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a b s t r a c t
A series of horizontal subsurface flow constructed wetlands with Phragmites australis were set up 
to evaluate the removal efficiency of nitrogen, phosphorus and chemical oxygen demand (COD) 
under different influent copper (Cu2+) or zinc (Zn2+) concentrations, and they were operated inter-
mittently with a 9-d residence time (RT). Different Cu2+ and Zn2+ (0, 2, 4, 8, and 16.32 mg/L) lev-
els were set up in the synthetic influent water prepared in eleven feed tanks, respectively. With 
an increase of Cu2+ concentrations, the removal efficiency of total nitrogen (TN) and ammonium 
nitrogen (NH4

+–N) increased, and the optimal Cu2+ concentration was 2 mg/L to enhance nitrogen 
removal. The presence of Cu2+ promoted the bioactivity of anaerobic ammonia-oxidizing bacte-
ria bioactivity. Because of Zn2+ complexed by recalcitrant fractions of organic matter, the pres-
ence of significantly inhibited TN and nitrate nitrogen (NO3

––N) removal, while Zn2+ slightly 
improved COD removal in the constructed wetlands. Both of Cu2+ and Zn2+ did not affect total 
phosphorus removal in constructed wetlands. The presence of Zn2+ may promote plant metab-
olism and an ability of roots to secrete oxygen, which increased oxidation–reduction potential 
and affected denitrification in constructed wetlands.
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1. Introduction

Horizontal subsurface flow constructed wetlands (HSSF-
CWs) can be built and managed as low cost, small floor area, 
relatively simple operation and maintenance, as well as lit-
tle secondary pollution; they exhibit high removal efficiency 
of organic matter, nutrients, microplastics, and heavy met-
als from wastewater [1–3]. Heavy metals, especially copper 
(Cu) and zinc (Zn) are widely present in livestock and poul-
try breeding wastewater [4,5]. Cu and Zn in the wastewater 

are inevitable, since the bioavailability of Cu and Zn is only 
5%–30% of livestock and poultry feed because of low uti-
lization rates by animals, and 70%–95% of Cu and Zn are 
mainly excreted with animal feces [6]. However, Cu and Zn 
have been extensively used as feeding additives to increase 
production and improve the economic income of enterprises 
in the intensive and large-scale livestock and poultry feed-
ing industry at present [7–9], which lead to the phenome-
non that more Cu and Zn are retained in animal feces, and 
then enter into the water body through leaching and direct 
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runoff, thereby causing heavy metal contamination [10]. For 
instance, Cu and Zn concentrations were 1.92–9.81 mg/L 
and 1.30–9.25 mg/L, respectively, in the wastewater from 
livestock and poultry farms in China [11–13], which indi-
cates that there is serious Cu and Zn pollution in livestock 
and poultry breeding wastewater. Meanwhile, livestock 
and poultry breeding wastewater contains high nitro-
gen, phosphorus and organic matter concentrations [14]. 
Hence, HSSF-CWs could play a vital role in treating the 
livestock and poultry breeding wastewater.

Cu is an essential micronutrient required for plant 
growth and development, since Cu are associated with pro-
teins and enzymes involved in electron transfer and redox 
reactions in plants [15,16]. However, excess Cu can disturb 
and inactivate protein structure as a result of unavoidable 
binding to proteins, which can interfere with photosynthe-
sis, pigment synthesis, nitrogen and protein metabolism, 
membrane integrity and mineral uptake, and thereby excess 
Cu could affect the ability of HSSF-CWs to remove con-
taminants. As an essential trace element for plant growth, 
Zn is an important component in the synthesis of carbonic 
anhydrase affecting plant photosynthesis, and a component 
of many enzymes of cellular biological processes including 
protein metabolism, gene expression, and chromosome con-
struction [17–19], indicating that Zn can also promote plant 
growth and development. However, excessive Zn not only 
reduces the metabolic activity of plant rhizosphere micro-
organisms and plant growth and development [20,21], but 
also inhibit the anammox activity [22]. Meanwhile, the pres-
ence of excess Cu and Zn in wastewater can also inhibit the 
microbial activity and plant growth in constructed wetlands 
(CWs), affecting the nitrification and denitrification pro-
cesses, and consequently limit the purification efficiency 
of CWs [23–25]. However, previous studies provided lim-
ited information to the contrasting influence of Cu and 
Zn on the amount of different nitrogen species, phospho-
rus and chemical oxygen demand (COD) by CWs simul-
taneously. There was also little information on the change 

