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Abstract: Novel alum sludge-based floating treatment wetland (FTW) was developed to enhance
the purification performances of natural water bodies, i.e., rivers, lakes, and ponds. Polyurethane
was applied to foam the lightweight alum sludge based-substrate (PU-AL) of FTW through the re-
sponse surface method. Three FTWs configurations were created for a half-year lab-scale operation,
and the PU-AL FTW presents the greatest purification performance in the removal rate of chemical
oxygen demand (COD) of 62.58 + 6.65%, total nitrogen (TN) of 53.31 + 4.65%, and total phosphorus
(TP) of 45.39 + 4.69%. PU-AL substrate could enhance the nutrient removal performance of existing
FTW by providing a proper media for microbial and plants” growth. This study provides a good
solution and showcase not only from a natural water restoration point of view but also from the
waterworks sludge management view for a better understanding of FTWs and good applications
in engineering practice.

Keywords: circular economy; constructed wetlands; natural based solutions; organic foaming
materials; substrates; waterworks residues

1. Introduction

Eutrophication of natural water bodies, i.e., rivers, lakes, and ponds, has become one
of the primary worldwide environmental concerns in recent years [1]. Anthropogenic and
excess nitrogen (N) and phosphorus (P) in the natural water bodies are the main reasons
to cause harmful algae blooming and with severe consequences for the ecological envi-
ronment as well as the local economy [2]. Meanwhile, various pollutants (e.g., nutrients,
metals, sediment, hydrocarbons, organics, pesticides, pathogens) from different sources
are transported by urban runoff to natural waters [3]. Although numerous corresponding
solutions have been taken to tackle this issue, the current situation is still grim due to the
lack of low-cost and effective strategies for the evolution of eutrophication in many re-
gions [4,5]. Some traditional methods such as physical, chemical, and biological treatment
methods were messily developed to alleviate the eutrophication. Indeed, it is still difficult
to overcome the high operation costs as well as the unstable treatment performance, while
some of them may even cause secondary pollution for the natural water bodies [6]. Thus,
developing an efficient, cost-effective, and environmental-friendly solution to remove
various contaminants from natural water remains a challenge, as the types and concen-
trations of contaminants from different source are complex and variable.
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Since the 1990s, a number of natural-based solutions such as floating treatment wet-
lands (FTWs) have been developed and applied to natural water restoration [7]. FTWs,
also known as ecological floating beds or artificial floating islands, are economical and
sustainable green structures to restore contaminated water bodies. FTWs do not require
additional land area for treatment, as they fit within the footprint of an existing natural
water body and also do not require earth moving activities during installation. They are
constructed by buoyant mats and aquatic plants floating freely on the water surface or the
current [8]. Nowadays, they have been widely used as in situ green facilities on lakes,
rivers, reservoirs, and ponds for purifying the increased pollution loadings entering the
urban watersheds. Moreover, a well-constructed floating bed has a good sewage purifica-
tion function as well as aesthetic landscape value [9]. Therefore, it is often used as an eco-
friendly facility with both landscape and water ecological management functions, such as
constructing river and lake buffer zones. Hydrophytes play a crucial role in the structure
and function of aquatic ecosystems, while purification occurs as water flows through the
dense network of roots suspended in the water, providing opportunities for pollutants to
be removed via filtration, sedimentation, plant uptake, and adsorption to biofilms in the
root zone [10]. The well-developed roots can provide a place for the growth and repro-
duction of microorganisms to further improve the ability of the ecological floating beds to
degrade pollutants. A variety of FTWs designs has been implemented, traditionally con-
sisting of a buoyant structure constructed of various synthetic (e.g., polyethylene foam,
foam-injected plastic pipe) and natural (e.g., bamboo, coco coir) materials in which emerg-
ing macrophytes are installed. However, numerous disadvantages including the limited
purification efficiency and low biomass growth rate on the hydrophytes roots hinder its
further engineering applications [11].

