
Z5 22◦22′25′′ 113◦40′10′′ 4.5 0.792 0.328
Z6 22◦20′25′′ 113◦51′53′′ 6.5 0.758 0.668

2.3. Analysis Methods

The analysis methods for the determination of total nitrogen (TN) and total phospho-
rus (TP) were in accordance with the national standard (GB/T 17378.5-2007) of China [46].
TN and TP contents were determined using the semi-micro Kjeldahl method and molybdate
colorimetry method, respectively. The P contents in the samples were determined using
a visible spectrophotometer (722 type, Shanghai, China). The methods were described in
detail in a previous study [47]. All analyses of TN and TP were conducted at the South
China Institute of Environment Sciences (Guangzhou, China).

The main mineral components of the samples were analyzed using XRD. Before
analysis, sediment samples underwent pretreatment. A part of each sample was extracted
and subjected to drying at 50 ◦C for 24 h. After cooling, the sample was removed and
passed through 200 mesh sieves. Each resulting sample was then stored in an individual
sealed bag for subsequent XRD analysis. The instrument employed in this study was
Rigaku SmartLab X-ray diffractometer (Tokyo, Japan). With the following key parameters:
Cu radiation; voltage: 30 kV; current: 20 mA; scanning range: 5◦ to 100◦; scanning rate:
4◦/min.

The structural/chemical information of the samples was obtained using an FEI Ta-
los F200X high-resolution transmission electron microscope (HR-TEM) instrument. The
sediment samples were placed on the Cu/Mo-C TEM grids for TEM-EDS analysis. The
preparation method has been described in previous studies [36,48]. The main steps were
as follows: (I) The TEM grid was carefully handled with a clean tweezer, and a minute
amount of the original sample stored at 4 ◦C was delicately collected using another tweezer
and evenly spread on the grid. (II) Subsequently, this TEM grid was placed on a dry and
clean filter paper to absorb the water in the sediment. (III) Then, the TEM grid was securely
clamped with a clean tweezer, and the impurities present on the surface of the grid were
blown off by a rubber pipette bulb. (IV) Steps (II) and (III) were repeated iteratively until
all visible impurities and moisture had been eliminated from the surface of the TEM grid.
The prepared TEM grid was carefully placed in a clean container, ensuring that the TEM
test commenced within a time frame of 15 min. The energy dispersive X-ray spectra (EDS),
image, selected area electron diffraction (SAED) pattern and HR-TEM of the nanoparticles
were obtained. The maximum accelerating voltage was 200 kV, and the dot resolution and
linear resolution were 0.20 nm and 0.14 nm, respectively. The maximum magnification
of the TEM and TEM(STEM) were 1.5 and 2.3 million, respectively. The high-angle annu-
lar dark-field scanning transmission electron microscope (HAADF-STEM) were used in
this study, and the image resolution was 0.16 nm. The C and Cu/Mo contents were not
considered to avoid the effects of the chemical composition of Cu/Mo-C TEM grids.
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The XRD and the TEM tests were conducted at the Sinoma Institute of Materials
Research (Guangzhou, China) Co., Ltd.

3. Results
3.1. Total Nitrogen (TN) and Total Phosphorus (TP) in the Surface Sediments

Figure 1c,d and Table 1 show the concentrations of total nitrogen (TN) and total phos-
phorus (TP) in the surface sediments from the Pearl River Estuary. The TN concentrations in
sediments ranged from 0.758 to 1.190 mg/g, with the mean value of 0.960 mg/g, while TP
concentrations in surface sediments ranged from 0.328 to 0.668 mg/g, with the mean value
of 0.503 mg/g. These results indicate that the TN contents in the sediments of the studied
area generally exceeded the standard safety level (TN < 0.55 mg/g), while the TP contents
in some of the sediments (Z1, Z2 and Z6) were close to or exceeded the standard safety
level (TP < 0.60 mg/g), which could cause low-level ecotoxicological effects (according to
the Manual for Sediment Quality Assessment by Ontario Environment and Energy, 1992).