of oxidation–reduction potential (ORP) in CWs upon Cu 
and Zn exposure. Therefore, the comprehensive and more 
detail-oriented research is necessary for better understand-
ing of the impact of Cu and Zn on the wastewater treatment 
efficiency in CWs, especially on the simultaneous removal 
of nitrogen, phosphorus and carbon.

The purpose of this study was to (1) examine the effect 
of cupric (Cu2+) or zinc (Zn2+) ions on removal contaminants 
from wastewater (2) evaluate the capacity of HSSF-CWs to 
remove contaminants with the presence of Cu2+ and Zn2+, 
and (3) reveal the effect of Cu2+ and Zn2+ on the ORP and pH 
of HSSF-CWs. The study will provide a new insight on the 
mechanisms of contaminant in livestock and poultry breed-
ing wastewater, and valuable information for contaminant 
removal from livestock and poultry wastewater, and also 
broaden the application scope of CWs to various types of 
wastewater treatment.

2. Material and methods

2.1. Experimental design operation

The experiment was established and operated at a test 
site of Shandong Academy of Agricultural Science (Ji’nan, 
China). The mean temperature during the experiment was 
25–34°C. Identical PVC (12 mm thick, W0-W10) horizontal 
subsurface flow microcosm constructed wetlands were set 
up with the size of: 2.0 m length, 0.8 m width, 0.95 m height 
(Fig. 1). Each wetland bed was filled with a 0.75-m layer of 
large slag (5–30 mm in diameter) at the bottom and a 0.1 m 
layer of small slag (<5 mm in diameter) and soil on the top. 
Each wetland included the inlet section (0.25 m long) with 
gravel (20–30 mm), working section (1.5 m long), and out-
let section (0.25 m long) with gravel (20–30 mm). Phragmites 
australis was selected due to its large biomass and root zone 
as well as effective pollutant removal performance, and 
had a planting density of 45 plants/m2. Plants and bacterial 
communities in wetlands were cultivated mainly using 1/20 

 

Fig. 1. Schematic diagram of the experimental HSSF-CWs used in this study.
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Hoagland modified nutrient salts solution for four months 
main to the experiment.

Synthetic influent was prepared in eleven feed tanks by 
dissolving ammonium nitrate, glucose, sodium dihydrogen 
phosphate with tap water for the sake of minimizing the fluc-
tuation of influent characteristics and comparing the results 
of parallel experiments. The total nitrogen (TN), total phos-
phorus (TP) and COD concentrations in synthetic influent 
were modified to 210, 15 and 490 mg/L in all treatments. The 
wetland without addition of Cu or Zn was W0. Following 
the addition of the CuSO4·5H2O was adjusted Cu2+ concentra-
tions (2, 4, 8, 16 and 32 mg/L) in the synthetic wastewater for 
wetlands (W1, W2, W3, W4, W5), while the addition of the 
ZnSO4·7H2O was adjusted Zn2+ concentrations (2, 4, 8, 16 and 
32 mg/L) for other wetlands (W6, W7, W8, W9, W10). The 
error range of the design concentrations and actual concen-
trations were all within 5.0% for assuring the effectiveness of 
designed experiments. Reactors were operated intermittently 
with a 9-day residence time (RT) in the batch experiment. 
The synthetic influent water was introduced into the reactors 
at the same time. Three replicated microcosms were set up 
for each respective influent Cu2+ or Zn2+ concentrations.

