Environmental Science and Pollution Research (2019) 26:16229-16238
https://doi.org/10.1007/511356-019-04945-1

RESEARCH ARTICLE

®

Check for
updates

Effects of different substrates on nitrogen and phosphorus removal
in horizontal subsurface flow constructed wetlands

Rui Xu'>3 . Yong Zhang *? - Rong Liu""*3 . Yun Cao'*? . Guoxiang Wang "> . Lingchen Ji >3 . Yifan Xu >3

Received: 20 September 2018 / Accepted: 20 March 2019 /Published online: 10 April 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

This study aimed to explore the nitrogen and phosphorus removal performance of the horizontal submerged constructed wetland
(HSCW) with Ti-bearing blast furnace slag (T). Another two HSCWs, with the converter steelmaking slag (G) and the stone (S)
as wetland substrates, respectively, were simultaneously running as control. The results showed that the nitrogen and phosphorus
removal capacities of the T-HSCW were generally better than those of another two HSCWs. When the hydraulic retention time
(HRT) was 6 days, the effluent concentrations of ammonia nitrogen (NH,"-N) and total nitrogen (TN) were 6.66 mg L 'and
14.02 mg L™, respectively, and the removal rates of NH;*-N and TN reached 77.54% and 71.07%, respectively. The T-HSCW
had better removal efficiency of phosphorus. The effluent concentration of total phosphorus (TP) was lower than 0.3 mg L ™', and
the maximum removal rate could reach 98%. Through the characterization of the three substrates before and after experiments, it
was found that the removal of nitrogen and phosphorus by T and G mainly relied on chemical adsorption, while S mainly relied
on physical adsorption. Ti could also promote the absorption of nitrogen by plants and increase the nitrogen removal capacity of
T-HSCWs.

Keywords Ti-bearing blast furnace slag - Substrate - Horizontal subsurface flow constructed wetland - Adsorption - Nitrogen and
phosphorus removal

Introduction

The sewage treatment technology of constructed wetland has
been widely used in recent years due to its low construction
and operation costs, simple equipment operation, excellent
effluent quality, and low energy consumption. Substrates in
constructed wetlands, known as filter material and carrier,
played an important role in the removal of nitrogen and phos-
phorus which are the main cause of eutrophication.
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Furthermore, substrates provide carrier for plants to grow in
wetlands and provide attachment surface for microorganism
(Dordio and Carvalho 2013; Tietz et al. 2007). The physical
and chemical properties of substrates, such as redox potential,
specific surface area, and rate of water content, may affect the
treating efficiency of constructed wetlands. Substrates should
be selected reasonably according to the water quality of waste-
water and the economic analysis (Albuquerque et al. 2009).
Related researches showed that zeolite and steel slag were
frequently used as substrates in constructed wetlands (Wang
et al. 2014c). Zeolite is mainly composed of CaCOj;, which
has a strong selective adsorption to NH,™-N, and can quickly
intercept the NH4*-N in wastewater (Gaspard et al. 1983;
Koon and Kaufman 1975). However, the constructed wet-
lands with zeolite as substrate were only used to treat
nitrogen-containing wastewater because the removal of TP
by zeolite was always poor (Miller et al. 2011; Sakadevan
and Bavor 1998). Steel slag is the waste residue produced
during steelmaking. It is mainly composed of oxides such as
Ca0, MgO, Al,O5, FeO, Fe,03, and Si0,. These oxides could
react with phosphate to form precipitation, and the average
removal rate of TP was as high as 90% (Bowden et al. 2009;
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Fig. 1 Schematic diagram of
laboratory-scale constructed
wetlands

‘Water tank

Drizo et al. 2006; Stefanakis et al. 2009; Wu et al. 2011).
Nevertheless, the efficiency of nitrogen removal in wastewater
via steel slag was poor (Hamdan et al. 2017; Qiu et al. 2014).
Because the main component of steel slag was metal oxide,
some researchers tried to improve the denitrification ability by
chemical modification (Guo et al. 2017; Sui and Zhang 1997),
which significantly increased the cost of wastewater treat-
ment. Therefore, new materials were urgently needed to be
developed as the substrates of constructed wetlands, giving
consideration to simultaneous removal of nitrogen and
phosphorus.