3.2. Main Mineral Components of the Surface Sediments

The XRD results are shown in Figure 2, indicating that the sediments samples primarily
consisted of quartz, muscovite, anorthite, K-feldspar, chlorite, kaolinite, illite and calcite.
The main mineral compositions of each sample were similar across all samples. These
minerals were mainly produced by the weathering of various rocks in the Pearl River Basin,
and were subsequently transported and precipitated in the Pearl River Estuary.
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Figure 2. The XRD results of the surface sediments (Z1–Z6). Mineral abbreviations: Qz—quartz;
Ms—muscovite; An—anorthite; Kfs—K-feldspar; Gy—gypsum; Cal—calcite; Chl—chlorite;
Kln—kaolinite; Ill—illite.

3.3. Characteristics of N-Bearing and P-Bearing Nanoparticles in the Surface Sediments

In this study, a total of 113 nanoparticles in surface sediment samples were preliminar-
ily examined and analyzed by HR-TEM to determine their morphology and EDS results.
Meanwhile, a total of 25 N-bearing and/or P-bearing nanoparticles were observed. Based
on their main components, the main types of these nanoparticles include Fe oxides, silicates
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(or SiO2) and phosphates. Finally, a total of nine representative nanoparticles from the
aforementioned types were selected for further detailed analysis (Figures 3–12, Table 2).

Sustainability 2023, 14, x FOR PEER REVIEW 6 of 18 
 

Figure 2. The XRD results of the surface sediments (Z1–Z6). Mineral abbreviations: Qz—quartz; 
Ms—muscovite; An—anorthite; Kfs—K-feldspar; Gy—gypsum; Cal—calcite; Chl—chlorite; Kln—
kaolinite; Ill—illite. 

3.3. Characteristics of N-Bearing and P-Bearing Nanoparticles in the Surface Sediments 
In this study, a total of 113 nanoparticles in surface sediment samples were prelimi-

narily examined and analyzed by HR-TEM to determine their morphology and EDS re-
sults. Meanwhile, a total of 25 N-bearing and/or P-bearing nanoparticles were observed. 
Based on their main components, the main types of these nanoparticles include Fe oxides, 
silicates (or SiO2) and phosphates. Finally, a total of nine representative nanoparticles from 
the aforementioned types were selected for further detailed analysis (Figures 3–12, Table 
2).  

 
Figure 3. (a) TEM image of N-bearing and P-bearing nanoparticles (ID:1–4); the EDS results are 
shown in Figure 4 and Table 2. (b–d) HR-TEM images and SAED pattern of an N- and P-bearing 
hematite nanoparticle (ID: 1). (e–k) HR-TEM images and SAED pattern of an N- and P-bearing goe-
thite nanoparticle aggregation (ID: 2). (h,i) HR-TEM image and fast Fourier transform (FFT) pattern 
of an N-bearing muscovite nanoparticle (ID: 3). (j,k) HR-TEM image and FFT pattern of a Ca phos-
phate nanoparticle (ID: 4). 

 
Figure 4. EDS images of N- and P-bearing nanoparticles (ID:1–4). 