Nowadays, there is increasing interest in constructing the FTWs with various sub-
strates to further enhance their contaminant removal performance. In the literature, vari-
ous substrates such as rice straw, light ceramsite, reed straw, modified oyster shell, and
corn flakes have been well-investigated [12-15]. For instance, an integrated floating wet-
land with modified corn flakes (IFB-CF) has been developed and has shown a remarkable
removal efficiency on COD, TP, and TN at low temperatures, with treatment efficiency of
66%, 68%, and 50%, respectively [15]. Additionally, reed biochar substrate (RBS) derived
from reed straw (RS) was evaluated for effluent treatment. This new substrate had a P
adsorption capacity of 0.39 mg/g and an average TN removal efficiency of 57.6% [13].
Adding rice straw as substrate in FTWs under low-temperature conditions could improve
the nitrogen removal rate. The average removal rates of TN, NO?%*, and NH* were 78.2%,
62.1%, and 81.2%, respectively [12]. The results showed that the artificial substrates could
enhance the purification ability of floating beds. Nevertheless, these materials are always
difficult to retrieve and assemble due to their various geographical location. Further, the
heavy weight of some substrates also hinders the transportation as well as floating and
moving abilities on the water surface. Moreover, some traditional substrates may also
cause clogging of substrates, which could affect the roots growth and thus the purification
efficiency. Therefore, the low-cost and environmentally sustainable FTWs’ substrates
were still urgently needed for real practical applications.

The artificial substrates of FTWs should be lightweight, highly porous, and resistant
to compression. Meanwhile, the substrate should be environmentally safe and steady in
water bodies to avoid secondary pollution by disintegration or elements leaking. Alum
sludge is one kind of waterworks residues where aluminum sulfate is used as the coagu-
lant. It is an inevitable by-product in towns, cities, and metropolises during drinking-wa-
ter purification [16]. In China, the annual quantity of waterworks residue generation was
about 1.5-2.4 million tons [17], while the amount will increase as the population grows. A
survey indicates that the global expense of inorganic coagulants used for wa-
ter/wastewater treatment in 2018 was almost 1.37 billion dollars, and this is predicted to
reach 1.84 billion dollars by 2023 [18]. Furthermore, alum sludge is currently classified as
a non-hazardous solid waste, with landfilling as the major disposal route worldwide [19].
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The high disposal cost of the large quantity of alum sludge significantly increases the op-
eration cost of drinking water treatment plants, and limited land resources also promotes
waterworks residues, making it necessary to seek innovative sustainable ways of disposal.
Indeed, metal elements such as Al, Fe, and Mg from the coagulants are retained in the
alum sludge, making it possible to be reused in various environmental purposes. Signifi-
cantly, aluminum has an excellent ability to adsorb and chelate some substances such as
phosphorus and heavy metals [16].

Although there is an increasing number of publications on intensified FTWs in recent
years, many design and operation aspects related to system performance still demand
more research in order to better understand the relationships between macrophytes and
other pollutant removal mechanisms and to thereby improve their treatment efficiency.
This study aimed to expand the current knowledge on the potential engagement of alum
sludge and organic foaming agents (polyurethane) as lightweight yet high-porosity sub-
strates into FTWs for natural water restoration, with particular emphasis on the simulta-
neous enhancement of COD, TN, and TP removal.

2. Materials and Methods
2.1. Raw Materials

Alum sludge was obtained from Qujiang Drinking Water Treatment Plant, Xi'an,
China. The physical characteristics of collected alum sludge were as follows: moisture
content 78%; aluminum content (in terms of Al20s) 47.11%. After collection, it was oven-
dried to a constant weight and thereafter ground and sieved through 0.3 mm mesh. The
raw materials used in the synthesis of the polyurethane were purchased from Changzhou
Polymer Material Technology Co., Ltd., Changzhou, China, including: polyether polyol
(3630), polyether polyol (330N); isocyanate (PM200); a levelling agent (silicone oil (L580))
to ensure slow rebound and even foaming; and a catalyst (triethylenediamine (A33) and
stannous octanoate (T9)) to facilitate the reaction.

