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Abstract
This study investigated the effects of AgNPs on pollutant removals in constructed wetlands (CWs) with different flow patterns
and spatial distributions of silver. Before exposure to AgNPs, upward flow constructed wetland (UCW) had better nitrogen
removal than down-flow CW (DCW). And 0.5 mg/L AgNPs evidently inhibited nitrogen and phosphorus removal, including
ammonia, nitrate, and TP (total phosphorus), with average effluent concentrations increasing by 70.83% of NH4

+-N in UCW,
18.75% of TP in UCW, and 28.33% and 25.06% of NO3

--N in DCW and UCW, respectively, while COD (chemical oxygen
demand) was not affected. Moreover, presence of 2 mg/L AgNPs slightly inhibited organic compounds and NH4

+-N removal in
two systems during stage 4 (dosing 2 mg/L AgNPs). However, the response of NO3

--N and TN removal to 2 mg/L AgNPs in two
systems were different, and nitrogen concentrations in effluent at the end of stage 4 significantly increased in DCW.Addition of 2
mg/LAgNPs significantly affected TP removal in two systems. Twowetlands showed high removal efficiencies of about 98% on
AgNPs, indicating that CWs could provide a feasible approach for ecological restoration of nanoparticles pollution. This study
also found that AgNPs mainly accumulated in the upper layer with the Ag content of 17.55–20.26 mg/kg dry weight in sand layer
and 7.25–10.85 mg/kg dry weight in gravel layer. Plant roots absorbed AgNPs, with Ag content at 50.80–101.40 mg/kg and
bioconcentration factors 2.80–5.00. The obtained results showed that up-flow CWs had better performance and higher resistance
to the exposure of AgNPs pollution, compared with down-flow CWs.
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Introduction

Silver nanoparticles (AgNPs), as one of the mostly widely
used engineered nanomaterials (ENMs), have been increas-
ingly utilized in many industrial and commercial applications
across many fields including cosmetics, energy, electronic
devices, disinfectants, agriculture, and medicine
(Deshmukhab et al. 2019; Nel et al. 2006; Tulve et al.
2015). However, as the result of the expanding usage of prod-

ucts containing AgNPs, corresponding concentrations of
AgNPs in natural environment are inevitable to increase
(Guo et al. 2019; Vogt et al. 2019), which has raised signifi-
cant concerns for their environmental behaviors and potential
threat. In general, via the sewer systems, municipal wastewa-
ter treatment plants (WWTPs) are known as the sink of
AgNPs released from consumer products and therefore con-
trolling the emissions of AgNPs from domestic and/or indus-
trial sources to the natural water bodies (Benn and Westerhoff
2008; Kaegi et al. 2011). Although basing on the laboratory-
scale bioreactors and investigations on the real WWTPs,
AgNPs removal could reach about 90% by biological and
mechanical treatment, mainly transforming to Ag2S and de-
positing to activated sludge or biosolids (Kaegi et al. 2011;
Nowack 2010; Zhang et al. 2016), the result above does not
support that we can underestimate the AgNPs discharged. For
example, Li et al. (2013) found that mechanical and biological
treatment of WWTPs in Germany could remove 95% of the
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AgNPs in the influent, with the AgNPs concentrations of < 12
ng/L in the effluent. In addition, previous papers documented
that the AgNPs concentrations were 1.55 or 2.27–2.68 μg/g,
in activated sludge and 0.98 ± 0.62 μg/g in the sediment near
the discharged points of the WWTPs (Li et al. 2013; Vogt
et al. 2019). Thereby, considering the results above, estima-
tion of the impact of released AgNPs on the engineered treat-
ment systems is necessitated owing to the increasing concerns
over emergent nanoparticle contamination.

In order to purify the wastewater or secondary effluent,
constructed wetlands (CWs) are one of the widely used
engineered systems due to their easy operations and economic
benefits, which mimic the ecological processes in natural wet-
lands (Tang et al. 2020; Vymazal 2007). During the purifica-
tion process, contaminants like organic matters, nitrogen,
phosphorus, and heavy metals are the main constituents of
concern (Kropfelova et al. 2009; Sochacki et al. 2014;
Vymazal and Březinová 2016). Recently, CWs have been
used to treat emergent pollutions including nanoparticles
(Huang et al. 2018; Liu et al. 2019; Xiao et al. 2021; Yang
et al. 2020). These studies attempted to investigate the influ-
ences of nanoparticles on the treatment performance of CWs.
For example, Huang et al. (2017a) reported that low levels of
AgNPs caused the negative effects on the nitrogen and phos-
phorus removal, which further was confirmed by Liu et al.
(2019). However, the impact of different designs and opera-
tion conditions such as water flow patterns and plants has
received relatively less attention and requires further estima-
tion. Basing on the previous studies, design and configuration
of CWs could significantly affect the nutrient removal and
microbial community structure (Sgroi et al. 2018; Vymazal
2007). Several studies reported that saturation conditions of
substrate in CWs are the key factors controlling the treatment
performance, for example, partially saturated CWs with better
removal efficiency of total nitrogen (TN) (i.e., 35% vs 52%)
(Sgroi et al. 2018; Zhang et al. 2018). Meanwhile, hydraulic
flow direction (down- and up-flow or horizontal and vertical
flow) is generally acknowledged as a remarkable impact fac-
tor to CWs (Dan et al. 2013; Huang et al. 2017b; Wang et al.
2021), which significantly affect the pollutant treatment per-
formance of CWs (Zhang et al. 2018). In detail, CWs with
different flow patterns potentially have different oxygen trans-
fer and distribution, contact pattern between wastewater and
substrate, and oxidation-reduction potential (ORP).
Moreover, the changes of designs and operation conditions
of CWs may affect the environmental transport and toxic ef-
fect of nanoparticles in these biological reactors. Previous
studies confirmed that oxygen levels and redox conditions
affected the presence of AgNPs in water phase, such as the
presence of oxygen enhancing the release Ag+ from AgNPs
(Sotiriou and Pratsinis 2010; Kittler et al. 2010) and lower
dissolve oxygen inhibiting the Ag+ release and aggregation
of AgNPs (Zhang et al. 2011). However, the impacts of