Ti-bearing blast furnace slag (T) is a porous metallurgical
waste produced when smelting vanadium-titanium magnetite,
which contains 20-25% TiO, (Yamauchi et al. 2009). The
main components of T are CaO, MgO, Al,O3, FeO, Fe,03,
and SiO,, which are similar to that of the steel slag, and these
components are beneficial for removing phosphorus from the
wastewater. Some scholars used T to adsorb the TP in waste-
water, and the removal rate could be above 90% (Ma et al.
2009). Besides, some studies showed that the absorption of
titanium by plants could promote the growth of roots and
increase the activity of various enzymes, especially nitroge-
nases, which is beneficial to the absorption of nitrogen
(Kleiber 2012; Liu et al. 2017).

This study aimed to explore the feasibility of improving the
nitrogen and phosphorus removal capacities of wetlands with
T as substrate. Slag (G) and the stone (S) were also selected as
wetland substrates as control. The mechanisms of nitrogen
and phosphorus removal were further analyzed by the
Fourier transform infrared spectrometer (FT-IR), the
thermogravimetric-differential thermal analyzer (TG-DTA),

Table 1 The main physical parameters of three substrates

Substrate T G S
Particle size range (mm) 10-20 1020 10-20
Average density (kg m ) 1770 1690 1940
Specific surface area (m* g ) 0.9164 0.8235 1.3824
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and the X-ray fluorescence spectrometer (XRF) methods.
This study could provide a reference for the simultaneous
removal of nitrogen and phosphorus by constructed wetlands
and give a new idea for resource recovery and utilization of Ti-
bearing blast furnace slag.

Materials and methods
Experimental setup

Three HSCWs with different substrates were constructed, as
shown in Fig. 1. Each HSCW system was consisted of a water
tank, a peristaltic pump, and a HSCW. Three HSCWs were
named as T-HSCW (with T as substrate), G-HSCW (with G as
substrate), and S-HSCW (with S as substrate), respectively.
Each HSCW was made of plastics with 40 cm in width,
40 cm in depth, and 60 cm in length and was divided into an
influent distribution zone, a main reaction bed, and an effluent
collection zone. The main reaction bed of each HSCW was
divided into two parts, including an upper sand layer with
10 cm of height and a lower substrate layer with 30 cm of
height. The main physical parameters of substrates are shown
in Table 1. As can be seen from Table 1, the particle size range,
average density, and specific surface area of the three sub-
strates are very similar, thus reducing the impact of physical
factors on the experimental results. All HSCWs were planted
with Acorus calamus according to Pai and Mccarthy (2010).
A total of 18 similar-sized plants were planted in three rows in
each HSCW. The row spacing between two plants was 10 cm
and the column spacing was 6 cm. Each plant was 30~40 cm
high and the root depth was 8 cm, approximately.

Wastewater and wetland operation

The experimental wastewater was simulated wastewater
containing nitrogen and phosphorus. The concentrations
of NH,*-N, TN, and TP were 40.07 + 8.26 mg L',
54.2+12.55 mg L', and 4.24+0.87 mg L',
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respectively. The pH of the wastewater that ranged from  Analytical methods

6.68 to 7.82 was suitable for the survival of most organ-

isms. HSCWs were operated in batch mode. Firstly, the =~ Water samples were collected from the water tanks and
simulated wastewater was discharged into constructed  the outlets of the HSCWs every day to monitor water
wetlands from the water inlet; secondly, the water intake  quality and pollutant removal. The concentrations of
stopped when constructed wetlands were filled with ~ NH4*-N, TN, and TP were measured with salicylic acid-
wastewater, and the reactions were continued for 2—  hypochlorite spectrophotometry, potassium persulfate
6 days; finally, we drained the wastewater out of the wet-  oxidation-UV spectrophotometry, and molybdenum anti-
land, and HSCWs entered the idle period (1 day). The  mony anti-spectrophotometric method, respectively. The
hydraulic load and the HRT of each HSCW were  pH was recorded with the help of a sensION™ +pH 3
0.4 m>-(m* day)' and 6 days, respectively. The plants  Multi-Parameter Meter. Each experiment was conducted
grew well in each HSCW during the whole experimental  in triplicate. The material characteristics of the three sub-
period. strates before and after the experiments were further
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Fig. 3 FT-IR spectra of T before the experiments (a) and after the
experiments (b)

analyzed by FT-IR, TG-DTA, and XRF. FT-IR analysis
was used to determine the functional groups by the infra-
red characteristic absorption bands. TG-DTA analysis was
employed to discriminate the components in substrates by
changing the quality of the sample with the temperature at
constant speed. XRF analysis was used to identify the
chemical composition of the sample by X-ray fluores-
cence spectroscopy.