2.2. Sample collection

Effluent water samples collected from the outlet sections 
were used to measure ammonium nitrogen (NH4

+–N), nitrate 

nitrogen (NO3
––N), TN, TP, COD, Cu2+, Zn2+, pH, and ORP. 

Cu2+ and Zn2+ concentrations were analyzed via an atomic 
absorption spectrophotometry (Persee A3, Beijing, China). 
ORP and pH were measured with a Sension ORP electrode 
(PHBJ-261L, Shanghai, China) and Piccolo pH meter (Mettler 
Toledo S210, Shanghai, China), respectively. COD was mea-
sured via the potassium dichromate method as outlined by 
Zhang et al. [26]. Other parameters were analyzed using an 
ultraviolet-visible (UV-Vis) spectrophotometer (UV-8000S, 
METASH, Shanghai, China) according to APHA Methods 
(1998).

2.3. Statistical analysis

The SPSS 16.0 statistical package was used for statistical 
analysis, and the removal efficiencies and contents of con-
taminants were performed with two-way analysis of vari-
ance (ANOVA). All data are presented as the standard devi-
ation (SD) of three replicates. Origin (v.8.5 Origin Lab) was 
used to plot water quality figures.

3. Results and discussion

3.1. Nitrogen removal under various influent Cu2+ and Zn2+ 
concentrations

Figs. 2 and 3 present variations in NH4
+–N, NO3

––N 
and TN removal with the applied RT in all the treatments. 
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Fig. 2. NH4
+–N and NO3

––N removal as a function of RT in HSSFs in the presence of different Cu2+ and Zn2+ concentrations.
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Nitrogen was supplied principally as NH4
+–N and NO3

––N in 
influent water. TN removal efficiencies were affected by both 
the NH4

+–N and NO3
––N concentrations. An enhancement of 

the NH4
+–N removal efficiencies was found in constructed 

wetlands with Cu2+ supplementation. That was because Cu 
can precipitate or co-precipitate with sulfur, iron and man-
ganese in constructed wetlands [23], which increased the 
specific surface area of adsorbing NH4

+–N and could pro-
mote NH4

+–N removal. In addition, copper is an important 
constituent of some enzymes in the anaerobic ammonium 
oxidation (Anammox) bacteria, such as nitrite reductase 
[27], and is also an essential component for the microorgan-
isms’ survival and growth, and then short-term exposure 
(the exposure time of 9 d) in Cu2+ could improve Anammox 
process by increasing anaerobic ammonia-oxidizing bac-
teria bioactivity [24], which was beneficial to the NH4–N 
removal in HSSF-CWs. However, high Cu2+ concentrations 
can inhibit nitrogen removal processes, and affect nitrifica-
tion [27]. Uptake by Phragmites australis as well as adsorp-
tion and desorption of slag substrates also played a role on 
NH4

+–N removal, which caused that the NH4
+–N removal effi-

ciencies increased, decreased and then sightly increased in 
HSSF-CWs with the Cu2+ concentration increasing. Hence, 
the variation of NH4–N removal efficiencies in HSSF-CWs 
was affected by slag substrate adsorption and desorption, 
plant uptake, and microbial degradation.

The NH4
+–N removal efficiencies were the lowest in 

the HSSF-CWs in the absence of Cu2+ (Fig. 2a). when the 
RT was 1 d, the NH4

+–N removal efficiencies showed a cer-
tain fluctuation with the Cu2+ concentration increasing, 
and the largest value of the NH4

+–N removal efficiency 
amounted to 87.78% at the Cu2+ concentration of 32 mg/L. 
When the RT was 3 d, the highest removal efficiencies of 
NH4–N were shown at the Cu2+ concentration of 2 mg/L. At 
the Cu2+ concentration of 2 mg/L, the NH4

+–N removal effi-
ciency increased with the increasing RT, and was largest at 
the 7 d, which illustrated that the capacity of a horizontal 
subsurface flow constructed wetland system for the NH4

+–N 
removal was higher under the Cu2+ concentration of 2 mg/L. 