2.2. Synthesis of Floating Treatment Wetland Substrate

As shown in Figure 1, the novel substrate for floating beds was synthesized by inte-
grating alum sludge with organic foaming materials, i.e., polyurethane, through response
surface method. The ratio of raw polymer material, the mass of alum sludge, and the mass
of water were selected as key influencing factors in the synthesis of the substrate, while
density and strength were used as response values for response surface analysis. The fac-
tors as well as the levels of analysis for the experimental design response surface method-
ology are shown in Supplementary Materials (Table S1), and the response surface analysis
scheme and experimental results are shown in Table S2.

s
et

Figure 1. Synthesis of novel alum sludge-based FTWs substrate. (a) alum sludge mixed with or-
ganic foaming materials; (b) stirring and forming; (c) granulation; (d) natural drying.
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The results of the experimental ANOVA are shown in Table S3. The effect of the three
factors on density and water absorption is determined by the F-value, which increases
when the factor affects the response value significantly [20]. It can be concluded from Ta-
ble S3 that the order of significance of factors is: B > A > C. Therefore, the mass of alum
sludge had the most significant effect on the density and pressure of the substrate. In ad-
dition, the p-value was used to determine the effect of each factor on the model, and it
could be under 0.05 when a factor has a significant effect on the corresponding response
value. On the contrary, the effect is not substantial. As shown in Table S3, both models are
significant (p < 0.05), which indicates that the results of this experiment correlated with
the simulation requirements. The p-values of Factor A and B for both R1 and R2 were less
than 0.05, indicating that both the synthesis materials ratio and alum sludge mass have
significant effects on density and pressure. The final result also means that the model sim-
ulated by Design-Expert is suitable for the response surface method with density and in-
tensity as response values.

The response surfaces of the parameters of the resulting substrate with significant
influence factor interactions are shown in Figure S1. The various parameters of the sub-
strate were optimized with Design-Expert. By considering the lower density and higher
strength of floating bed substrate. The final solution for the substrate was chosen to have
a density range of 0.4-0.5 g/cm?, and maximum pressure is 0.93 for A, 300.00 for B, and
5.00 for C, which was able to obtain a substrate with the density of 0.497 g/cm? and pres-
sure of 1542.01 Pa in theory. Three parallel experiments were carried out according to the
optimized ratio, and the substrate with 0.473 g/cm? and 1529.34 Pa was finally obtained.
Therefore, the optimum formulation for the novel alum sludge based-substrate (PU-AL)
has a polyether-polyol-to-isocyanate ratio of 0.93 (polyether polyol 45 g; isocyanate 50 g),
alum sludge 300 g, water 5 g, silicone oil (L580) 0.3 g, triethylenediamine (A33) 0.7 g, and
stannous octanoate (T9) 0.55 g.

2.3. Characterization of PU-AL

The specific surface area and pore volume were calculated according to the BET spe-
cific surface formula, and the Sger = 3.496 m?/g, pore volume = 0.003 cm?®/g, and average
pore size = 3.541 nm. Figure 2 illustrates the FTIR spectra of PU-AL and raw alum sludge.
The absorption bands for both materials occur at 3441.70, 1651.78, 1411.59, 1034.07, 534.78,
and 470.85 cm™'. The absorption bands of AI(OH)s appear at 3441.70, 1651.78, and 534.78
cm! and correspond with the OH stretching of AI(OH)s, bending vibration of water mol-
ecules chemically associated with AI(OH)s, as well as AlO stretching vibration, respec-
tively. The absorption bands of silica appear at 1034.07 and 470.85 cm™, attributed to the
asymmetric stretching vibration of SiOSi and bending vibration of OSiO, respectively. The
absorption band of carbonate appeared at 1411.59 cm™ [21,22]. It can be determined that
the functional groups of PU-AL are similar to the alum sludge, which include hydroxy
groups associated with Al and silicon-oxygen bonds. These functional groups are mainly
derived from the sediment in the alum sludge and coagulant applied during the water
treatment process. However, the absorption peaks of PU-AL are lower than that of the
raw sludge. The main reason might be the coverage of alum sludge by polyurethane gen-
erated during the foaming process.

The SEM of PU-AL substrate and alum sludge in magnifications of 100x and 500x are
shown in Figure 3. Compared to the raw sludge, the surface of the PU-AL is relatively
smooth due to the polyurethane coating. In addition, the substrate is more porous, making
it more convenient to provide places for microorganisms’ attachment and growth. Over-
all, these characteristics of PU-AL illustrate the feasibility of its use in sewage treatment
and its potential as a substrate in FTWs.
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Figure 2. FTIR of PU-AL and alum sludge.