Results and discussion

Nitrogen and phosphorus removal efficiencies
of the three HSCWs

Figure 2 shows the nitrogen and phosphorus removal
efficiencies of the three HSCWs during the whole ex-
periments. The denitrification efficiencies of the T-
HSCW gradually increased with increasing HRT. When
HRT was 6 days, the effluent concentrations of NH,*-N
and TN were 6.66 mg L' and 14.02 mg L', respec-
tively, and the removal rate of NH;"-N and TN was
77.54% and 70.77%, respectively. The nitrogen removal
efficiencies of the G-HSCW were poor and instable.
The effluent concentrations of NH,*-N and TN were
12.08 mg L' and 22.77 mg L', and the removal rates
were only 59.23% and 53.02%, respectively. S-HSCW
has better nitrogen removal capacity than G-HSCW. The
effluent concentrations of NH,*-N and TN were
6.75 mg L™ and 19.08 mg L', respectively, and the
removal rate of NH4,*-N and TN was 77.22% and
60.63%, respectively. Therefore, we could conclude that
T-HSCW had the best denitrification capacity.
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Fig. 4 FT-IR spectra of G before the experiments (a) and after the
experiments (b)

The T-HSCW and G-HSCW had notable removal capaci-
ties of phosphorus and showed similar tendencies. When HRT
was 2 days, the effluent concentrations of TP in this two
HSCWs were 0.22 mg L 'and 0.10 mg L', and the removal
rates were 92.88% and 94.04%, respectively. When HRT was
6 days, both effluent concentrations of TP were 0.06 mg L™
and the removal rates of TP could reach 98%. The removal
efficiencies of TP gradually increased with the increasing of
HRT in S-HSCW. The effluent concentration of TP was
0.12 mg L' and the removal rate could reach 96%.
Compared to S-HSCW, T-HSCW and G-HSCW had better
removal capacities of phosphorus.

In a word, the comparative analysis showed that the T-
HSCW had the best comprehensive removal efficiencies of
nitrogen and phosphorus in the three HSCWs.
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Fig. 5 FT-IR spectra of S before the experiments (a) and after the
experiments (b)
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Characterization of the three substrates before and
after the experiments

HSCWs with the three different substrates had different de-
grees of removal rates of nitrogen and phosphorus in waste-
water. Thus, FT-IR, TG-DTA, and XRF were employed to
characterize the three substrates before and after the experi-
ments to explore the mechanisms of nitrogen and phosphorus
removal with the three substrates.

FT-IR analysis

The FT-IR spectrums of T before and after the experiments are
shown in Fig. 3. Some absorption peaks in the spectrum indi-
cated the complex components of T. The broad and strong
band around 3400 cm ' attributed to O—H stretching vibra-
tions, and the peak at 1630 cm ' was resulted from O-H

200 300 400 500 600 700 800 900

Temperature/°C

flexural vibrations. The band around 1050 cm ! was due to

the PO,>~ asymmetric stretching vibrations. The peak around
870 cm ! corresponded to CO5*~ out-of plane bending vibra-
tions. The peak at 465 cm™ ' was attributed to Si-O-Al flex-
ural vibrations (Mou 2005; Yang et al. 2011; Yang et al. 2015).
A weak absorption peak that appeared around 1384 cm™' be-
fore the experiments was assigned to NO3~ (Seyedahmadian
etal. 2013), and it disappeared after the experiments, substitut-
ed by a weak NH," stretching vibration peak at 1415 cm™'
(Gautier et al. 2010). Besides, the peaks around 1050 and
870 cm™ ' were stronger after the experiments, because CO5>
~ undergone ion exchange reactions with NO3 in T and
reacted with the metal to produce precipitates. These insoluble
matters deposited on the surface of the slag, resulting in the
disappearance of NO; absorption peak and the increase of
peak value of CO5”" after the experiments. The appearance of
NH," stretching vibration peak and the increase of peak value
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of PO, asymmetric stretching vibrations confirmed that
NH," and PO,>" had been removed by the chemical adsorp-
tion process of T.