The greatest amount of NH4
+–N removed was 95.3% in CWs 

with the Cu2+ concentration of 2 mg/L, suggesting that it 
was beneficial to removing NH4

+–N. This was because the 
copper inhibition of nitrogen removal processes, especially 
Anammox process, played a vital role in NH4–N removal 
at the level of more than 4 mg/L [27]. More precipitation 
with Cu2+ was produced by adsorption and co-precipitation 
with Fe and Mn oxides and stacked under high Cu2+ con-
centrations in constructed wetlands [28,29], and Cu was also 
retained by complexation by recalcitrant fractions of some 
organic matter in the constructed wetlands [30], and then 
the relative specific surface area of substrates in HSSF-CWs 
with high Cu2+ concentrations was larger than that in HSSF-
CWs with low concentrations of Cu2+, contributing to the 
higher NH4

+–N removal efficiency in HSSF-CWs with the 
increasing Cu2+ concentrations.

For NO3
––N removal, in the presence of Cu2+, when RT 

was more than 5 d, the removal efficiencies were greater. 
There was no significant difference on NO3

––N removal in 
all treatments from an RT of 5–9 d (p > 0.05), and the their 
values were close to 100%. At the RT of 1d, the NO3

––N 
removal efficiencies were more than 75% upon Cu2+ addi-
tion, and no significant difference of the removal was 
shown between HSSF-CWs without Cu2+ and HSSF-CWs 
with Cu2+ (p > 0.05), indicating that Cu2+ addition did not 
affect NO3

––N removal. Meanwhile, the removal efficien-
cies were significant greater on the RT of less than 3 d than 
that at the RT of 1 d with the increase in Cu2+ concentra-
tions (p < 0.05) (Fig. 2a), showing an increase in NO3

––N 
removal with RT increasing, indicating that an increase in 
RT improved the NO3

––N removal.
In Fig. 2b, Zn2+ addition also enhanced the NH4

+–N 
removal in all treatments from 2 to 16 mg/L. The positive 
removal of NH4

+–N by the effect of Zn2+ was larger than that 
by Cu2+ in all treatments from 2 to 16 mg/L. This is because 
the faster response of anaerobic ammonia oxidizing bacte-
ria (AAOB) to Cu2+ than to Zn2+ led to slighter inhibition of 
NH4

+–N removal by Zn2+ than Cu2+ [24,27]. And low Zn2+ con-
centrations were favorable for ammonia-oxidizing bacteria 
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Fig. 3. TN removal with RT in HSSFs under different Cu2+ and Zn2+ additions.
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bioactivity, while the long-term effect also induced nitrite 
oxidizing bacteria bioactivity [31]. The effect of Zn2+ and 
Cu2+ on the NH4

+–N removal was similar at the concentra-
tion of 32 mg/L, causing a decrease of NH4

+–N removal effi-
ciencies in the CWs with the Zn2+ concentration of 32 mg/L, 
indicating that the NH4

+–N removal was limited by high 
concentrations of Zn2+ (32 mg/L). However, the effect of 
Zn2+ on the NH4

+–N removal was stronger than that of Cu2+ 
in the all treatments at the RT of 1 d, and the greatest effi-
ciency (93.45%) was found at a Zn2+ concentration of 8 mg/L 
at the RT of 1 d. This could be explained as Zn bound to 
the active site of ammonia monooxygenase, as a key enzyme 
of ammonium oxidation, and stimulated the growth and 
metabolic activities of aerobic ammonia oxidizing bacteria 
[32,33]. Under the presence of Zn2+, the removal efficiency 
of NH4–N in all the treatments increased and then declined 
with the Zn2+ concentration increasing above 8 mg/L, while 
no significant difference between all treatments was found 
(p > 0.05) (Fig. 2b). From 4 to 32 mg/L, the lowest NH4