Figure 3. (a) TEM image of N-bearing and P-bearing nanoparticles (ID:1–4); the EDS results are
shown in Figure 4 and Table 2. (b–d) HR-TEM images and SAED pattern of an N- and P-bearing
hematite nanoparticle (ID: 1). (e–k) HR-TEM images and SAED pattern of an N- and P-bearing
goethite nanoparticle aggregation (ID: 2). (h,i) HR-TEM image and fast Fourier transform (FFT)
pattern of an N-bearing muscovite nanoparticle (ID: 3). (j,k) HR-TEM image and FFT pattern of a Ca
phosphate nanoparticle (ID: 4).
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Figure 8. (a) TEM image of two N- and P-bearing nanoparticles (ID: 7–8); the EDS results are
shown in Figure 9 and Table 2. (b,c) HR-TEM image and SAED pattern of an N- and P-bearing
anorthite nanoparticle (ID: 7). (d,e) HR-TEM image and SAED pattern of an N- and P-bearing quartz
nanoparticle (ID: 8).
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Figure 3a shows several nanoparticles, and the representative nanoparticles (Table 2,
ID: 1–4) were observed and analyzed in detail (Figure 3b–k). The primary compositions and
characteristics of these nanoparticles are shown in Figure 4 and Table 2. The nanoparticles
in Figure 3a are mainly composed of N, O, Al, Si, P, S, Ca and Fe, and the distribution
of the main elements is shown in Figure 5. Figure 3b shows an irregular nanoparticle
(ID: 1) with a size of approximately 150 nm × 200 nm. The EDS results show that the main
components of this nanoparticle included O and Fe, with minor amounts of N, Si, Al, P,
etc. Based on the SAED pattern and HR-TEM image (Figure 3c,d), the d-spacings measure
d1 = d2 = 2.52 Å, and the SAED pattern corresponds to the zone axis = [001] of hematite
(Fe2O3, PDF#87-1165), suggesting an N- and P-bearing hematite nanoparticle. Figure 3e
shows an irregular nanoparticle aggregation (ID: 2), and a total size of approximately
150 nm × 200 nm. The EDS results indicate that the aggregation mainly consists of O and
Fe, with minor amounts of Al, Si, N, P, etc. Based on the SAED pattern and HR-TEM image
(Figure 3f,g), the d-spacings measure 2.58 Å, and the polycrystalline diffraction rings in
SAED pattern correspond to the crystalline planes of goethite (α-Fe3+O(OH), PDF#29-0713),
indicating an N- and P-bearing goethite nanoparticle aggregation. Figure 3h shows a
layer nanoparticle with a size of approximately 50 nm × 100 nm. The EDS results indi-
cate that this layer nanoparticle mainly comprises O, Si and Al, with small amounts of K,
N, F, Mg and Fe. The FFT pattern corresponds to the zone axis = [112] ofmuscovite-2M
(KAl2 (Si3Al) O10(OH, F)2, PDF#06-0263), suggesting an N-bearing muscovite nanoparti-
cle. Figure 3j shows a nearly rectangle nanoparticle (ID: 4) with a size of approximately
50 nm × 120 nm. The EDS results indicate that the nanoparticle primarily consists of O, Si,
Ca, Al and P, with minor amounts of N, F, K, Fe, etc. However, the HAADF-STEM image
and elemental TEM distribution (Figure 5) show that the nearly rectangular nanoparticle
has been adsorbed onto the surface of the layered silicate nanoparticle. Therefore, we
suggest that the Si, Al, K and F in this position (ID: 4) belong to layered silicate. In addition,
the nearly rectangular nanoparticle mainly consists of O, Ca and P, suggesting that it is a
calcium phosphate nanoparticle. Moreover, none of the diffraction spots are shown in the
FFT pattern (Figure 3k), indicating that this particle is amorphous.



Sustainability 2023, 15, 14301 11 of 17

Table 2. Detailed information of natural N-bearing and P-bearing nanoparticles (ID: 1–9) in surface sediments in the Pearl River Estuary.

Sample
Number

EDS
ID Type Size (nm) Shape Crystallinity

Element

N O F Na Mg Al Si P S Cl K Ca Ti Mn Fe

Z1 1
N- and P-bearing hematite

nanoparticle 150 × 200 Irregular Single
crystal

wt% 3.73 47.90 0.43 0.44 2.14 3.54 0.23 0.18 0.31 0.13 0.26 1.12 39.59
at% 6.25 70.21 0.44 0.42 1.85 2.96 0.15 0.12 0.21 0.08 0.15 0.54 16.62

Z1 2
N- and P-bearing goethite
nanoparticle aggregation 150 × 200 Irregular Poly crystal wt% 3.56 56.76 0.39 0.80 4.08 2.39 1.12 0.66 0.20 0.13 0.17 0.84 28.91

at% 5.42 75.62 0.36 0.70 3.22 1.81 0.77 0.43 0.12 0.07 0.08 0.36 11.04

Z1 3 N-bearing muscovite nanoparticle 50 × 100 Layer Single
crystal

wt% 1.88 50.21 0.75 1.06 17.72 23.28 3.92 1.17
at% 2.70 63.23 0.79 0.88 13.24 16.71 2.03 0.42

Z1 4 Ca phosphate nanoparticle 50 × 120
Nearly

rectangle Amorphous wt% 1.69 47.02 2.17 1.27 8.07 16.34 5.02 2.45 14.24 1.72
at% 2.55 62.30 2.42 1.12 6.34 12.33 3.44 1.34 7.52 0.65

