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*e release of silver nanoparticles (AgNPs) from consumer products into an environment has become a central issue for many
countries. Despite that the fate and behaviors of AgNPs incorporated into a wastewater have been investigated by building amodel
of wastewater treatment process, the transport and retention behaviors of AgNPs influenced by the water flow in a river must be
understood. *e physical model of simulated river to mimic a natural flow of river was proposed to investigate the behaviors of
AgNP transport in the river. *e results showed that the large amount of AgNPs deposited on the riverbed as Ag sediment with
only 1.26% of AgNPs remained in the water flow. *e elemental content of Ag freely dispersed across the riverbed increases from
the upstream to downstream area of the simulated river. Verification of the spatial distribution of Ag dispersed along the water
flow may contribute to a better understanding of the fate and transport of AgNPs in the aquatic environment.

1. Introduction

Silver nanoparticles (AgNPs) that are usually considered as
an engineered nanomaterial have been used in a wide range
of industrial applications due to the physicochemical
properties, and antimicrobial effects of AgNPs could be
effective against many types of microorganisms [1, 2].
Antibacterial properties of AgNPs against the bacterial
strains of Staphylococcus aureus and Escherichia coli have
been analyzed to determine the minimum inhibitory con-
centration [3].*e release of wasted consumer products into
the environment can result in the contamination of water

bodies with the various concentrations of AgNPs and has the
potential to adversely affect aquatic organisms [4]. *e
toxicity effects on aquatic organisms could be dependent on
the characteristic features of AgNPs and the types of living
organisms. Spherical AgNPs having a size of 10–20 nm can
defect the fin regeneration and penetrate into the cell or-
ganelles and nucleus of the zebrafish [5], while the toxicity of
AgNPs in the zebrafish may lead to a reduction of silver
uptake and fish mortality [6]. AgNP toxicity to certain
freshwater fish species mediated by dissolved silver can bind
the cultured fish gill cells leading to decrease in the tolerance
of such freshwater fish to hypoxic conditions [7] and to an
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increase in the susceptibility to oxidative stress in the gills of
brown trout [8]. *e toxicity of AgNP-contaminated water
in freshwater fish can lead to an increase in the vulnerability
of the brain antioxidant enzyme system of the Nile tilapia
and redbelly tilapia [9]. *e toxic effect of AgNPs on ray-
finned fish can increase the level of liver glycogen and leads
to an enlargement of fish muscle fibers [10].

*e moving water in a river of carrying AgNPs may
disperse the particles of sediment released from the riverbed
and creates a space devoid of downstream-flowing water
from the downstream side of AgNPs’ entry point. *e fate
and transport of AgNPs in a river can not only be followed
according to the laminar flow of water but also must be
monitored in complex environmental relevant conditions
[11]. Turbulence flow of water could not only disperse the
sediment particles but can also modulate a settling velocity
of AgNPs on the riverbed. *e investigation of AgNP dis-
tribution may be bearing on the transportation of sediment
released from the riverbed and detritus in terms of discharge
and slope.*emodeling of AgNPs transported by the flow of
wastewater passed through the channel of wastewater
treatment plant (WWTP) showed that the typical facility of
WWTP designed to remove the excessive amount of AgNPs
is effective with an approximately 1% loss of AgNPs from the
channel system [12]. *e behavior of AgNPs transported in
the pilot WWTP fed with municipal wastewater has been
investigated to show that the physical and chemical changes
of AgNPs adsorbed to the wastewater biosolids control the
fate, toxicity, and bioavailability of AgNPs with approxi-
mately 2.5% loss of AgNPs into the environment [13]. *e
removal of citrate AgNPs in the simulated wastewater
treatment processes shows over 90% of AgNPs remained in
the wastewater after the primary clarification unit entering
the subsequent treatment units can remove more AgNPs
fromwastewater with approximately 6% of AgNPs remained
in effluent flowing into the environment [14].

A number of studies have been conducted in the context
of modeling the WWTP processes to investigate the fate and
behaviors of AgNPs in wastewater [13, 15], which probably
have distinctive behaviors of water compared to the natural
flow of a river. *is study aims to investigate the mechanism
of AgNP transport that both the water flow and riverbed of
the river system play a role in the understanding of retention
and mobility mechanisms of AgNPs in the natural flow of
water. *e study was limited to the use of a simulated river
systemwith a slope of 5.7° aimed tomimic the natural flow of
water at flow rate of 0.8 L/min to advance an understanding
of the fate and transport of AgNPs material in the
environment.