Figure 3. SEM of PU-AL and alum sludge. (a) PU-AL for 100x; (b) PU-AL for 500%; (c) Alum sludge
for 100%; (d) Alum sludge for 500x.
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2.4. Experimental Setup

Asillustrated in Figure 4, three sets of FTWs were assembled. The natural water body
was simulated by three identical rectangular acrylic tanks, which were 33 cm x 25 cm x 25
cm (L x W x H) with a total volume of 20.6 L. Three FTWs were constructed in same cy-
lindrical mesh frames with an inner diameter of 16 cm and a height of 17 cm. The first
FTW was filled with PU-AL, and the second FTW used common polyurethane sponge as
its floating beds, while the third FTW was a blank floating bed (without substrate) that
served as control. Thereafter, Scindapsus aureus were planted on each FTW with the same
density. Aeration devices were installed 10 cm below the water level in each of the three
tanks, and a light was installed above the floating beds to simulate natural light condi-
tions.

[] Effluent 1

25 cm

Inflow
tank

Aeration pump

Effluent 3

Figure 4. Configuration of the experimental system.

To simulate the natural pond (lake) and river states, the whole experiment was di-
vided into two phases, i.e., batch and continuous flow conditions, and each phase lasted
for 75 days. Before the investigation, a one-week activated sludge inoculation was carried
out. During batch phase, each tank was filled with the synthetic wastewater. The hydrau-
lic retention time of this stage was 48 h, while an intermittent (two hours per day) aeration
strategy was offered during this period. In addition, lighting to simulate the natural light
was provided during the daytime (from 8 a.m. to 7 p.m.). After 75 days batch operation,
three FTWs were changed to continuous flow states. A peristaltic pump was conducted,
and the inlet flow rate was 0.38 L/h. Hydraulic retention time, aeration strategy, and light-
ing time remained the same with the batch phase.

The physical operating conditions of three FTWs during the two phases of stable op-
eration are shown in Table 1. It can be seen that the temperature was in a range of 15-20
°C. The pH value was a weak alkaline environment, which was suitable for the growth of
microorganisms and aquatic plants. Due to the aeration strategy, DO levels (0.4-8.0 mg/L)
in the water fluctuated throughout the operating phase. It also provides an aerobic-an-
aerobic alternate for microorganisms’ growth.
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Table 1. FTWs operation conditions.

FTWs Phases Temperature (°C) pH DO (mg/L)
PU-AL Stage 1 15.8-20.4 7.13-7.26 0.35-7.46
Stage 2 16.8-17.6 7.36-7.56 0.46-8.52
Sponge Stage 1 15.8-20.4 7.22-7.33 0.34-7.46
Stage 2 16.8-17.6 7.41-7.65 0.46-8.21
Blank Stage 1 15.8-20.4 7.24-7.29 0.39-7.30
Stage 2 16.8-17.6 7.48-7.56 0.47-8.65

2.5. Analytical Methods

Synthetic wastewater was prepared using tap water and analytical reagents: sodium
acetate (CHsCOONa) for COD, ammonium chloride (NHCl) for NH*-N, potassium di-
hydrogen phosphate (KH2POs) for TP, and magnesium sulphate (MgSOs) to supplement
the inorganic elements. Furthermore, trace element solution (1 mL/L) was added to pro-
mote the growth of aquatic plants and microorganisms. The trace element solution con-
sisted of C1H1N20sNaz (61 pg/L), FeSO+7H20 (6 pg/L), (NHs)sM07024-4H20 (1.1 pg/L),
ZnSO+7H20 (22 pg/L), CuSO+5H20 (1.8 ug/L), CaCl2:2H20 (8.2 pg/L), MnCl2-4H-0 (5.1
ug/L), and CoCl2-6H20 (1.6 pg/L). The influent concentrations of COD, TN, and TP were
70.58 + 8.16 mg/L, 10.96 + 0.96 mg/L, and 2.12 + 0.2 mg/L, respectively. The experiment
was conducted under ambient conditions. Temperature, dissolved oxygen (DO), pH,
COD, TP, and TN were analyzed according to standard methods (State Environmental
Protection Administration of China, 2002). Chemical indicators were measured by an ul-
traviolet-visible spectrophotometer (HACH, DR-6000, US). Data were obtained through
three replicate trials to ensure accuracy. The concentrations of total bacteria, nitrifying
bacteria, denitrifying bacteria, and biomass weight were analyzed by 16S ribosomal DNA
identification. The removal rates (R) of COD, TN, and TP in three FTWs were calculated
by the following equation:

R = Sin—Cout 5 10004 1)
where, R is the removal rate, and Ci» and Cout are the influent and effluent concentration
(mg L), respectively.