+–N 
removal efficiency was shown in HSSF-CWs with the Zn2+ 
concentrations (4–16 mg/L) increasing at the RT of 3 d, while 
the greatest removal efficiencies (93.47%) was found at an 
RT of 7 d at a Zn2+ concentration of 2 mg/L, indicating that 
the optimum concentration was 2 mg/L at the RT of 7 d, 
and also showing that the NH4

+–N removal was affected 
by both of the Zn2+ concentration and the RT.

Zn2+ clearly inhibited the NO3
––N removal (Fig. 2b). When 

Zn2+ concentrations exceeded 2 mg/L, the removal efficien-
cies of NO3

––N in HSSF-CWs were below 86%, while the 
NO3

––N removal efficiencies in HSSF-CWs without of Zn2+ 
were the greatest. The removal efficiencies of NO3

––N in all 
treatments firstly decreased, and then remained stable with 
Zn2+ concentrations increasing. The removal efficiencies of 
NO3

––N in all treatments with Zn2+ increased with increas-
ing RT, indicating that prolonging the RT was beneficial to 
the NO3

––N removal in the presence of Zn2+. Until 7 d, the 
NO3

––N removal efficiencies increased with RT increasing, 
while their values were close between 7 and 9 d (Fig. 1b). 
Zn may be retained in wetlands by complexation by recal-
citrant fractions of organic matter [30], which decreased the 
amount of carbon source for denitrification, thus limiting 
NO3

––N removal. With the recovery of dissolved oxygen by 
plant internal oxygen transport in HSSF-CWs, denitrifica-
tion would also be inhibited, and NO3

––N would accumulate 
by the nitrification process [34]. Consequently, the removal 
efficiencies of NO3

––N started to decrease and then kept 
the stable tendency with Zn2+ concentrations increasing.

As shown in Fig. 3, on the whole, the efficiencies of the 
TN removal in CWs with Cu2+ concentrations were greater 
that in HSSF-CWs without Cu, illustrating the enhancement 
of nitrogen removal in the presence of Cu2+. TN removal 
efficiencies increased with RT increasing in all treatments, 
and the lowest efficiency in HSSF-CWs with the Cu2+ con-
centrations increasing was found at RT of 1 d, indicating 
that an increase in RT was useful for nitrogen removal. TN 
removal efficiencies in HSSF-CWs with a Cu2+ concentra-
tion of 4 mg/L were lower than other treatments from 1 to 
5 d, which was similar to the NH4

+–N removal, showing that 
nitrogen removal was inhibited at a concentration of 4 mg/L 
during that period. This was because partial nitritation and 
Anammox was inhibited significantly by Cu2+ addition at the 

moment, which affected nitrogen removal [27,35]. When Cu2+ 
concentrations were above 4 mg/L, slag substrate adsorption 
and denitrification played a role in the nitrogen removal. 
However, at the Cu2+ concentration of 2 mg/L, TN removal 
efficiencies in HSSF-CWs were the greatest from 3 to 9 d, 
indicating that the lower Cu2+ concentrations (≤ 2 mg/L) were 
useful for nitrogen removal in HSSF-CWs under short-term 
exposure to Cu2+, and the result was consistent with Zhang et 
al. [24]; the impact of the Cu2+ concentrations (≥ 4 mg/L) on 
nitrogen removal was very small due to the precipitation or 
co-precipitation of Cu2+.

The TN removal efficiencies were close between the RT 
of 1 and 3 d, and they were the lowest in all treatments with 
increasing Zn2+ concentrations (Fig. 3). The values of the TN 
removal efficiencies were the greatest and close at the RT of 
7 and 9 d (approximately 84%~91.7%). A decrease of NO3

––N 
removal efficiencies was greater than a increase of NH4

+–N 
efficiencies, which led to the decrease of the TN removal 
efficiencies in HSSF-CWs with Zn2+. Compared with HSSF-
CWs in the presence of Cu2+, the removal capacity of TN in 
the presence of Zn2+ was lower (p < 0.05), mainly because 
Zn inhibited the removal of NO3

––N in HSSF-CWs.