2. Materials and Methods

2.1. Materials. Silver nitrate (AgNO3) originally coming
from the QRëC company (QRëC, New Zealand) was used as
a source of Ag+ for the synthesis of AgNPs. *e leaves of
Muntingia calabura collected from the surrounding area of
Universiti Teknologi Malaysia were used as a natural re-
ducing agent in the formation of AgNPs. A filter of the
Whatman® Nylon membrane with 0.45 μm pore size

originally purchased from Sigma-Aldrich (Missouri, United
States) was used for the filtration of Muntingia calabura
leaves extract. *e ultrapure water processed by the arium®pro VF Ultrapure Water System (Sartorius Malaysia Sdn
Bhd, Kuala Lumpur, Malaysia) was used to prepare the
solution for the synthesis of AgNPs.

2.2. AgNP Synthesis. On the one side of AgNP solution
synthesis, approximately 18 g of fresh Muntingia calabura
leaves were washed with running tap water and then with
ultrapure water and then put into 200mL ultrapure water in
a 500mL Erlenmeyer flask and boiled on a hot plate at 250°C
for 30min. *e solution containing the Muntingia calabura
leaves extract was cooled at room temperature and then
filtered using the nylon membrane to obtain the pure
Muntingia calabura leaf extract and then kept in the fridge
for the next use. On the other side, 2.55 g of AgNO3 was
diluted into 100mL ultrapure water in an Erlenmeyer flask
of 500mL to prepare the solution of 0.15M AgNO3. *e
synthesis of AgNPs solution was performed by mixing
100mL pure Muntingia calabura leaf extract with 100mL
0.15M AgNO3 solution and then left in the laboratory at
room temperature for 24 h. *e physiochemical properties
of AgNPs are listed in Table 1.

2.3. Simulated River System. *e simulated river system (see
Figure 1) consisting of an influent, water storage tank, river
channel, effluent tank, AgNPs solution tank, and electric
pump was used for running the experiment. *e rate of
influent flow into the water storage tank with its dimension
of 59× 43× 39 cm3 was controlled using a valve. A channel
using the PVC gutter with its length of 600 cm was installed
on a slope distance of 5.7° as the simulated river. Clay soil
collected from an area surrounding the Universiti Teknologi
Malaysia was adhered to the bottom of simulated river with
an average width of 3 cm to mimic the natural conditions of
a river. A simulated river was very susceptible to the spread
of AgNPs affected by running water when clay soil was in
direct contact with flowing water. *is may represent the
natural function of a river to carry AgNPs from the upstream
to downstream area of the simulated river and allows an
interaction between AgNPs and soil particles [17]. Any
volume of water passed through the simulated river was
stored in an effluent storage tank. *e design parameters of
simulated river system are depicted in Table 2.

2.4. Experimental Setup and Sampling Procedures. *e
storage tank was filled with an influent of the tap water to
give it sufficient volume to flow into the simulated river and
regulated by a control valve. *e continuous feeding of the
influent leading to an overflow of the water storage tank
flowing into the simulated river was controlled at the flow
rate of 0.8 L/min, allowing until it reached at a steady-state
condition. A water quality checker of the YSI Pro Plus
Multiparameter Water Quality Meter was installed at both
the storage and effluent tanks of the simulated river system
to monitor the water quality parameters of temperature, pH,
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dissolved oxygen (DO), total dissolved solids (TDSs), and
conductivity during an experiment. *e solution of AgNPs
with its actual concentration of 17541 µg/L flowed into the
simulated river entering at the distance of 10 cm before the
SP1 point was adjusted at the flow rate of 0.01 L/min, as
shown in Figure 1. *e experiment was run under two
conditions to monitor the concentration of AgNPs in water
over time and to monitor the distribution of Ag sediment on
the riverbed at the end of the experiment. A combined flow
of tap water and AgNP solution was allowed for 300min of
the experiment, and then, only the tap water flow was
allowed for 20min to inspect the state of AgNPs remained in
the water. *e concentration of AgNPs in the water was