hydraulic flow directions on pollutant performance and
AgNPs distribution in CWs remains unknown. Therefore, in-
vestigating and revealing mechanisms of nutrient removal and
AgNPs migration in response to hydraulic flow patterns in
CWs are crucial for the proposal of optimal regulation strategy
for controlling nanoparticle pollution in constructed wetlands.

This study aims at assessing the response of constructed
wetlands with different hydraulic flow patterns to exposure of
AgNPs and silver spatial distribution in CWs. For this pur-
pose, the major objectives of this study were to (1) investigate
the influence of AgNPs on pollutant removal in down-flow
and up-flow CWs, (2) measure the effluent concentrations of
AgNPs to estimate the removal efficiency of CWs to AgNPs,
and (3) determine the silver concentrations in wetland sub-
strate and plant tissues and clarify silver spatial distribution
in different components of two type wetlands.

Materials and methods

Silver nanoparticles

PVP-AgNPs stock suspension was purchased for Huzheng
Nano Technology Co., Ltd., Shanghai, China. The stock sus-
pension was stored in the brown bottle at 4 °C in the fridge.
According to the manufacturer’s instruction, AgNPs stock
suspension was 3000 ppm. The morphology and particle size
were clarified with a transmission electron microscope (TEM,
JEM-2100, JEOL, USA), which are in the range of 10–40 nm.
The hydrodynamic diameter of AgNPs in DI water was mea-
sured at 58.1 nm, using dynamic light scattering (DLS)
(Brookhaven BI-200SM, Brookhaven Instruments Corp.,
USA).

Mesocosm wetland setup and operation

Two laboratory-scale vertical flow constructed wetlands
(VFCWs) with diameter and height of 0.3 m and 0.85 m,
respectively, were set at the Jiulonghu Campus of Southeast
University in Nanjing, China, as previously described (Cao
et al. 2018). Briefly, The CWs consisted of three layers with
depth of 65 cm, which were filled with different sizes of sub-
strates from top to bottom as shown in Fig. 1: the surface layer
contained a 40-cm-thick layer of 1–2-mm diameter sand, a 10-
cm-thick layer of fine gravel of 3–5 mm, and a 15-cm-thick
layer of zeolite (30–40-mm diameter) to facilitate the collec-
tion of effluent evenly. The wetland plants Iris pseudacorus
was chosen in the present study due to its common plant
species in eastern China. Each CW was planted with healthy
and similar sizes at a density of 8 plants. After planting, all
systems were flooded with tap water about 1 month to culti-
vate the plants. Two separate peristaltic pumps (BT100-1 L,
Longer Pump, China) were employed to feed the influent
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(synthetic secondary wastewater) to experimental wetlands
with downward and upward flow directions, referring as
DCW and UCW, respectively. The water depth of all CWs
was kept about 60 cm and the hydraulic loading rate was 0.1
m3/m2 d with a flow rate at 4.9 ml/min.

Chemicals

Synthetic secondary effluent was simulated in the laboratory
and used as feed solution for the experimental wetland sys-
tems. A stock solution of synthetic secondary effluent was
produced by dissolving the following reagents (purity >
99.7%) in distilled water: ammonium sulfate ((NH4)2SO4,
42 g/L), potassium nitrate (KNO3, 28 g/L), glucose
(C6H12O6, 90 g/L), and monopotassium phosphate
(KH2PO5, 4.5g/L). The synthetic secondary effluent had the
chemical oxygen demand (COD) of 60 mg/L, total nitrogen
(TN) of 23.3 mg/L, ammonium nitrogen (NH4

+-N) of 14 mg/
L, nitrate nitrogen (NO3

--N) of 9.3 mg/L, and total phosphate
(TP) of 1.5 mg/L. During experimental period, to ensure the
growth of plants and microorganisms in the CWs, 5 ml of
trace element solution was regularly added into the synthetic
secondary effluent, containing magnesium sulfate (MgSO4,
75 g/L), ferrous sulfate (FeSO4, 5.25 g/L), zinc sulfate
(ZnSO4, 0.195 g/L), sodium molybdate (Na2MoO4, 0.045
g/L), boric acid (H3BO3, 0.038 g/L), and copper sulfate
(CuSO4, 0.045 g/L). In detail, the reagents were supplied by
the SinopharmChemical Reagent, Co., Ltd., Shanghai, China,
andNanjing Chemical Reagent Co., Ltd., Nanjing, China. The
synthetic secondary effluent was prepared freshly every 2
days in a feeding tank and then pumped into the VFCWs.