Z2 5
N- and P-bearing hematite

nanoparticle 10 × 50 Strip Single
crystal

wt% 2.15 43.14 0.74 0.42 2.33 2.99 0.69 0.13 0.10 0.18 0.10 0.05 46.99
at% 3.87 67.94 0.82 0.43 2.18 2.68 0.55 0.09 0.07 0.11 0.05 0.02 21.18

Z2 6
N- and P-bearing hematite
nanoparticle aggregation 50 × 100 Irregular Poly crystal wt% 3.59 52.08 0.65 0.84 5.25 3.87 0.75 0.33 0.24 0.27 0.28 0.64 31.21

at% 5.66 71.82 0.62 0.76 4.29 3.04 0.54 0.23 0.14 0.14 0.16 0.28 12.33

Z4 7
N- and P-bearing anorthite

nanoparticle 250 × 400 Irregular Single
crystal

wt% 2.36 54.61 0.42 0.29 13.62 14.95 0.27 0.10 0.18 0.14 12.72 0.33
at% 3.39 68.38 0.36 0.24 10.10 10.67 0.17 0.06 0.10 0.07 6.35 0.11

Z4 8 N- and P-bearing quartz nanoparticle 150 × 250 Irregular Single
crystal

wt% 1.52 66.52 0.21 0.15 0.40 30.61 0.22 0.09 0.06 0.05 0.12 0.06
at% 2.01 76.96 0.16 0.12 0.28 20.17 0.12 0.05 0.03 0.02 0.05 0.02

Z5 9 Fe phosphate nanoparticle 250 × 400 Irregular Amorphous wt% 51.66 1.13 1.92 0.37 0.35 9.97 1.97 0.18 1.04 1.58 29.82
at% 74.09 1.13 1.82 0.31 0.28 7.38 1.40 0.09 0.59 0.65 12.25
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Figure 6a shows two typical N- and P-bearing nanoparticles (ID: 5 and 6). As shown
in Figure 7 and Table 2, the compositions of these nanoparticles are similar, primarily
consisting of O and Fe, with small amounts of N, Al, Si, P, etc. Figure 6b shows a strip
nanoparticle (ID: 5) with a size of approximately 10 nm× 50 nm. The FFT pattern (Figure 6c)
corresponds to the zone axis = [001] of hematite (Fe2O3, PDF#87-1165), suggesting that it
is an N- and P-bearing hematite nanoparticle. Figure 6d shows an irregular nanoparticle
aggregation, with a size of approximately 50 nm × 100 nm. The polycrystalline diffraction
rings in the FFT pattern (Figure 6e) also correspond to the crystalline planes of hematite,
suggesting an N- and P-bearing hematite nanoparticle aggregation.

Figure 8a shows two irregular N- and P-bearing nanoparticles (ID: 7–8), and the EDS
results are shown in Figure 9 and Table 2. An irregular nanoparticle (ID: 7) is shown in
Figure 8b, with a size of approximately 250 nm × 400 nm. The EDS results indicate that
the nanoparticle primarily consisted of O, Si, Ca and Al, with small amounts of N, P, S, Fe,
etc. The SAED pattern corresponds to the zone axis = [101] of anorthite (CaAl2Si2O8, PDF
#86-1707), suggesting that it is an N- and P-bearing anorthite nanoparticle. Figure 8d shows
an irregular nanoparticle (ID: 8) with a size of approximately 150 nm × 250 nm. The EDS
results indicate that the nanoparticle primarily consists of O and Si, with a minor amount
of N, P, Na, Mg, Al, etc. The SAED pattern correspons to the zone axis = [101] of quartz
(SiO2, PDF #83-0541), suggesting an N- and P-bearing quartz nanoparticle.

Figure 10a shows a P-bearing irregular nanoparticle (ID: 9) with a size of approximately
250 nm × 400 nm. The EDS results are shown in Figure 11 and Table 2; the nanoparticle
primarily consists of O, Fe and P, with small amounts of S, Mn, Na, Ca, Mg, etc. The
HAADF-STEM image and elemental TEM maps (Figure 12) show that the main composition
elements O, Fe and P were homogeneously distributed in the nanoparticle; we speculate
that the nanoparticle was composed primarily of ferric phosphate. In addition, none of the
diffraction spots are shown in the SAED pattern (Figure 10b), indicating that this particle
was amorphous.