3.2. Phosphorus and COD removal at various influent Cu2+ and 
Zn2+ concentrations

The removal efficiencies of phosphorus showed cer-
tain fluctuation with Cu2+ and Zn2+ concentrations increas-
ing under the same RT (Fig. 4). Cu2+ did not significantly 
affect the TP removal. However, the TP removal efficiencies 
showed a slight increase in fluctuation with Cu2+ concentra-
tions increasing during 7 d (Fig. 4). This may be because Cu2+ 
formed very insoluble compounds with sulfur in wetland 
systems [23], and more precipitation and soil salt was pro-
duced with Cu2+ increasing, which could increase the relative 
specific surface area of wetland substrates in HSSF-CWs and 
increased the adsorption sites for phosphorus to promote the 
TP removal. However, they remained a steady trend with 
Cu2+ concentrations increasing at an RT of 9 d, indicating that 
TP removal was not affected by the amount of Cu added to 
the influent at the RT of 9 d. The presence of Zn2+ had almost 
no effect on phosphorus removal. The values of TP removal 
efficiencies were 96.27%~99.18% in HSSF-CWs with Zn2+, 
and their values were 97.55%~98.68% in HSSF-CWs without 
Zn2+. Phosphorus might be adsorbed and desorbed from sub-
strates in wetland systems during the RT of 9 d, leading to 
fluctuating changes in TP removal efficiencies with increas-
ing Zn2+ concentrations. With the RT increasing, the removal 
efficiencies of TP were not significant different in all treat-
ments (p > 0.05), except for the RT of 5 d. The adsorption 
capacity of substrates might be stronger than their desorp-
tion capacity in HSSF-CWs under Zn2+, resulting in the phe-
nomenon that the phosphorus removal in wetlands at the RT 
of 5 d was greater than that of other treatments with Zn2+.

COD removal efficiencies showed certain fluctuation 
with Cu2+ concentrations increasing, and the COD removal 
showed a slight decrease in HSSF-CWs with Cu2+ con-
centrations increasing as a whole, except for the Cu2+ con-
centration of 2 mg/L (Fig. 4). At the Cu2+ concentration of 
2 mg/L, the COD removal efficiencies were greater than that 
of other treatments. COD removal efficiencies increased in 
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a fluctuating tendency under each Cu2+ concentration, and 
then they kept a stable trend from the RT of 3 d onwards, 
except for the RT of 7 d. At the RT of 7 d, the COD removal 
efficiencies decreased in HSSF-CWs with Cu2+ concentrations 
increasing. This was because, being a redox-active metal, Cu 
can catalyze reactive oxygen species (ROS) via Fenton-type 
reactions which may occur due to the release of ferrous ions 
from slag substrates containing 1.53%–2.06% ferric oxide 
(weight), leading to the damage of proteins, nucleic acids, 
lipids, and other biomolecules, thus affecting the activity of 
heterotrophic microorganisms [36], and then decreasing the 
COD removal efficiency.

In contrast, Zn2+ addition promoted COD removal in 
the HSSF-CWs, and COD removal efficiencies in almost all 
of HSSF-CWs with Zn2+ were greater than the control group 
at each RT (Fig. 4). This could be explained as heterotrophic 
microbial activity was enhanced in the presence of Zn2+. This 
result is similar to that of Daverey et al. [22], and they found 
that the presence of Zn stimulated the microbial activities 
and COD removal performance. At the RT of 1 d, the val-
ues of COD removal efficiencies had great fluctuations with 
increasing Zn2+ concentrations, which indicated that the 
added amount of Zn2+ induced a great difference in the COD 
removal at the RT of 1 d. The values of COD removal were 
the greatest at the Zn2+ concentration of 2 mg/L, illustrating 
that the optimal Zn2+ concentration was 2 mg/L. The greatest 

amount of COD removed in HSSF-CWs was 96.0% at the Zn2+ 
concentration of 2 mg/L (Fig. 4). The greatest values of COD 
removal were found at the Zn2+ concentration of 16 mg/L 
at an RT of 5 d (Fig. 4). However, RT had little influence on 
COD removal.