Analytical methods and sampling

The experiment began on March 9, 2018, and lasted a total of
249 days. The present experiment included a start-up stage
ending on the June 16, 2018 (93 days), and an exposure stage
extending from June 17, 2018, to November 17, 2018 (155

days). After 3 months operation, all systems continuously fed
with synthetic secondary effluent had stable and high removal
efficiencies of organic matter and nitrogen contaminants. On
June 17, 2018, the synthetic wastewater containing 0.5 mg/L
of AgNPs, which was obtained by adding certain volume of
AgNPs stock suspensions into synthetic secondary effluent,
were simultaneously pumped into two wetland systems
(DCW and UCW, respectively) in the following 52-day oper-
ation (ending on August 6, 2018). On August 7, 2018, the
synthetic secondary effluent containing 2 mg /L AgNPs was
employed as influent to feed the wetland systems (DCW and
UCW, respectively) in the following operation stage of 103
days (ending on November 17, 2018).

Water samples of influent and effluent in all systems were
taken every 3 days and then stored in polyethylene bottles for
measurements. The water quality parameters were measured
as follows—NH4

+-N, NO3
--N, NO2

--N, TN (total nitrogen),
and TP (total phosphorus)—by a UV-1800 spectrophotometer
(UV/Vis spectrophotometer, Jinghua Technology Instrument,
Shanghai, China). COD (chemical oxygen demand) was mea-
sured using a HACH DR1010 (HACH, Loveland, Co). The
variables above were analyzed in accordance with the Chinese
NEPA standard methods. The pH and temperature were mea-
sured by a pH meter (PHSJ-4F, Thermo Fisher Scientific,
Waltham, MA, USA).

To quantify concentrations of AgNPs retained in the wet-
land systems, the soil samples and plant tissues were collected
at the end of the experiment. The sand samples in 0–20-cm
and 20–40-cm depth and the gravel samples in 40–50-cm
depth were taken from two wetlands and then were measured
the total silver concentrations using the ICP-AES with a meth-
od of the United States Environmental Protection Agency
(EPA) 3050b, as previously reported (Huang et al. 2018).
Briefly, after natural drying, filtering with 20 mesh, the soil
samples were digested by HNO3 at 200 °C in a digestion
system. The plant tissues, such as roots, shoots, and leaves,
collected from two wetlands were washed with tap water to
remove the adhered soil and dried at 60 °C for 24 h and finely

Fig. 1 The schematic diagram of laboratory-scale constructed wetlands. a Upward flow constructed wetland (UCW), b downward flow constructed
wetland (DCW)
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powdered using mortar and pestle. The silver concentration
was determined for each sample by ICP-AES after digestion
and analysis.

To investigate the removal efficiency of AgNPs in two
wetlands, the effluent wastewater was sampled 5 times during
the whole experimental period and then analyzed the silver
concentration after HNO3 and HCl digestion according to
procedure of EPA 200.8 using ICP-MS with a detection con-
centration of 0.0001 μg L-1.

Calculation of removal efficiencies and statistical
analysis

The removal efficiency was calculated as percentage removal
for each parameter, calculated by R = (1-Ce/Ci) × 100, where
Ci and Ce are the influent and effluent concentrations in mg/L,
respectively.

The factors of bioconcentration and translocation of silver
in the wetland substrate and test plants were calculated as
follows:

& Bioconcentration factors (BCFs):

Croot=Csubstrate

where Csbustrate and Croot are the silver concentrations in
substrate and roots (mg/kg dry weight), respectively. The
BCFs value shows the ability of a plant to uptake and accu-
mulate an element from surroundings in its roots (Soda et al.
2012).

& Translocation Factors (TFs):

Csand2=Csand1

Cgravel=Csand1

Cgravel=Csand2

Cleaf =Croot

where Csand1, Csand2, Cgravel, Croot, and Cleaf are the
silver concentrations in sand 0–20-cm depth, sand 20–40-
cm depth, gravel 40–50-cm depth, roots, and leaves
(mg/kg dry weight), respectively. The TFs value shows
the silver mobility within the soil layer and plant, and a
larger TFs value indicates higher translocation capability
(Deng et al. 2004).

The concentrations of COD, NH4
+-N, TN, NO3

--N, and TP
in influent and effluent were used tomeasure the removal rates
(%). Some results were expressed as mean ± standard devia-
tion. An analysis of variance (ANOVA) was used to test the

significance of results, and p < 0.05 was statistically
significant.