regularly monitored at three points of SP1 at 10 cm, SP2 at
300 cm, and SP3 at 600 cm of the distance from the point of
entry of the AgNP solution into the simulated river, as
shown in Figure 1. *e procedure of water sampling was
performed according to the USEPA 32 grab sampling
method.*e water samples were collected at a single vertical
at the centroid of stream flow and then filled into an empty
low-density polyethylene bottle and then stored in an ice
cooler box. *en, the water samples were transported to the
laboratory and kept in a refrigerator at 4°C.*e presence and
distribution of the silver sediment on the riverbed were
monitored at three sampling points of SP1, SP2, and SP3 at
the end of the experiment.

2.5. Characterization and Analytical Techniques. *e di-
gestion of a 5 g water sample mixed with 7mL of HNO3
(69%) and H2O2 (30%) was carried out using the Milestone-
START D-Microwave Digestion System with 12 digestion
vessels (Milestone Srl, Milan, Italy), operating with the
easyCONTROL software at a power of 1000W, a pressure of
45 bar, and a temperature of 200°C for 15min, and then
cooled for 30min. *en, the mixture was diluted with Milli-

SP1

AgNPs solution tank
Electric pump

Effluent tank

Influent

Storage tank

View from above the channel

SP2
SP3

600 cm

16 cm
15 cm

Figure 1: Schematic of the simulated river system.

Table 1: Physiochemical properties of AgNPs [16].

Parameter Unit Value
Molecular weight g/mol 107.87
Melting point °C 961.78
Boiling point °C 2162
Bulk density g/cm3 0.312
Size range nm 1–100
Specific surface area m2/g 5.37
Crystal structure Cubic
Poisson’s ratio 0.37
*ermal expansion µm·m−1 K−1 (25°C) 18.9
Vickers hardness MPa 251
Young’s modulus GPa 83
Covalent radius Å 1.53
van der Waals radius Å 1.72
Lα line keV 2.98

Table 2: Design parameters of the simulated river system.

Parameter Unit Value
Length of the river cm 600
River flow L/min 0.8
AgNP concentration µg/L 17541
Storage tank size cm3 59× 43× 39
Experimental period min 320
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Q water to 25mL, and then, the concentration of AgNPs in
water was analyzed using the Inductive Coupled Plasma
Optical Emission Spectroscopy (Agilent 710 Series ICP-OES,
Santa Clara, CA, USA), operating with the ICP-Expert II
software at a power of 1200W and argon flow rate of 15 L/
min. *e presence and distribution of the Ag sediment on
the riverbed was characterized using the Field Emission
Scanning Electron Microscope (FESEM Zeiss Supra 35VP,
Oberkochen, Baden-Württemberg, Germany) and observed
at an accelerating voltage of 5 kV. *e elemental analysis of
clay soil was carried out using the Scanning Electron Mi-
croscopy with Energy Dispersive X-ray (SEM-EDX) analysis
(HITACHI S-3400N, Chiyoda-ku, Tokyo, Japan) equipped
with the Bruker Quantax software and operated at a voltage
of 15 kV.

3. Results and Discussion

3.1. Water Quality Parameters. *e results (Figure 2(a)) of
monitoring the water temperature during the experiment
show that the temporal variation of temperature ranged
from 26.9°C to 27.4°C with an average of 27.2°C in the
storage tank (see Figure 2(a), line-i) and from 27.1°C to
27.6°C with an average of 27.4°C at outlet of the simulated
river (see Figure 2(a), line-ii). *e presence of AgNPs in
water leading to a very low increase in the temperature of
water could be due to that the AgNPs might partially dis-
solve into Ag+ in the presence of air causing an increase in
the zeta potential value of tap water [18]. *e contamination
of AgNPs does not induce a significant change in the
temperature of water but has a negative effect on the eco-
logical health of aquatic organisms [19]. *e pH of water
slightly increases from 6.86 to 7.04 in the influent (see
Figure 2(b), line-i) and moderately decreases from 7.33 to
7.00 in the effluent (see Figure 2(b), line-ii) of the simulated
river with increasing of the operational time from 10 to
90min of the experiment which could be due to that oxygen
dissolved by diffusion from the surrounding air during the
flow of water across the simulated river can reduce the pH of
water [20]. *en, the pH of water is almost constant at
around pH 7.11 in influent and at around pH 7.03 in effluent
of the simulated river for a period of 210min from 90 to
320min of the experiment (see Figure 2(b)). *e pH of the
effluent lower than that of the influent could be due to that
the dissolution of AgNPs allowed for the reaction of Ag+
with OH− from water, which can cause the precipitation of
AgOH and may release the H+ ions to decrease the pH of the
effluent [21].