3.3. Change of Cu2+ and Zn2+ concentrations in HSSF-CWs

As shown in Fig. 5, Cu2+ concentrations decreased rap-
idly in HSSF-CWs with increasing RT, and the Cu2+ removal 
efficiency maintained a stable trend at the RT of 2 d. Cu2+ was 
detected in HSSF-CWs without Cu2+ addition. However, the 
Cu2+ concentrations were below 0.07 mg/L, indicating that 
some Cu2+ was released from wetland systems. Cu2+ concen-
trations in the influent water affected the Cu2+ concentrations 
in the effluent water. High influent Cu2+ concentrations led 
to higher Cu2+ concentrations in the effluent water. The Cu2+ 
concentration in the effluent water was below 0.076 mg/L at 
the concentrations of 16 and 32 mg/L at the RT of 7 d, and 
they decreased with RT increasing. Cu2+ concentrations in 
the effluent water showed a decrease in fluctuation in HSSF-
CWs at influent Cu2+ concentrations ≤8 mg/L. Referring 
to the main removal mechanisms of Cu2+, iron (Fe) oxides 
(1.53%–2.06%) adsorbed and coprecipitated with Cu2+ in 
HSSF-CWs, and Cu2+ also reacted with sulfur ions to produce 
cupric and cuprous sulfides that are insoluble compounds 
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Fig. 4. TP and COD removal with RT in HSSFs under different Cu2+ and Zn2+ additions.
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in HSSF-CWs [23]. In addition, Cu2+ in HSSF-CWs may 
be retained by complexation by recalcitrant fractions of 
some organic matter types [30].

The values of Zn2+ concentrations in HSSF-CWs without 
Zn2+ addition were 0.027~0.060 mg/L at an RT of 9 d, which 
indicated that Zn2+ was released from the wetland systems 
when a presence of Zn2+ was absent from the feed (Fig. 5). 
Referring to the main removal mechanisms of Zn2+, Zn was 
an essential element for the normal growth and metabolism 
of plants in HSSF-CWs [37], and then Zn2+ could be absorbed 
by Phragmites australis in HSSF-CWs, and be retained on 
iron plaques at the root surface of plants [38], Moreover, it 
could co-precipitate with Fe and Mn oxides [23]. For these 
reasons, a decrease tendency of Zn2+ concentrations occurred 
during 0–1 d, and then the Zn2+ concentrations remained a 
stable trend, indicating that the physical and biochemical 
reactions of Zn2+ are faster than those of Cu2+. Zn2+ concen-
trations in the influent water also affected the Zn2+ con-
centrations in the effluent water. Zn2+ concentrations in the 
effluent water were greater than the Cu2+ concentrations in 
the effluent water under high influent concentrations at an 
RT of 7–9 d. That was because the solubility of Zn2+ in water 
was better than that of Cu2+ in HSSF-CWs [39].