Results and discussions

The effect of AgNPs on the organic matter removal

As shown in Fig. 2, before exposing AgNPs, COD concentra-
tions of effluent in two wetlands kept stable at about 10.1 ±
3.85 and 8.2 ± 2.69 mg/L, with removal rates of 82.75% and
83.19% for down- and up-flow CWs, which had no statistical
differences. The results suggested that the flow directions of
CWs had no impact on the removal of organic matters. After
exposing to 0.5 mg/L AgNPs, the effluent concentrations of
COD were in the range of 10.56–11.69 mg/L, and the removal
rates were in the range of 84.66–86.2% (Table 1). Compared
with stage 2, the average removal efficiency of organic matters
showed no significant difference in two systems (as shown in
boxplot in Fig. 2). These observations indicated that 0.5 mg/L
of AgNPs did not affect COD, which is in consistent with the
studies by Cao et al. (2019) and Huang et al. (2017). However,
when increasing AgNPs concentration to 2 mg/L in the influ-
ent, COD effluent concentration of DCW significantly in-
creased from approximately 11.4 to 28.83 mg/L for 16-day
exposure, whereas COD concentrations in UCW effluent kept
stable in the range of 4.5–13.1 mg/L (mean value of 10.56 mg/
L) during the operational stage 4. The different responses of
DCW and UCW to AgNPs exposure at 2 mg/L might result
from different flow directions, which affect the oxygen trans-
fers, contacts efficiency between wastewater and substrate
(Wang et al. 2021), thereby leading to the different inhibition
degree in two flow types. Moreover, with extending experi-
ment time, the effluent COD decreased to about 8.79 mg/L in
DCW. Furthermore, the relative efficiency of organic matters
of stage 4 in UCW significantly higher than that of stage 2 (p <
0.05). The above results indicated that high AgNPs concentra-
tions slightly inhibited the removal of organic matters. A study
by Zhang et al. (2016) found that 1 and 10 mg/L AgNPs in-
creased COD effluent concentrations and lower the purification
of organic compounds, consistent with this study. In CWs, the
microorganisms mainly including heterotrophic bacteria play
an essential role for the purification of organic matters, which
were reported good resistance to the toxic substrates (Emma
et al. 2014), resulting in two experimental wetlands with good
treatment performance of organic matters.

The effect of AgNPs on the nitrogen removal

Figure 3a–d shows the changes of the removal of NH4
+-N,

NO3
--N, NO2

--N, and TN in downward and upward flow
CWs. Before adding AgNPs into synthetic wastewater, espe-
cially during the operational stage 2, the ammonia
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Table 1 Characteristics of influent, effluent, and removal efficiencies from downward and upward vertical flow CWs under different AgNPs
concentrations (mean ± standard deviation)

Experimental phases Parameters Influent Effluent Reduction (%)

DCW UCW DCW UCW

Stage 1 Temperature (°C) 18.7±3.41 / / / /

COD (mg/L) 60.96 ± 9.94 12.1 ± 4.57 9.08 ± 3.86 77.93 ± 7.42 83.72 ± 6.07

(n = 12) NH4
+-N (mg/L) 14.3 ± 1.26 5.65 ± 3.61 6.54 ± 3.38 60.86 ± 24.5a 55.04 ± 22.8b

(0–53 days) NO3-N (mg/L) 10.42 ± 0.82 9.32 ± 1.9 7.42 ± 1.99 10.62 ± 16.3a 28.9 ± 16.10b

0 mg/L NO2-N (mg/L) / 0.17 ± 0.08 0.02 ± 0.01 / /

TN (mg/L) 25.81 ± 2.37 13.85 ± 4.1 13.01 ± 4.4 46.9 ± 11.5 50.6 ± 14.1

TP (mg/L) 1.89 ± 0.47 0.18 ± 0.08 0.17 ± 0.10 89.11 ± 6.52 89.71 ± 7.65

Stage 2 Temperature (°C) 25.0 ± 5.41 / / / /

COD 63.6 ± 9.71 10.1 ± 3.85 8.2 ± 2.69 82.75 ± 4.66 83.19 ± 8.13

(n = 16) NH4
+-N (mg/L) 14.73 ± 1.16 1.13 ± 0.55 1.20 ± 0.81 92.44 ± 3.39 91.89 ± 5.37

(54–93 days) NO3-N (mg/L) 10.25 ± 0.47 8.26 ± 1.89 3.95 ± 2.14 19.48 ± 18.0a 61.98 ± 19.8b

0 mg/L NO2-N (mg/L) / 0.13 ± 0.09 0.02 ± 0.01 / /

TN (mg/L) 24.51 ± 1.27 9.34 ± 2.56 6.08 ± 3.71 61.95 ± 9.75 75.45 ± 14.6

TP 1.40 ± 0.18 0.16 ± 0.04 0.14 ± 0.05 88.71 ± 3.24 89.88 ± 3.3

Stage 3 Temperature (°C) 31.3 0.53 / / / /

COD 77.79 ± 9.24 11.69 ± 2.5 10.56 ± 3.3 84.66 ± 4.2 86.2 ± 4.92

(94–143 days) NH4
+-N (mg/L) 14.5 ± 1.06 1.00 ± 0.32 2.05 ± 0.65 93.2 ± 2.04a 86.0 ± 4.21b

(n = 17) NO3-N (mg/L) 10.3 ± 0.46 10.6 ± 2.0 4.94 ± 1.60 − 2.89 ± 19.5a 51.8 ± 16.40b

0.5 mg/L NO2-N (mg/L) / 0.11 ± 0.05 0.04 ± 0.02 / /

TN (mg/L) 24.6 ± 0.92 11.4 ± 2.2 6.97 ± 1.45 53.5 ± 8.93a 75.8 ± 5.86b

TP 1.49 ± 0.09 0.16 ± 0.05 0.19 ± 0.08 88.98 ± 3.58 86.75 ± 5.34

Stage 4 Temperature (°C) 22.6 ± 5.22 / / / /

COD 74.81 ± 6.87 11.12 ± 6.5 9.17 ± 3.8 85.0 ± 8.99 87.67 ± 4.9

(144–248 days) NH4
+-N (mg/L) 14.3 ± 2.65 1.31 ± 0.54 1.17 ± 0.49 91.3 ± 3.18 91.9 ± 3.38