4. Discussion
4.1. Comparison of the Forms of Natural N-Bearing and P-Bearing Nanoparticles in the Surface
Sediments of the Pearl River Estuary

The Pearl River Estuary has long suffered from environmental problems such as
eutrophication and harmful algal blooms caused by excessive nutrients (especially N and
P) [37,38]. In this study, the TN contents and TP contents in most of the sediments were
close to or exceeded the standard safety level, which could cause low-level ecotoxicological
effects. These results indicate that N and P have accumulated excessively in the sediments
of some areas of the Pearl River Estuary. Meanwhile, we discovered and investigated the
characteristics of N-bearing and P-bearing nanoparticles in surface sediments, providing a
new perspective on the mechanism of eutrophication in estuarine and coastal ecosystems.

Based on the observation and analysis of the N-bearing nanoparticles (ID: 1–3 and
5–8), we found that N was present in small amounts (1.52–3.73 wt%) in nanoparticles
of minerals such as hematite, goethite, muscovite, anorthite and quartz. Among them,
siliceous minerals such as quartz, anorthite and muscovite are primary minerals in the
sediments (Figure 2). Nanoparticles of Fe oxide minerals such as goethite and hematite
can be formed by oxidation of Fe-bearing minerals such as chlorite and muscovite [23,49].
These N-bearing nanoparticles were mainly single crystal or polycrystalline in form, with
sizes ranging from 10 nm × 50 nm to 250 nm × 400 nm. Nanoparticles are abundant in
the estuarine environment, due to the supergene processes including oxidation [23,49],
grinding of faults [50–53] and biogeochemical processes [54]. Nanoparticles have excellent
absorptivity due to their extremely small size, large surface-to-volume ratio and generally
charged surfaces [55,56]. Recent studies have demonstrated that mineral nanoparticles
such as hematite, goethite and silicate clay minerals have significant adsorption effects
on N and P compounds [28–31]. In this study, the HAADF-STEM diagram showed that
N and P were evenly distributed on the surface of Fe oxide and siliceous nanoparticles
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(Figure 5). Based on the previous studies and the observations in this study, we speculate
that these N-bearing nanoparticles were formed by the adsorption of N (e.g., NH4+, NO3−,
NO2−, macromolecular compounds, etc.) in seawater by nanoparticles of minerals such as
iron oxides, silicates and quartz in estuarine environment. Similarly, we observed that a
very small amount of P (0.22–1.12 wt%) was present in the nanoparticles (ID: 1–2 and 5–8),
and that they may be also formed by the adsorption of P (e.g., phosphate ions and organic
phosphorus) in seawater by nanoparticles in an estuarine environment.

In addition, we observed nanoparticles (ID: 4 and 9) in the form of iron phosphate
and calcium phosphate in the sediments. These nanoparticles had higher phosphorus
content (5.02–9.97 wt%), mainly amorphous, with sizes ranging from 50 nm × 120 nm to
250 nm × 400 nm, which indicated that P could exist in the form of insoluble Fe and Ca
phosphate nanoparticles in estuarine sediments.