3. Results and Discussion
3.1. Pollutants Removal Performance

The COD, TN, and TP removal efficiency of the three FTWs during the two phases
of operation are shown in Figure 5. It can be seen that the influent COD was between 60
and 80 mg/L with slight variation. The three FTWs had a slightly increasing potential for
COD removal in both phases. During the first phase, the COD removal efficiency of the
PU-AL-FTW and sponge FTW were 62.08 +4.9% and 63.21 + 6.1%, respectively, and it was
twice higher than the blank FTW (33.34 + 5.6%). This phenomenon was similar to the re-
search conclusion of Shen et al. [23], which combined aluminum-based drinking-water
treatment residual (DWTR) as a substrate in traditional FTW. The result of the 135-day
experiment showed that the COD removal efficiency increased from 35% to 88% under
aeration. This result also indicates that the substrate of FTWs plays a crucial role in re-
moving COD from the effluent.

During the second stage of operation, the COD removal efficiency of the three FTWs
was almost identical to the first stage at 63.08 + 8.4%, 63.55 + 5.6%, and 33.30 * 3.3% for
PU-AL-FTW, sponge FTW, and blank FTW, respectively. This phenomenon illustrated
that the change in operating method did not significantly improve the COD removal of
the FTWs. The main reason for this might be the slight water disturbance and that the
surplus aeration conditions provided throughout the experiment did not allow for a great
enhancement to the system. It is also evident that the efficiency in COD removal between
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the PU-AL-FTW and sponge FTW in both phases of operation was similar and reached
over 60%. This phenomenon proved that the PU-AL substrate has a similar structure to
the sponge due to the foaming step in the preparation process and high porosity. This
particular structure can facilitate the growth of plants and the attachment as well as the
growth and reproduction of microorganisms due to the biosafety of raw sludge [24,25].

Therefore, the practical application of PU-AL in FTWs has been further demonstrated to
be feasible.
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Figure 5. Pollutants removal performance in three FTWs. (a) COD removal performance; (b) TN
removal performance; (¢) TP removal performance.

As shown in Figure 5, the removal of TN is similar between the PU-AL and sponge
FTWs under adequate aeration, which achieved 52.99 + 5.3% and 52.79 + 5.3% in stage 1
and 53.63 + 4.0% and 54.41 + 4.2% in stage 2, respectively. The efficiencies were much
higher than the blank (stage 1: 28.19 + 3.0%; stage 2: 26.51 + 9.0%). This is because only a
small number of micro-organisms were present in the blank due to the small amount of
space available for them to attach, which caused the removal of TN in water to rely on the
plants’ uptake and utilization of nitrogenous nutrients. It is well-documented that plants’
uptake of nitrogenous nutrients is relatively weak [26]. On the contrary, the FTWs filled
with substrates can provide a place for the nitrifying and denitrifying bacteria in the water
column to attach and grow due to the loose and porous structure of the substrate, thus
achieving a higher TN removal rate. Furthermore, FTWs with substrates have high re-
moval efficiency in both stages during the operation, indicating that the FTWs can main-
tain a stable TN removal effect under adequate aeration conditions in different water en-
vironments.
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In addition, during the second stage, the TN removal rate increased in the PU-AL
and sponge FTWs compared to the first stage. In contrast, the blank showed a slight de-
crease. The main reason is that the PU-AL and polyurethane sponge provided a specific
environment for plant growth, so the plants in these two floating wetlands grew faster
and had denser root systems than those in the blank. The increased number of plants
strengthened the plants’ ability to fix nitrogen in the water column [27]. Hence, the FTWs
filled with substrates increased the TN removal rate. On the contrary, the lack of substrate
support restricted the growth of plants in the blank. Within the experiment, the leaf yel-
lowing or even falling off and the decomposition of the fallen leaves into the water column
will release a certain amount of pollutants, thus affecting the effluent water quality and
decreasing the removal rate.