(n = 24) NO3-N (mg/L) 10.3 ± 0.71 5.94 ± 2.42 0.99 ± 0.46 42.5 ± 23.05a 89.9 ± 4.50b

2 mg/L NO2-N (mg/L) / 0.12 ± 0.05 0.01 ± 0.01 / /

TN (mg/L) 24.7 ± 1.65 6.87 ± 1.79 2.17 ± 1.26 72.5 ± 1.67a 91.60 ± 4.63b

TP 1.41 ± 0.17 0.57 ± 0.33 0.50 ± 0.61 60.33 ± 21.2a 65.13 ± 41.9b

Note: Different letters “a” and “b” in column “Reduction” represented significant differences between DCW and UCW (ANOVA, p < 0.05)

Fig. 2 Variations of COD
concentrations in influent and
effluent and removal efficiency of
organic matters in two systems
throughout the experimental
period. Relative removal
efficiencies of organic matters
were calculated by comparing
with average removal efficiency
of before exposing AgNPs (stage
2) with standard deviations.
Asterisks (*) above the error bars
represented significant
differences compared to before
exposing AgNPs (ANOVA, p <
0.05)
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concentrations of effluent in two systems kept stable, with the
mean concentrations of 1.13 ± 0.55 and 1.20 ± 0.81 mg/L.
And there is no statistical difference of NH4

+-N removal be-
tween twowetlands (Table 1). In contrast, the effluent NO3

--N
concentrations stabilized at approximately 7.96 and 1.63 mg/

L, with the average NO3
--N concentrations of 8.26 ± 1.89 and

3.95 ± 2.14 mg/L in downward and upward flow CWs, re-
spectively. The constructed wetlands with upward flow direc-
tion had higher NO3

--N removal efficiency (p < 0.05), com-
pared to DCW. Figure 3d also showed that NO2

--N and TN

Fig. 3 Variations of NH4
+-N (a),

NO3
--N (b), NO2

--N (c), and TN
(d) concentrations in influent and
effluent and removal efficiency of
two systems throughout
experimental period. Relative
removal efficiencies of NH4

+-N,
NO3

--N, NO2
--N, and TN were

calculated by comparing with
average removal efficiency or
average concentration of before
exposing AgNPs (stage 2) with
standard deviations. Asterisks (*)
above the error bars represented
significant differences compared
to before exposing AgNPs
(ANOVA, p < 0.05)
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concentrations of effluent in DCWwere higher, with the poor
TN treatment performances, compared with UCW (Table 1).
The above results illustrated that the hydraulic flow directions
of CWs significantly influenced the ultimate nitrogen remov-
al, specially affecting the NO3

--N and TN removal. And con-
structed wetlands with wastewater flowing bottom to top sig-
nificantly promoted the nitrogen removal from wastewater.
The explanations might be that the different flow directions
would affect the oxygen transfer, contacts efficiency between
wastewater and substrate (Wang et al. 2021). In general, the
downward flow CWs have good oxygen conditions, contrib-
uting to the organic compounds and NH4

+-N removal, where-
as low oxygen levels or anaerobic conditions are often found
in the upward flow CWs, which promotes denitrification pro-
cess. On the other hand, the top layer of substrate plays an
important role in decontamination of organic matters in influ-
ent, leading to the low levels of carbon source for the denitri-
fication process in the bottom layer of downward flow CWs.
In upward flow CWs, denitrifying bacteria could utilize the
organic matters in influent as carbon sources for its growth
and then enhancing the nitrogen removal.

After obtaining stable treatment performances, two systems
were exposed to 0.5 mg/L of AgNPs for about 50 d. And
effluent NH4

+-N concentrations in DCW were stable at about
1.00 mg/L, with the removal rate of 93.2%, whereas effluent
NH4

+-N in UCW increased to about 2.87 mg/L (Fig. 3a). And
the average NH4

+-N concentrations were calculated as 1.00 ±
0.32 and 2.05 ± 0.65 mg/L, corresponding removal efficien-
cies of 93.2 ± 2.04% and 86.0 ± 4.21% in two systems, re-
spectively (Table 1). On the other hand, as shown in Fig. 3, the
NO3

--N and TN concentrations in effluent increased to about
1.99- and 2.02-fold (max values) in DCW and 4.89- and 4.84-
fold (max values) in UCW of these in stage 2 (average values
of last 10 days), respectively. And the relative efficiency of
TN and NO3

--N in stage 3 was lower than that in stage 2
(before exposure to 0.5 mg/L AgNPs). The above results
showed that addition of AgNPs at 0.5 mg/L evidently
inhibited the nitrogen removal, including the ammonia and
nitrate, in accordance with the studies by Liu et al. (2019)
and Yang et al. (2020) that 1 mg/L AgNPs and TiO2 NPs
significantly suppressed the NH4

+-N and TN removal.
Compared between two wetlands, NH4

+-N removal in down-
ward flow CW showed better resistance to the AgNPs than
upward flow CW, possibly due to the high oxygen level in
DCW, which easily reduced the toxicity of AgNPs (Sotiriou
and Pratsinis 2010; Kittler et al. 2010), while the lower dis-
solve oxygen in UCW resulted in the inhibition of Ag+ release
from AgNPs (Zhang et al. 2011) and kept high toxicity of
nanoparticles. For NO3