Generally, the DO of the influent ranging from 3.70 to
5.03mg/L with an average of 4.12mg/L (see Figure 2(c), line-
i) was higher than that of the effluent ranging from 3.18 to
4.46mg/L with an average of 3.66mg/L (see Figure 2(c), line-
ii) which could be due to that the hydrodynamic sizes of
AgNPs influenced by the moving water in the simulated
river at conditional random fields can adsorb more oxygen
leading to a decrease in the amount of DO in the effluent
[22]. *e TDS of the influent ranging from 68.9 to 71.5mg/L
with an average of 71.0mg/L (see Figure 2(d), line-i) was
lower than that of the effluent ranging from 75.4 to

78.0mg/L with an average of 77.3mg/L (see Figure 2(d),
line-ii) which could be due to the presence of AgNPs at a
certain concentration in water, and the water flowing
through the simulated river contributing to a release of clay
mineral particles caused by both chemical dissolution and
mechanical deterioration may lead to an increase in the TDS
value by 8.2%. *e conductivity of the influent ranging from
110.17 to 115.13 µS/cm with an average of 113.86 µS/cm (see
Figure 2(e), line-i) waslower than that of the effluent ranging
from 120.40 to 125.70 µS/cm with an average of 124.25 µS/
cm (see Figure 2(e), line-ii) which could be due to that the
release of Ag+ ions fromAgNPs can lead to an increase in the
conductivity of water in the effluent tank by 8.3% [23]. *is
study revealed that the presence of AgNPs can lead to a slight
increase in the temperature of water, a slight decrease in both
the pH and DO of the water, and amoderate increase in both
the TDS and conductivity of the water.

3.2. AgNPs in Water. *e results (Figure 3) of monitoring
the AgNP concentration in water show that the patterns of
AgNP variation can be divided into three phases, namely, the
adaptation phase for a period of 30min from 0 to 30min, the
steady-state phase for a period of 270min from 30 to
300min, and the termination phase for a period of 20min
from 300 to 320min of the experiment.*e concentration of
AgNPs monitored at the SP1 sampling point varies from
32.30 to 62.25 µg/L with an average of 43.66 µg/L during the
adaptation period, then from 136.77 to 193.48 µg/L with an
average of 164.49 µg/L under a steady-state condition, and
from 6.44 to 7.13 µg/L with an average of 6.67 µg/L during
the termination phase of the experiment (see Figure 3, line-
i). *e concentration of AgNPs monitored at the SP2
sampling point varies from 108.82 to 149.94 µg/L with an
average of 131.43 µg/L during the adaptation phase, then
from 112.96 to 229.30 µg/L with an average of 170.02 µg/L
under a steady-state condition, and from 4.28 to 10.04 µg/L
with an average of 7.81 µg/L during the period of terminating
the experiment (see Figure 3, line-ii). *e concentration of
AgNPs monitored at the SP3 sampling point varies from
166.92 to 200.33 µg/L with an average of 179.71 µg/L during
the phase of adaptation, then from 156.10 to 286.15 µg/L
with an average of 221.35 µg/L under a steady-state condi-
tion, and from 7.13 to 14.17 µg/L with an average of 9.78 µg/L
during the experimental termination period (see Figure 3,
line-iii).