Similarly, some researchers also incorporated different substrates into FTWs. For in-
stance, Cao et al. [12] added rice straw as the substrate to the floating wetland to enhance
its nitrogen removal capacity at low temperatures. The average removal rates of TN, NOs-,
and NHa* were increased to 78.2%, 62.1%, and 81.2%, respectively. Furthermore, Song et
al. [28] evaluated the influence of stereo-elastic packing on nitrogen removal in FTWs. In
their experiment, the stereo-elastic was used as additional bio-carriers and was demon-
strated to enhance maximum TN removal efficiency by 65.8%. Overall, PU-AL in FTWs
also played a crucial role in removing TN during the water treatment process.

The TP removal results for three FTWs during the two phases of operation are shown
in Figure 5 as well. The influent TP concentrations were maintained at 1.9-2.3 mg/L
throughout the experiment.

As indicated in Figure 5, three floating wetlands displayed different effects on P re-
moval. The PU-AL-FTW was the most effective TP removal, with average rates of 48.84 +
2.4% in stage 1 and 41.93 + 7.0% in stage 2; the sponge FTW was lower at 23.83 + 6.4% and
18.69 + 3.8% in two stages. Furthermore, the blank had the least effectiveness at only 12.63
+3.5% and 13.10 + 4.1%, respectively. This phenomenon is because the PU-AL was made
of alum sludge, with a high P absorption effect due to its unique composition [16]. The
PU-AL retained P absorption characteristics of the sludge, which fully demonstrated the
superiority of the PU-AL-FTW for the TP removal from wastewater. The result confirmed
that the substrate is vital in removing TP in FTWs, which is much better than plants alone.
Researchers have also carried out similar studies, such as adding modified oyster shells
for the efficient P removal composite into FTWs [14,29]. These studies effectively im-
proved the TP removal rate of the FTW and were consistent with this experiment, which
set a credible illustration of the role PU-AL in water treatment.

The overall pollutants removal rates for the three FTWs throughout the experiment
are shown in Figure 6. The average removal efficiencies of COD and TN for PU-AL and
sponge FTWs were 62.58 + 6.65% and 53.31 + 4.65% and 63.38 + 5.85% and 53.60 + 4.75%,
respectively. It is clear that there was little difference in the removal of COD and TN be-
tween the two FTWs, but compared to the blank, which was only 33.32 + 4.45% and 27.35
+5.97% for COD and TN removal, both showed significant advantages. This result indi-
cates that adding substrates to traditional plant-based FTW can significantly improve wa-
ter purification. In addition, in terms of TP removal, it can be observed that the PU-AL-
FTW (45.39 + 4.69%) had a much higher removal rate of TP than others (21.26 + 5.10% for
the sponge FTW and 12.87 + 3.81% for the blank), indicating that the PU-AL has a clear
superiority for the removal of TP.

At the same time, the removal efficiency of pollutants was almost identical between
two different stages after changing the operating mode, which indicates that changing the
operational status had little effect on the operating effectiveness of the FTWs. It also shows
that the FTWs can be applied in different hydraulic conditions. In addition, as the whole
experiment was under adequate aeration conditions, resulting in rapid consumption of
NH4*-N in the water, the removal rate of NHs*-N in all three FTWs was 100%.
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Figure 6. Overall removal performance.

Compared with the FTWs made with other artificial substrates, the PU-AL also has
a clear advantage in removing pollutants and higher intensity. For example, Hu et al. [30]
used dredged lake sludge and other ingredients as raw materials with the optimum mix-
ing ratio (sludge: 72.5%, BOF slag: 12.5%, expanded perlite: 15%) and obtained a final
substrate with solid compressive strength of 1.55 MPa and flexural strength of 0.24 MPa.
The removal efficiency of TN and TP reached 36.3% and 35.7%, respectively. The PU-AL
displayed significant advantages in removing all these pollutants. In addition, the PU-AL
is much lighter than the substrates made from the same materials. Zhao et al. [31] obtained
an artificial ceramsite filter material by shaping alum sludge into a ball, air-drying, and
firing under 600 °C. Although the ceramsite provided better pollutants purification
(78.2%, 46.7%, and 53.2% for the removal efficiency of COD, TN, and TP, respectively)
than the PU-AL, it is easier to clog the reactor and increases the cost of filling and transport
due to its smaller size and greater density. The PU-AL substrate obtained in this experi-
ment avoids these problems because of its low density.