--N and TN, average effluent concen-
trations increased by 28.33% and 22.06% in DCW and
25.06% and 14.64% in UCW, respectively (Table 1).
Inhibition of AgNPs on the TN and NO3

--N removal, which
replied on the denitrification process (Fu et al. 2016), mainly

resulting from the suppressions of the microbial activities (es-
pecially denitrifying bacteria), and the toxicity of AgNPs to
microbes is generally associated with the specific properties of
AgNPs and their release of Ag+ (Sheng and Liu 2017).
Figure 3c and Table 1 also confirmed that the NO2

--N con-
centrations in effluent of two systems showed the upward
trend during stage 3. Yazdanbakhsh et al. (2019) reported that
the exposure to Ag-Fe NPs suppressed the TN removal by
affecting the integrity of cell membrane (LDH) and key en-
zymes activities. And Liu et al. (2019) found that only about
5% AgNPs released the Ag+ in the effluent. In view of the
above, effects of AgNPs on the nitrogen treatment possibly
depended on the combined effects of particle-specific charac-
teristics and toxicological effects of released Ag+. At the end
of stage 3, the N removal in two systems recovered to the level
of stage 2 after about 50 days exposure (Fig. 3).

And during stage 4, the influent with 2 mg/L AgNPs
was fed into the two test systems; the results are shown
in Fig. 3. The effluent NH4

+-N concentrations slightly in-
creased to 3.27–3.24 mg/L after about 30 days exposure in
the initial days of stage 4 and then gradually declined to
about 0.5–1.0 mg/L in the end of stage 4. The observations
further confirmed that the negative impacts of AgNPs on
the NH4

+-N removal, and higher levels of AgNPs caused
higher inhibition (Liu et al. 2019). On the other hand, the
TN and NO3

- concentrations in effluent showed different
variations. TN and NO3

--N concentrations significantly
raised in the presence of 2 mg/L AgNPs for about 74 d in
DCW. Conversely, the TN and NO3

--N in effluent of UCW
kept stable at about 2.50 and 3.00 mg/L during the stage 4.
And the NO2

--N concentrations in effluent of DCW were
greater than that of UCW (Fig. 3c). The obtained results
indicated that exposure of AgNPs hindered the NO3

--N
transformations (accumulations of NO2

--N in DCW), and
subsequently reduced TN removal. The different responses
of two systems to the exposure of AgNPs at 2 mg/L might
be owing to the hydraulic flow directions of wastewater,
which would significantly change the oxygen levels and
redox conditions in wetland substrates. In DCW, the good
oxygen levels contributed to the Ag+ released from
AgNPs, which accounted for essential roles on the toxicity
of AgNPs (Sintubin et al. 2011), restraining the NO3

--N
transformations. On the contrary, the low oxygen condi-
tions in upward flow CW possibly restrained the release
of Ag+ and aggregation of AgNPs (Zhang et al. 2011; Xiu
et al. 2012), keeping a stable state (e.g., as nanoparticles).
And with the increasing operation of CWs, massive organ-
ic matters would aggregate on the wetland substrates, such
as the growth of biofilms and humic substrates, leading to
the aggregation or immobilization of AgNPs (Baalousha
et al. 2013). On the other hand, the presence of S2- in
anaerobic environment would interact with the Ag+ and
form sulfide precipitations, and then lowered the toxicity
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of AgNPs (Reinsch et al. 2012). To sum up, up-flow CWs
had better ability of resistance to AgNPs toxicity, com-
pared to downward flow CWs.

The effect of AgNPs on the phosphorus removal

As shown in Fig. 4, two experimental wetlands had good and
stable purification ability for phosphorus pollution. At the end
of stage 2, the effluent TP concentrations were stable at ap-
proximately 0.13 and 0.11 mg/L in DCW and UCW, with the
removal rate of 90.44% and 90.53%, respectively. And the
average effluent concentrations of TP in stage 1 and stage 2
(no AgNPs) were 0.18 ± 0.09 and 0.16 ± 0.04 mg/L in DCW
and 0.17 ± 0.10 and 0.14 ± 0.05 mg/L in UCW, with the mean
removal efficiencies of 89.11 ± 6.52% and 88.71 ± 3.24% in
DCW and 89.71 ± 7.65% and 89.88 ± 3.3% in UCW, respec-
tively. The observed phenomena suggested that the construct-
ed wetlands with downward flow and upward flow showed
similar phosphorus removal treatment. And there was no sta-
tistical difference in two experimental systems (p < 0.05,
Table 1). During stage 3, the synthetic wastewater containing
0.5 mg/L of AgNPs was pumped into DCW and UCW; the
effluent TP concentrations gradually increased from approxi-
mately 0.14–0.16 to 0.25–0.375 mg/L, with the removal rates
reducing by 10.16% and 23.71%, respectively. And Table 1
also showed that the average effluent concentrations of TP
were calculated as 0.16 ± 0.05 mg/L and 0.19 ± 0.08 mg/L.
With extending exposure time and increasing AgNPs concen-
trations to 2 mg/L during the operational stage 4, TP concen-
trations in effluent of two wetlands continuously raised to
1.06–1.35 mg/L (max values), which were near the influent
TP concentrations (about 1.5 mg/L) after exposing to 2 mg/L
AgNPs for about 30 days. And the relative efficiencies of TP
of DCW and UCW in stage 3 and stage 4 were significantly
lower than that in stage 2 (before AgNPs addition). The above
results proved that AgNPs negatively affected the phosphorus
removal in constructed wetlands (p < 0.05), confirming the