3.4. ORP and pH changes in HSSF-CWs under various influent 
Cu2+ and Zn2+ concentrations

The value of ORP which represented the change of the 
oxidation–reduction condition in HSSF-CWs without Cu2+ 
addition were 524.6–576.2 mV (Fig. 6), and the oxidation–
reduction condition affect the bioavailability of nutrients and 
trace metals in constructed wetlands by affecting chemical 
and microbial processes [40]. There was no significant dif-
ference in ORP in between HSSF-CWs without and with 
Cu2+ addition before 3 d. However, the ORP in HSSF-CWs 
fed with the influent containing Cu2+ was greater than that 
in HSSF-CWs without Cu2+ from 5 d (p < 0.05), and the great-
est ORP values occurred during 5 d and 9 d, which showed 
that the capacity of the oxygen release from the plants’ 
roots was enhanced by the presence of Cu2+, because Cu is 

an essential micronutrient. On the whole, ORP increased 
in a fluctuating tendency in the HSSF-CWs with the pres-
ence of Cu2+. The ORP in HSSF-CWs with the presence of 
Zn2+ was larger than that in HSSF-CWs without Zn2+ (W0, 
p < 0.05). When Zn2+ concentrations exceeded 2 mg/L, ORP 
values were more than 600 mV at an RT of 2 d. However, 
there were no significant difference in the ORP between 
HSSF-CWs with Zn2+ (p > 0.05). At an RT of 5 d, there were 
the greatest values of ORP in HSSF-CWs with Zn2+, and their 
values exceeded 620 mV, since Zn, as an essential trace ele-
ment for plant growth, improved the metabolic capacity of 
plants. Nevertheless, Hauck (1984) noted that denitrification 
occurred in the presence of available organic matter only 
when the ORP was in the range +350 – +100 mV [41], and then 
the high ORP could inhibit the denitrification in HSSF-CWs.

In HSSF-CWs without Cu2+ or Zn2+, the pH values of the 
effluent were greater than those in HSSF-CWs with Cu2+ 
or Zn2+, which showed that the presence of Cu2+ or Zn2+ 
decreased the values of pH in wetlands systems, and then 
the pH values of treatment wetlands were typically around 
7.0–7.8, which was suitable for the growth of nitrifying 
bacteria and denitrifying bacteria [42,43]. The pH value in 
HSSF-CWs with Cu2+ was lower than that in W1, and there 
was no significant difference between constructed wetlands 
with Cu2+ before 1 d (p > 0.05), indicating that Cu2+ has lit-
tle influence on the pH of the HSSF-CWs effluent during 
0–1 d. The pH values in HSSFs with Cu2+ were lower than 
those in HSSF-CWs without Cu2+ after 1d. However, the pH 
values were not significantly different between HSSF-CWs 
with Cu2+ (p > 0.05). The pH in HSSF-CWs with Zn2+ con-
centrations > 16 mg/L was greater than that in HSSF-CWs 
with Zn2+ concentrations < 16 mg/L, illustrating that higher 
influent Zn2+ concentrations could increase the pH value in 
constructed wetlands. Zn2+ and Cu2+ was affected by plant 
uptake, substrate adsorption, chemical reaction and micro-
bial utilization in constructed wetlands, which might lead 
to the similar pH values between HSSF-CWs with Cu2+ or 
Zn2+. However, as one of the most important factors for 
metal in environment, the pH has the strong effects on 
solubility and mobility of metals [44,45].
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Fig. 5. The change of Cu2+ and Zn2+ concentrations with RT in HSSFs under different Cu2+ and Zn2+ additions.



141Y. Zhang et al. / Desalination and Water Treatment 284 (2023) 134–142

4. Conclusions

In HSSF-CWs, the presence of Cu2+ could enhance nitro-
gen removal, especially TN and NH4

+–N removal, and the 
optimal Cu2+ concentration was 2 mg/L. The greatest removal 
efficiencies of TN occurred at the RT of 7d in all HSSF-CWs 
with Cu2+. However, Zn2+ inhibited the nitrogen removal, 
especially for TN and NO3

––N removal, and the removal effi-
ciencies of their maximum value was at the RT of 9 d. The 
presence of Cu2+ and Zn2+ had no significant effects on TP 
and COD removal, while Zn2+ may partly increase the COD 
removal efficiencies. Zn2+ also significantly increased ORP 
of effluent water, while the presence of both Cu2+ and Zn2+ 
decreased pH values of the effluent.
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