3.2. Growth Characteristics of Hydrophytes

Aquatic plants play a crucial role in floating wetlands and are one of the key factors
influencing the water purification capacity of the system. The influence of plants on FTWs
is mainly reflected in the following aspects: (1) Floating bed plants can rely on their puri-
fication effect by absorbing nutrients from the water column and thus purifying the efflu-
ent; (2) on the other hand, the roots of plants provide a place for the growth of the micro-
organisms, and they transport oxygen into the water column through photosynthesis; and
(3) plants can regulate the climate, promote ecological cycles, and create good landscapes
[32]. Figure 7 presents the growth states of the plants after 150 days’ operation in three
FTWs. It can be seen from the figure that the plant growth of the three FTWs differed
under the same influent and operation conditions. Compared with the hydrophyte show-
ing signs of slight yellowing and even loss of leaves in the plant floating bed, the plants
in the PU-AL and polyurethane sponge floating beds grew well and had dense, fat leaves.
Overall, the roots of the plants in FTWs were able to pierce the PU-AL and the polyure-
thane sponge directly, firmly rooting themselves in both substrates.
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Sponge

Figure 7. Comparison of plants’ growth states in three FTWs.

Comparing the growth of plants in the three FTWs, all plants have a particular effect
on the fixation of nutrients such as N and P in the water. In addition, the growth of plants
in the PU-AL and polyurethane floating wetlands indicated that adding substrates to
FTWs could facilitate plant growth. In addition, the intricate entanglement of roots in sys-
tems showed that both substrates had a supportive effect on the development of the
plants. This phenomenon also showed that the PU-AL produced in this experiment has
the primary conditions to be used as a substrate for floating wetlands, proving the feasi-
bility of using it as a new substrate for FTWs.

3.3. Microbial Growth Condition on Substrate

At the end of the experiment, the microorganisms attached to substrates were sub-
jected to high-throughput sequencing of 16S rDNA. Figure 8 presents the Venn diagram
of the PU-AL and polyurethane sponge (E1 for PU-AL, E2 for sponge) that 1108 OTUs
were shared among the two different substrates, accounting for 60.48% of the total OTU,
indicating that the microbial communities on the two substrates were very similar. This
phenomenon illustrated the similarity of the two substrates in terms of their structural
composition and effect on microbial growth, reinforcing the safety and availability of PU-
AL for FTWs substrates.

To further identify the diversity of microbial communities, microorganism sequences
were assigned to phylum and class levels. Figure 9 illustrates the relative abundance of
microorganisms on substrates at the phylum level. After six months’ operation, various
microorganisms grew stably on both floating wetland substrates. The relative abundances
of bacterial phyla had no significant difference between the two systems. According to the
results, the relative abundance of Proteobacteria was highest, accounting for 46% and 58%
in two substrates, respectively, followed by Planctomycetes, Bacteroidetes, and Acidobac-
teria. The relative abundance of these four phyla accounted for almost 80% on both sub-
strates, while the rest of the phyla were not present in a high percentage. The Proteobac-
teria phylum is widely distributed in nature and is particularly common in wastewater
treatment facilities, where it can stimulate denitrification in different water conditions
[33]. A large number of Proteobacteria bacteria were detected in both reactors, indicating
that the denitrification in ecological floating beds was mainly through the action of micro-
organisms. The Bacteroidetes phylum is generally used in the biochemical treatment of
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industrial wastewater to degrade organic matter such as cellulose and proteins [34]. Bac-
teroidetes have also been found to participate in the autotrophic denitrification process
[13], which could improve the nitrogen removal effect of the floating beds. Similarly, the
Acidobacteria phylum was confirmed to effectively remove the nitrate from wastewater
by denitrification and degrade organic matter [35,36]. In addition, the Planctomycetes
phylum was widespread and became the second-largest community in the system. Some
bacteria in the Planctomycetes phylum can perform anaerobic ammonium oxidizing
[37,38]. Therefore, the addition of substrates to the floating treatment wetlands had the
potential to promote the anaerobic ammonia-oxidation process. Compared to the amount
of Planctomycetes on both substrates, the PU-AL (14%) was more abundant than the pol-
yurethane sponge (10%), which indicated that the PU-AL was more favorable to the
growth of Planctomycetes than other substrates, increasing the possibility of the anaerobic
ammonia oxidation in the system. Interestingly, in this study, the number of the Bac-
teroidetes phylum bacteria on the PU-AL was much more than the polyurethane sponge,
11% and 6%, respectively. The reason for this is that the PU-AL substrate has higher phos-
phorus adsorption capacity, and the phosphorus adsorbed on the surface of the substrate
provides favorable conditions for the growth of phosphate-accumulating organisms
(PAOs). Numerous papers have illustrated that most PAOs known nowadays were clas-
sified in the phyla Proteobacteria and Bacteroidetes [39,40], which explains the above phe-
nomenon well. At the same time, the effect of the PU-AL floating bed on TP removal was
further enhanced by the fact that the PU-AL substrate had more associated bacteria at-
tached to its surface.