study by Huang et al. (2020) that TP removal efficiency de-
creased under 0.20 mg/L AgNPs for about 90 days. The ad-
sorption and immobilization of phosphorus are known as the
essential pathways of phosphorus removal in constructed wet-
lands. In detail, the binds of phosphate anion and metal cations
like calcium or aluminum to poor soluble phosphate, or the
reactions between phosphorus and minerals such as iron and
aluminum oxides promote the phosphorus purifications from
wastewater (Drizo et al. 1997). Hence, the AgNPs negatively
charged could easily interact with these components, including
sorption, aggregation/agglomeration, and precipitation. As a re-
sult, the competition of phosphate anion and AgNPs for binding
sites in wetland substrate leads to the decline of TP removal.
Figure 4 also showed that at the end of stage 4, the TP removal
gradually recovered after chronic exposure of AgNPs. And the
average effluent concentrations of TP in two systems were 0.57
± 0.33 and 0.50 ± 0.61, respectively, with the removal at 60.33%
and 65.13%. The observed results suggested that addition of
AgNPs significantly decreased the phosphorus removal and up-
ward flow constructed wetlands had higher treatment perfor-
mance and better resistant ability to AgNPs pollution (p <
0.05), compared to downward flow constructed wetlands.

Fate and migration of AgNPs in the vertical flow construct-
ed wetlands

The removal behaviors of AgNPs in two VFCWs with dif-
ferent flow directions

Table 2 shows the effluent AgNPs concentrations from
different sampling ports and removal efficiency of AgNPs in
twowetlands. During stage 4, water samples collected effluent
from sampling ports 1 and 2 and system outlet were analyzed
several times by ICP-MS. The effluent concentrations from
system outlets were 23.26 ± 11.38 and 16.86 ± 7.38 μg/L,
with the removal efficiencies of 98.83% and 99.16% in
DCW and UCW, respectively. The results suggested that
CWs could efficaciously remove the nanoparticles from
wastewater, implying the potential engineering systems to
control the nanoparticle pollution (Hannele et al. 2017),

Fig. 4 Variations of TP
concentrations in influent and
effluent and removal efficiency of
two systems throughout the
experimental period. Relative
removal efficiencies of TP
compared with before exposing
AgNPs with standard deviations
in each term. Asterisks (*) above
the error bars represented
significant differences compared
to before exposing AgNPs
(ANOVA, p < 0.05).
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confirming the findings by Huang et al. (2018). In downward
flow CW, effluent Ag concentrations from sampling port s1
and 2 were 580.2 ± 20.43 and 56.9 ± 10.12 μg/L, respectively.
In contrast, the Ag concentrations in effluent of sampling ports
1 and 2 were measured as 32.5 ± 15.54 and 370.1 ± 34.87
μg/L, respectively. These phenomena above indicated that the
sand layer in constructed wetlands played an essential role for
removal of AgNPs, because of the richness of organic matters,
such as biofilms and organic pollutants and high ionic
strength, promoting the aggregation and deposition of
AgNPs (He et al. 2019). And the gravel layer in upward flow
CW also was observed a certain capacity to retain the AgNPs
(Table 2), which might be owing to the cellular polymeric
substrates (EPS) on the surface of gravel, immobilizing and
entrapping the nanoparticles (Gonzalez et al. 2015).

The fate of AgNPs in two VFCWs with different flow
directions

As shown in Table 3, the silver content in different substrate
layers of two wetlands were measured at the end of the exper-
iment (stage 4). Ag concentrations in sand layer of downward
flow constructed wetland (DCW) were measured as 17.55 ±
0.83 mg/kg (0–20-cm depth) and 20.26 ± 0.50 mg/kg (20–40-
cm depth), which were higher than that in gravel layer of 7.25
± 0.40 mg/kg. The above results showed that the majority of
AgNPs were retained in the upper layer of DCW, probably
owing to the wastewater flow direction (from top to bottom)
and richness of organic matters and ionic strength, which en-
trap the AgNPs from water phase. The translocation factors
(TFs) in DCW were calculated as 0.41–0.36 between gravel
layer and sand layer, implying the weak transport ability of
AgNPs in wetland substrate. A study by Cao et al. (2019)

reported that the TFs of AgNPs in soil layer were approxi-
mately 0.16, which was lower than this study, and the reason
behind is that the soil had a lot of organic matters, fine soil
particles and high ionic strength, showing strong interception
ability, compared with sand layer. In contrast, the Ag contents
in UCW substrate were measured as 10.85 ± 0.31 mg/kg,
18.51 ± 0.07, and 4.71 ± 0.38 mg/kg in gravel, 20–40-cm
depth and 0–20-cm-depth sand layer along with the flow di-
rection from bottom to top. And the translocation factors (TFs)
between gravel and 20–40-cm-depth sand of 1.71, which was
higher than that in DCWof 0.36. The reason is that the particle
size of gravel is in the range of 5–30 mm, and wastewater
flowed from the bottom into sand layer, resulting in high
transport ability of AgNPs through gravel layer, whereas the
sand particle size of 1–2 mm and biofilms on the sand surfaces
lower the migration of AgNPs. The observed facts suggested
that most AgNPs mainly accumulated in the sand layer, which
explained high removal efficiency of sand layer (Table 2). The
present results confirmed the study by Auvinen et al. (2016),
who found that sand had better removal (85%), compared
with gravel layer (67%).