The FT-IR spectra of G before and after the experi-
ments are shown in Fig. 4. Similar to Fig. 3, the broad
and strong band around 3400 cm™' was attributed to O—H
stretching vibrations, and the peak at 1630 cm ' was re-
sulted from O-H flexural vibrations. The band around
991 cm™' was due to the Si—-OH vibrations. The peak
around 875 cm ' corresponded to COs”>  out-of plane
bending vibrations. The peak at 516 cm ' was attributed
to Si—O vibrations (Mihailova et al. 2015). The band of
Ca—0O and N-H was at around 1475 cm ' (Liu 2011) and
1415 cm™' (Wang et al. 2014a, b), respectively. After the
experiments, the characteristic peak intensity of Ca—O
weakened, indicating that the calcium content in G de-
creased (consistent with the XRF results), and the band
of Ca—O was red-shifted to 1415 cm ™!, indicating that the

Ca’ in G and NH," in the wastewater undergone the
reactions of ion exchange so that NH,* was absorbed on
the surface of G, and the wastewater was partially
denitrified. The characteristic bands of CaO-H at
3644 cm™' (Liu et al. 2010) disappeared after the experi-
ments, indicating that Ca(OH), in G was dissolved, which
in turn enhanced the alkalinity of the wastewater.
Wastewater was detected a pH of 9 after experiments,
which was reported to influence the ability of microorgan-
isms to denitrify (Dixit et al. 2014). Therefore, although
both T-HSCW and G-HSCW were denitrified by the ac-
tion of ion exchange and microorganisms, the strong al-
kaline environment of G-HSCW greatly affected the de-
nitrification ability of microorganisms that played a major
role, resulting in a denitrification effect of G-HSCW in
Fig. 2 which was inferior to that of T-HSCW.

The FT-IR spectrums of the S before and after the
experiments are shown in Fig. 5. The broad and strong

Table 2 Contents of the main

elements in the three substrates Main elements T (before)/% T (after)/% G (before)/% G (after)/% S (before)/% S (after)/%
before and after the experiments
Fe 2.03 1.34 19.00 10.06 0.72 0.71
Mn 0.53 0.37 1.77 1.03 / /
Ti 7.87 6.70 / / / /
\Y 0.23 0.23 / / / /
Ca 18.57 17.56 2434 21.98 28.21 27.21
K 0.5 0.52 0.28 035 0.72 0.69
Al 5.15 4.57 1.44 0.81 / /
Mg / / 1.14 3.51 / /
P 0.04 0.16 1.49 4.56 0.06 0.07
Si 10.58 12.21 5.74 6.97 8.38 9.75
“ Bal 53.81 54.98 4434 50.12 60.67 60.25

“Bal refers to the atomic number of elements less than 11, typically C, N, O, H

@ Springer
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Table 3  The main sub-conclusions of FT-IR, DTA-TG, and XRF be-
tween three wetlands
Analytical Substances Phenomena Conclusions
methods
FT-IR T The peak of COs>~  CO> undergone ion
(870 cm Y exchange reactions
increased with NO5 ™ in T and
The peak of NO;~ reacted with the
(1384 cm™) metal to produce
disappeared precipitates
The peak of PO,*~  NH," and PO,>” had
(1050 cmfl), been removed by the
NH,* (1415 ¢cm™")  chemical adsorption
appeared process
G The peak of CaO Ca®* in G and NH,* in
(1475 cm™ ") was the wastewater
red-shifted to undergo the
1415 cm {(N-H) reactions of ion
exchange
The peak of Ca(OH), Ca(OH), was
(3644 cm™") dissolved, which in
disappeared turn enhanced the
alkalinity of the
wastewater
S No chemical bond of physical adsorption
new substance
DTA-TG T 25-200 °C: weight  In addition to the
loss increased removal of the free
and bound water
phases of G, a little
NH,* or NH; was
decomposed and
removed.
G 25-200 °C: weight ~ The same as above
loss increased
400-500 °C: weight The decomposition of
loss Ca(OH),
600-700 °C: weight The decomposition of
loss CaSiO;
S 25-200 °C: weight  Only free surface water
loss decreased and bound water
were removed
700-800 °C: weight The decomposition of
loss CaCOs
XRF T The percentage of P Substrates removed P
increased from by chemical
0.04 t0 0.16% adsorption
The percentage of Ti  Ti was dissolved into
decreased from the wastewater
7.87 t0 6.70%
G The percentage of P Substrates removed P
increased from by chemical
1.49 to 4.56% adsorption
S The percentage of P Physical adsorption
was almost
unchanged

band around 3400 cm ™' attributed to O—H stretching
vibrations, the peak around 470 cm™' was resulted from