El
E2

585 1108 139

Figure 8. Venn diagram based on the OTUs of the substrates.

The composition and number of microorganisms grown on the two substrates were
identical at the phylum level. Therefore, at the class level, they should also be similar. As
is evident from Figure 10 that at the class level, the main classes were Alphaproteobacte-
ria, Gammaproteobacteria, Planctomycetia, Betaproteobacteria, Sphingobacteriia and
Deltaproteobacteria, accounted for 62% and 67% of total sequences in both systems, re-
spectively. The classes Alphaproteobacteria and Betaproteobacteria were reported to in-
clude ammonia-oxidizing and nitrite-oxidizing bacteria, and they are all involved in re-
moving ammonia nitrogen from the wastewater [33]. Gammaproteobacteria, which com-
prises numerous anaerobic bacteria, is mainly used to remove nitrates and nitrites during
water treatment [41]. In addition, Betaproteobacteria is an essential group of bacteria that
removes nitrogen and phosphorus and shows advantages for organic biodegradation [42].
The above three significant classes assigned to Proteobacteria in both rectors played vital
roles in nitrogen removal during the sewage treatment. In summary, the microorganisms
detected on the substrates make the TN removal by the two substrate-filled FTWs much
higher than that of the purely plant-based FTW.
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Figure 9. Microbial relative abundance on substrates at the phylum level.
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Figure 10. Taxonomic classification of community structure at the class level.

Overall, the experiment proved that the PU-AL is a promising new substrate for wa-
ter purification due to its loose and porous structure, which can provide sufficient space
for the growth and reproduction of microorganisms. Furthermore, compared with tradi-
tional FTW substrates, the PU-AL is relatively light, stable, and effective in practical ap-
plications.
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4. Perspective

FTWs have attained tremendous popularity for natural water restoration. However,
traditional FTWs function establishment in nutrient removal from lakes, ponds, and rivers
is still a challenge. The novel PU-AL substrate synthesized from the largely available wa-
terworks residues presents a huge potential in engineering applications also due to its low
cost and environmentally sustainable nature. Furthermore, this study also provides a win-
win solution on drinking-water treatment plant sludge management and natural water
restoration simultaneously. Meanwhile, the organic foaming agent used in the novel PU-
AL substrate is economical and easily available. In comparison, the current price of gravel
is almost USD 100-150 per cubic meter, while the only cost of organic foaming materials
is almost USD 20 per cubic meter [43]. It indicates novel PU-AL FTWs have easy access,
low price, good hydrophobicity, high stability, and environmentally friendly characteris-
tics. Moreover, the applications of novel PU-AL FTWs to purify eutrophic natural water
have higher feasibility, superiority, and practicability.

5. Conclusions

Compared to traditional FTWs, the novel developed PU-AL FTW simultaneously
achieved higher TN and TP removal efficiencies, with average pollutant removal of 53.31
+4.65% for TN and 45.39 + 4.69% for TP, respectively, while their removal rate in the blank
trial was 27.35 £ 5.97% for TN and 12.87 + 3.81% for TP. The integration of substrates with
FTWs could improve the pollutant removal as well as the plants’ growth environment.
Overall, the presented study provides definitive evidence for PU-AL substrates’ signifi-
cant pollutant removal performance in FTWs in a natural water setting. It provides a good
solution and showcase not only from a scientific research point of view but also from a
practical application view for a better understanding of FTWs and good application of
FTWs in engineering practice. To our knowledge, this is the first study that carried out a
long-term trial to explore the effects of using alum sludge and polyurethane-based sub-
strates on natural water restoration. Still, the study also possesses some limitations and
open questions for the future studies, including plant species, various natural waterbod-
ies, and large-scale investigation.
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