Table 4 summarizes the average values obtained for the
silver contents in the roots, leaves, and bioconcentration fac-
tors (BCFs) or translocation factors (TFs) of the test plant. The
observed results showed that test plants could uptake the Ag
from surroundings, and the silver content reached 101.40 ±
2.86 and 51.80 ± 1.73 mg/kg dry weight in roots, which was
approximately 3.34- and 7.11-fold of the one in leaves for
DCW and UCW, respectively. These observations indicated
that vegetations in CWs could uptake AgNPs from
surroundings, and the assimilated AgNPs mainly
accumulated in roots, confirming the study by Li et al.
(2018) that Ag concentration in wheat roots was about 2-

Table 2 The removal behaviors of AgNPs in two VFCWs with different flow directions

Wetlands Inlet AgNPs concentration
(mg/L)

Effluent AgNPs concentration (μg/L)

Sampling port 1 Sampling port 2 System outlet Removal rate (%)

DCW 2 580.2 ± 20.43 56.9 ± 10.12 23.26 ± 11.38 98.83 ± 0.57

UCW 32.5 ± 15.54 370.1 ± 34.87 16.86 ± 7.38 99.16 ± 2.32

Note: Values are mean (± sd., n ≥ 3). Sampling port 1, 20-cm depth and sampling port 2, 40-cm depth from top to bottom

Table 3 Silver concentrations in
sand layer and gravel layer, and
the translocation factors (TFs)

Wetlands Silver concentrations (mg/kg dry weight)

0–20-cm sand 20–40-cm sand TFs a Gravel layer TFs b TFs c

DCW 17.55 ± 0.83 20.26 ± 0.50 1.15 7.25 ± 0.40 0.41 0.36

UCW 4.71 ± 0.38 18.51 ± 0.07 0.25 10.85 ± 0.31 0.43 1.71

Note: Values are mean (±sd., n = 3). a means Csand2/Csand1 in DCW and Csand1/Csand2 in UCW, b means Cgravel/
Csand1 in DCW and Csand1/Cgravel in UCW and c means Cgravel/Csand2 in DCW and Csand2/Cgravel in UCW
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fold of that in shoot. And the silver concentrations in leaves of
test plants were as high as 30.33 ± 0.17 and 7.29 ± 0.33 mg/kg
dry weight for DCW and UCW, respectively, indicating that
the absorbed Ag by plant roots was transported to the leaves
(Ebbs et al. 2016). And the translocation factor (Cleaf/Croot)
was 0.30 and 0.14 in DCW and UCW, in consistent with the
study by Cao et al. (2018) that the TFs value in wetland plant
Iris pseudacorus was about 0.18 in presence of 100 μg/L
AgNPs. The bioconcentration factors (BCFs, Cleaf/Croot) were
calculated as 5.00 and 2.80 for DCW and UCW, respectively,
indicating that the hydraulic flow directions could affect the
enrichment capacity of plants. The reason might be that the
wastewater containing AgNPs flow from surface layer and
lead to the accumulation of Ag in upper layer (Table 3), and
plant roots mainly located in the upper layer, resulting in the
easy contact and uptake of roots and AgNPs and then higher
content observed in plant roots of DCW, compared with up-
ward flow CW.

Conclusions

This study investigated the effects of AgNPs on the pollutant
removals in constructed wetlands (CWs) with different hy-
draulic flow directions and the spatial distribution of silver.
Before exposing to AgNPs, upward flow constructed wetland
(UCW) had the better nitrogen removal, compared with
down-flow CW (DCW). During stage 3 (dosing 0.5 mg/L
AgNPs), addition of AgNPs evidently inhibited the nitrogen
and phosphorus removal, with the average concentrations in-
creasing by 70.83% of NH4

+-N in UCW, 18.75% of TP in
UCW, and 28.33% and 25.06% of NO3

--N in DCW and
UCW, respectively, while there was no inhibition on the re-
moval of organic matters. Furthermore, the presence of 2 mg/
L AgNPs slightly inhibited the organic compounds and NH4

+-
N removal in two systems during stage 4 (dosing 2 mg/L
AgNPs). However, the response of NO3

--N and TN removal
to 2 mg/L AgNPs in two systems were different, and nitrogen
concentrations in effluent at the end of stage 4 significantly
increased in downward flow CW. And addition of 2 mg/L

AgNPs significantly affected the TP removal in two systems.
Compared with up-flow CWs, down-flow CWs showed better
resistance to the nanoparticle inhibition. The present study
also found high removal of AgNPs over 98%, indicating that
CWs could provide a feasible approach for ecological resto-
ration of nanoparticles pollution. This study also found that
AgNPs mainly accumulated in the upper layer with the Ag
content of 17.55–20.26 mg/kg dry weight in sand layer and
7.25–10.85 mg/kg dry weight in gravel layer. And the roots of
wetland plants absorbed the AgNPs with content at 50.80–
101.40 mg/L and the bioconcentration factors 2.80–5.00 in
two systems. And the translocation factors of roots and leaves
in two systems were in the range of 0.14–0.30. The obtained
results showed that the up-flow CWs had better performance
and higher resistance to the exposure to AgNPs pollution,
compared with down-flow CWs.
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