*e rapid spread of AgNPs deposited on the riverbed at
the sampling points of SP1 and SP2 could be due to the
physicochemical interactions between AgNPs and clay
particles, which depend on the active sites of clay minerals
and the nature of Ag species [24] and may lead to a decrease
in the concentration of AgNPs in water during the first 5min
of the experiment. *e physicochemical interactions of
AgNPs with clay soil surfaces could be efficient in retaining
the AgNPsmaterial on the riverbed along the simulated river
[25], and the dispersion interaction may associate with the
nature of clay adsorbent [26]. *e spread of silver sediment
on the surface of clay soil at the downstream part of the
simulated river may take a long time until 10min of the
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experiment because the elemental content of Ag in water
progressively reduces during the transportation of AgNPs
until reaching at the sampling point of SP3. *e average
concentration of AgNPs in water under a steady-state
condition increases from 164.49 to 170.02 and then to
221.35 µg/L with an increase of the channel length from 10 to

300 and then to 600 cm at the downstream location of the
entry of the AgNP solution into the water body. *is could
be due to that the accumulation of Ag sediment released
from clay soil at the bottom of the simulated river may lead
to an increase in the concentration of AgNPs in water [24].
*e variation of AgNP concentration under a steady-state
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Figure 2: Variation of (a) temperature, (b) pH, (c) dissolved oxygen, (d) total dissolved solids, and (e) conductivity monitored at the
(i) influent and (ii) effluent of the simulated river.
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condition could be due to that the fate and behaviors of
AgNPs affected by a combined process of sedimentation,
aggregation, and dissolution may occur over time during the
transport of AgNPs across the simulated river [27]. *e
future studies can help to define the importance of aggre-
gation effects on the transport and risk of AgNPs in the
environment and contribute to an advance in the under-
standing of many variables affected by adhesion strength
between AgNPs and clay particles [28, 29].

3.3. AgNP Distribution. *e FESEM images and EDX
mapping analysis (Figure 4) of AgNPs freely dispersed on
the surface of clay soil were monitored at the sampling
points of SP1, SP2, and SP3 along the simulated river. *e
FESEM images of Figures 4(a)–4(c)- (i) show the spread of
AgNPs to confirm the presence of Ag sediment deposited on
the riverbed. *e EDX mapping analysis of Figures 4(a)–
4(c)- (ii) shows that the distribution of Ag sediment is
dispersed on the entire surface of clay soil. Even though the
division of AgNPs adsorbed to the wastewater biosolids can
be found in the sludge and effluent of the WWTP process,
the transmission electron microscopy analysis of AgNP
distribution was confirmed to freely disperse in the effluent
[13]. *e distribution of Ag sediment on the surface of clay
soil under the weathering conditions of wastewater can have
a most dramatic effect on the transformation of AgNPs into
AgCl and Ag2S [30]. *e mechanisms of Ag sediment
trapped onto the riverbed during the transport of AgNPs by
the water flow include the physicochemical interactions,
gravity force, and water flow rate. Understanding the dis-
tribution, translocation, and accumulation of Ag species
trapped on the clay soil along the river by modeling the
elemental content of Ag may help guide the future inves-
tigation due to that the environmental impact of AgNPs on
the aquatic biota may vary significantly as a function of the
river length, water flow rate, and trapped distribution model
of Ag sediment.

3.4. AgNPs in Soil. *e results (Table 3) of the SEM-EDX
analysis show that the elemental contents of oxygen, alu-
minium, silicon, potassium, iron, and silver in clay soil are as
high as 53.29%, 19.36%, 22.26%, 0.58%, 4.51%, and 0.00%,
respectively. Oxygen, silicon, and aluminium are notably the
most common elements contained in clay soil [31], while it
does not seem to contain silver before feeding the AgNP
solution. *e contents of silver in clay soil as high as 0.30%,
0.39%, and 0.47% were verified at the sampling point lo-
cations of SP1, SP2, and SP3, respectively, after feeding the
AgNP solution into the water flow. An increase in the
content of silver from the upstream to downstream area of
the simulated river could be due to that the probability of
clay soil trapped silver is more favorable for AgNP gravity in
the downstream part of the simulated river [32]. *e
physicochemical interactions of AgNPs with clay soil par-
ticles can help retain more silver in the downstream part of
the simulated river even when organic material was absent
[25]. A small content of Ag sediment trapped in clay soil has
not significantly changed in the percent major elemental
compositions of oxygen, aluminium, and silicon along the
simulated river.