Si—O-Si flexural vibrations (Yang et al. 2015), and the
characteristic adsorption peaks of the CaCO; were ob-
served in the bands around 2512, 1798, 1425, 875, and
713 em™' (Mou 2005). According to the FT-IR spectrum
of the S, the main component in S was CaCOs;. There
was a new peak presenting in the spectrum around
1026 cm ! after the experiments, which was the band
of bending vibration of Si—-OH (Jiang et al. 2014). This
new peak confirmed that the water flow brought the
sand from the upper layer of the system into the S
substrate layer, resulting in the increase of SiO, after
the experiments. The spectrum of S also showed that
there was no chemical bond of new substance after
the experiments, suggesting that the removal of nitrogen
and phosphorus in water by S was only a simple phys-
ical adsorption process.

TG-DTA analysis

Figure 6 depicts the DTA and TG plots of the T samples
before and after the experiments. The percentages of
weight loss of the T at 25-200 °C before and after the
experiments were 1.62% and 1.94%, respectively. It was
concluded that free water and bound water were removed
from the substrate surface in this temperature range. In
addition, there was a small amount of decomposition
and removal of NH,"-N or NH; (Qu et al. 2011), indicat-
ing that the T possessed a chemical adsorption function of
NH,*-N from the water, which was consistent with the
results in Fig. 3.

Figure 7 shows the DTA and TG plots of the G before
and after the experiments. The percentages of weight loss
of G at 25-200 °C were 2.06% and 2.12% before and
after the experiments, respectively. This result demon-
strated that in addition to the removal of the free and
bound water phases of G, a little NH,* or NH; was
decomposed and removed (Qu et al. 2011), confirming
that G had a chemical adsorption ability of NH,*-N from
wastewater, which agreed with the results in Fig. 4. The
weight loss from 400 to 500 °C and from 600 to 700 °C
was ascribed to the decomposition of Ca(OH), and
CaSiO3, respectively (Giergiczny and Giergiczny 1988).
However, the content of Ca(OH), was decreased and the
corresponding endothermic peak disappeared in Fig. 7b
because of the dissolution of Ca(OH), from the substrate
to the wastewater after the experiments.

Figure 8 depicts the DTA and TG plots of the S before
and after the experiments. The percentages of weight loss
of the S at 25-200 °C before and after the experiments
were 0.16% and 0.11%, respectively, indicating that only
free surface water and bound water were removed from
the substrate surface in this temperature range. The endo-
thermic peak and weight loss from 700 to 800 °C could
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Fig. 9 Mechanism of nitrogen
removal

Tand G

be ascribed to the decomposition of CaCO3 (Donoso et al.
2015), which confirmed that S had only a simple physical
adsorption ability to removing NH4*-N in wastewater.
This result agreed with the results in Fig. 5.

XRF analysis

The XRF results of the three substrates before and after the
experiments are shown in Table 2.

It revealed that the relative percentages of the main el-
ements including Ca, Al, Mn, and Fe in T and G declined
slightly. However, the percentage of Si increased signifi-
cantly after the experiments, resulting from the water
flowing that made the sand in the top layer of HSCWs spill
into the substrates during the experiments. Furthermore,
the relative percentage of phosphorus increased from 0.04
t0 0.16% and from 1.49 to 4.56% in T and G, which illus-
trated that the phosphorus removed from the wastewater
was accumulated in the substrate layer consisted of T or
G. This result confirmed that the substrates of T and G had
chemical adsorption abilities to remove phosphorus in

Fig. 10 Mechanism of
phosphorus removal

CaO ALO3

FeO Fe203

T and G
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wastewater. The relative percentage of Ti element in the
T decreased from 7.87 to 6.70% after the experiments,
indicating that Ti was dissolved into the wastewater. The
absorption of Ti by plants could promote the growth of
roots which were important vegetative organs of plants
and promote the absorption of nitrogen and phosphorus
from the wastewater by plants (Kleiber 2012; Liu et al.
2017). It was consistent with the results in Fig. 2 that T-
HSCW had the best denitrification capacity in the three
HSCWs. The relative percentages of rest metals were in-
variant basically. The main elements in the S were Ca and
Si, relatively rare than the other two substrates. After the
experiments, the relative percentage of Ca was stable.
However, the percentage of Si increased significantly,
which was similar to the increasing Si element in T-
HSCW and G-HSCW. At the same time, there was no
new elements that appeared in the S substrate, which illus-
trated that the S substrate had only a simple physical ad-
sorption ability of phosphorus from the wastewater.