4.2. Implications for N-Cycling and P-Cycling in Estuarine and Coastal Ecosystems

Based on the HR-TEM observations, various forms of nitrogen and phosphorus nanopar-
ticles were identified in surface sediments in Pearl River Estuary (Table 2, ID:1–9). In addition,
the sizes of these nanoparticles ranged from 10 nm× 50 nm to 150 nm× 400 nm. Due to their
extremely small size and high mobility, some nanoparticles do not precipitate immediately
after their formation, and they can migrate with sea water flow over long distances [57].
In this process, N and P are transported in the form of nanoparticles in the estuarine and
coastal environment. Meanwhile, previous studies suggested that nanoparticles have the
potential to enter into the biological body and that their long-term accumulation affects the
health of an organism [58–60]. Previous studies have reported that N can enter plants in
the form of N-bearing nanoparticles to provide growth nutrients [35]. Therefore, N-bearing
nanoparticles in sediments of estuarine have potential to be directly absorbed by plants
and affect nutrient cycling in estuarine and coastal ecosystems. Moreover, some of the
N-bearing and P-bearing nanoparticles eventually precipitated and solidified, separating N
and P from biological elemental cycling [36,57,61]. On the other hand, as discussed above
in Section 4.1, N and P could be adsorbed by nanoparticles of minerals in an estuarine
and coastal environment, and further form N-bearing and P-bearing nanoparticles (ID:
1–3 and 5–8). In addition, P could exist in the form of Ca and Fe phosphate nanoparticles
(ID: 4 and 9). It is noteworthy that the physical–chemical factors, biogeochemical processes
and hydrodynamic conditions in the environment can affect the adsorption and aggregation
of nanoparticles [23,47,62–64] and the decomposition of Fe and Ca phosphates [61,65,66] in
different ways. As a result, N and P can be released in the form of ions or molecules, and
continue to be bioavailable and enter the ecosystem. Therefore, due to the difference in
the forms of N and P in nanoparticles, the transport and release of N and P in the form of
nanoparticles will also be different.

Furthermore, the findings mentioned above can also be applied to water management
in estuarine and coastal ecosystems. In this study, it was observed that the nano-mineral
particles with adsorption effect on N and P mainly included Fe oxides and siliceous
minerals, such as goethite, hematite, muscovite, etc. (Table 2). Therefore, natural Fe oxides
and siliceous nano-mineral particles can be poured into water bodies in estuarine aeras to
reduce excess N and P, so as to control eutrophication. In addition, due to the difference in
the forms of N and P in nanoparticles, the release of N and P in the form of nanoparticles will
also be different as a result of different physical–chemical factors (including temperature,
pH, salinity, etc.) [62–64]. Thus, in the process of water environmental management,
the release of N and P contained in the nanoparticles in sediments can be controlled by
adjusting the physical and chemical conditions of the water bodies.

Moreover, to the best of our knowledge, no work has yet been reported regarding
natural P-bearing nanoparticles in estuarine and coastal sediments. In this study, nanopar-
ticles in the form of Ca and Fe phosphate were found in estuarine and costal sediments.
Phosphorous deposits are an important non-renewable resource, mainly in the form of
phosphates, mostly formed in marine sedimentary environment [67–69]. Therefore, fur-
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ther investigation of nano-phosphate particles in sedimentary environment may provide
nanoscale evidence for study on phosphate mineralization.

In summary, N-bearing and P-bearing nanoparticles could have a significant influence
on the migration, precipitation and release processes of N and P, and play a certain role in
the N-cycling and P-cycling of estuarine and coastal ecosystems. Thus, the management of
the water environment of the Pearl River Estuary should also pay attention to sediment,
especially with respect to N-bearing and P-bearing nanoparticles. In addition, the further
investigation of P-bearing nanoparticles in sediments may provide nanoscale evidence for
phosphorus enrichment and mineralization in marine environment.

5. Conclusions

1. Based on the HR-TEM observation, various forms of N and P nanoparticles were
identified in surface sediments in the Pearl River Estuary of South China.

2. Both N and P can be adsorbed by nanoparticles of minerals such as hematite, goethite,
muscovite, anorthite and quartz in an estuarine and coastal environment, and fur-
ther form N-bearing and P-bearing nanoparticles. These nanoparticles contained
small amounts of N (1.52–3.73 wt%) and P (0.22–1.12 wt%), mainly single crystal or
polycrystalline in form, with sizes ranging from 10 nm × 50 nm to 250 nm × 400 nm.

3. P could exist in the form of Ca and Fe phosphate nanoparticles in the estuarine sediments.
These phosphate nanoparticles have higher phosphorus content (5.02–9.97 wt%) and are
mainly amorphous, with sizes ranging from 50 nm × 120 nm to 250 nm × 400 nm.

4. N-bearing and P-bearing nanoparticles could influence the migration, precipitation
and release processes of N and P, and play a certain role in the N-cycling and P-cycling
of estuarine and coastal ecosystems. The water environmental management should
also pay attention to sediment, especially the N-bearing and P-bearing nanoparticles.

5. The further investigation of P-bearing nanoparticles in sediments may provide nanoscale
evidence for phosphorus enrichment and mineralization in marine environment.
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