*e discharge of AgNP material into the simulated river
can be divided into two fractions. *e fraction of AgNPs
dissolved in water flowing from the upstream to downstream
area of the simulated river can be verified from the variations
of AgNP concentration at different sampling points over
time (see Figure 3). *e fraction of AgNP gravity deposited
on the riverbed as Ag sediment can be verified from the
elemental content of Ag along the simulated river (see
Table 3), while the sedimentation of silver on the riverbed
drives the removal of AgNPs from the water channel [33]. By
considering the actual amount of AgNPs in water is at the
concentration of 17541 µg/L, the percentage of the average
concentration of AgNPs remained in water increased by
0.94% from 17541 to 164.49 µg/L, by 0.97% from 17541 to
170.02 µg/L, and by 1.26% from 17541 to 221.35 µg/L with an
increase of the channel distance by 10 cm from 0 to 10 cm, by
90 cm from 10 to 300 cm, and by 300 cm from 300 to 600 cm,
respectively, from the point of discharge of AgNPs into the
simulated river. *e continuous flow of water can push the
settled AgNP material on the clay soil surface moving to-
wards the downstream area of the simulated river leading to
an increase in the sedimentation of Ag species [27]. It is
possible to carry the settled AgNP material towards the
downstream area of the simulated river by gravity force
because the simulated river system designed with a slope of
5.7° aims to mimic the natural flow of water in a river. *is
study provides a new insight into the natural process of
AgNP transportation along the river.

3.5. Implication for FutureResearch. *e transport models of
AgNPs can determine the large fraction of silver remained in
the sludge and liquid phase of wastewater flowed along an
effluent channel causing the transformation of AgNPs to
Ag2S [13, 34]. More than 90% of AgNPs that remained in the
effluent of WWTP indicate the majority of Ag species
passing through the subsequent treatment units of WWTP,
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Figure 4: Distribution of AgNPs monitored at the sampling points of (a) SP1 at 10 cm, (b) SP2 at 300 cm, and (c) SP3 at 600 cm from the
point of entry of the AgNP solution released to the water body with (i) the FESEM image and (ii) the EDX mapping analysis.

Table 3: Elemental analysis of clay soil at different sampling points.

Element
Content of the elements in clay soil (%)

Original clay soil SP1 sampling point SP2 sampling point SP3 sampling point
Oxygen 53.29 55.17 51.26 55.11
Aluminium 19.36 18.72 19.87 19.14
Silicon 22.26 20.86 22.81 21.01
Potassium 0.58 0.45 0.43 1.25
Iron 4.51 4.50 5.24 3.02
Silver 0.00 0.30 0.39 0.47
Total 100.00 100.00 100.00 100.00

Journal of Chemistry 7



and this may limit the use of the treated wastewater as an
agricultural fertilizer [12, 14]. *e results of this study in-
dicate the actual amount of 17541 µg/L AgNPs entered tap
water at a flow rate of 0.01 L/min from which only ap-
proximately 1.26% (or 221.35 µg/L) of AgNPs can remain in
the water flow at the SP3 sampling point of the simulated
river. An investigation of the contradictory results is due to
that the simulated river system designed to mimic the
natural flow of a river is different from the effluent channel
of WWTP. A previous study reported that approximately
90–99% of AgNPs entered the WWTP facilities which can
accumulate in the biosolids of activated sludge and sludge
cake [15]. *e development of new models in the future may
facilitate a better understanding of the retention and mo-
bility mechanisms of the AgNP material under complicated
environmental conditions. *is study suggested that the
variables of slope, water flow rate, feeding rate of the AgNP
solution, sampling location, and soil type must be consid-
ered for studying the transport mechanisms of AgNP ma-
terial through either the natural flow of a river or the effluent
channel of the WWTP processes.

4. Conclusions

*is study used the simulated river to investigate the fate and
transport of AgNPs dispersed along the water flow. *e
amount of AgNPs remained in water flow could be very low
depending on the distance from the solution of AgNPs
discharged into the water body to an observed location along
the simulated river. *e FESEM images and EDX mapping
analysis show the elemental content of Ag freely dispersed
across the riverbed depending on the distance of observed
location to the solution of AgNPs entered the water body.
*e results of this study can be used as the basis for future
research to fully investigate the fate and transport of AgNPs
dispersed by water flow in the environment.
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