The results of FT-IR, TG-DTA, and XRF analysis of three
different HSCWs are shown in Table 3.

PO,” PO;” PO’ PO,

4

PO, Ca3(PO4)2

PO43' AIPO 4
>

po,”  FePO,

Fe (PO,),
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Mechanism analysis
Mechanism analysis of denitrogenation

Nitrogen removal mechanism of constructed wetlands in-
cludes ammonia volatilization, microorganisms’ ammonifica-
tion, nitrification and denitrification, uptake by plants and ad-
sorption by substrates. The nitrification and denitrification of
microorganisms were considered to be the main methods of
removing nitrogen in constructed wetlands (Bueno et al.
2015), but the adsorption by substrates could not be neglected.

There were some researches that confirmed that the nitro-
gen removal by mining and metallurgical waste slag mainly
depends on the ion-exchange adsorption (Sakadevan and
Bavor 1998) between metal ions (e.g., AI**, Fe**, and
Mn**) and NH,*, and the reaction is as follows:

Z-M" + NH; T >Z-NH,* + M* (1)

where M* represents metal ion and Z means the part of no
reaction in mining and metallurgical waste slag (Fig. 9).

According to the characterization results of XRF and FT-
IR, S substrate had only a simple physical adsorption ability of
NH,4"-N in wastewater. T and G had chemical adsorption abil-
ities of NH,*-N in wastewater due to the decrease of relative
percentages of Al, Fe, and Mn and the emerging adsorbed
peaks of nitrogenous substance in FT-IR spectrum after the
experiments.

Mechanism analysis of phosphorus removal

Some researchers reported that a quantity of free metal oxides
concerning Ca, Al, and Fe elements exist in T and G. The
reaction between the dissolved metal ions including Ca®*,
AP*, Fe**, and Fe?* from the substrates and PO,> in waste-
water takes place and the insoluble precipitate is created (Zhu
et al. 2003) (Fig. 10). The reactions are as follows:

Ca0 + H,0—Ca®" + 20H" (2)
AL O3 + 3H,0—2AP" + 60H" (3)
FeO + H,0—Fe?* + 20H" (4)
Fe,03 + 3H,0—2Fe’" + 60H" (5)
3Ca’t + 2P0,* —Ca;(PO,), | (6)
APT + PO, —AIPO, | (7)
3Fe’ + 2P0O,> —Fe;(POy), | (8)
Fe*™ + PO, —FePO,| 9)

However, the Ca element in the S was in the form of
CaCOj; and that was difficult to dissolve in neutral conditions

(Karageorgiou et al. 2007). Therefore, the main way of phos-
phorus removal by the S was physical adsorption, which led to
a poor phosphorus removal efficiency of S-HSCW.

Conclusions

(1) The T-HSCW had the best comprehensive removal effi-
ciencies of nitrogen and phosphorus in the three HSCWs.
The nitrogen removal efficiency of the T-HSCW gradu-
ally increased with the extension of HRT. When HRT
was 6 days, the effluent concentrations of NH4*-N, TN,
and TP in wastewater from T-HSCW were 6.66 mg Lfl,
14.02 mg L', and 0.06 mg L', respectively, and the
removal rates reached 77.54%, 71.07%, and 98%,
respectively.

(2) Inaddition to the main degradation of nitrogen and phos-
phorus by microorganisms and plant, we found from the
characterization analysis by FT-IR, TG-DTA, and XRF
of the three substrates before and after the experiments
that S mainly relied on physical interception to remove
nitrogen and phosphorus, but T and G removed them
mainly by ion exchange. Furthermore, the absorption of
Ti dissolved from T by plants could promote the removal
of nitrogen from the wastewater.

(3) T-HSCW has good ability to remove nitrogen and phos-
phorus, confirming the feasibility of T as a substrate in
constructed wetlands. It has the function of “treating
waste with waste” and provides a new method for the
resource utilization of T.
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