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Abstract: The growth status, root exudates, radial oxygen loss, and sewage purification effect of
plants acclimated with sewage and cultured with a nutrient solution were studied by selecting Acorus
gramineus Aiton, Pistia stratiotes L., and Eichhornia crassipes (Mart.) Solms with the same individual
size. The results showed that the root oxygen secretion rate of the Acorus gramineus Aiton was
higher in light and dark conditions. For a single plant species, the oxygen secretion rate under light
conditions was much higher than that under dark conditions. The root oxygen secretion rate of Acorus
gramineus Aiton was the highest (2.03 µmol O2/h/plant), followed by Pistia stratiotes L. (1.68 µmol
O2/h/plant), and the root oxygen secretion rate of Eichhornia crassipes (Mart.) Solms was the lowest
(1.15 µmol O2/h/plant). After a period of adaptation, plants showed strong removal effects on
COD, NH3-N, TN, and TP. The removal intensity was in the order of Acorus gramineus Aiton > Pistia
stratiotes L. > Eichhornia crassipes (Mart.) Solms; the higher the temperature, the bigger the removal
rate. These results were consistent with Acorus gramineus Aiton‘s organic matter secretion and radial
oxygen loss, which were better than those of Pistia stratiotes L. and Eichhornia crassipes (Mart.) Solms.
Three kinds of plants had better COD removal effects in an acidic environment and better TP removal
effects in an alkaline environment. The results show that using the Acorus gramineus Aiton can achieve
better remediation of polluted water bodies.

Keywords: radial oxygen loss; water purification; radial oxygen loss rate

1. Introduction

A constructed wetland is an integrated ecosystem. It applies the principle of species co-
existence and material recycling by promoting wastewater pollutants under the premise of
a virtuous cycle. It gives full play to resource production potential, prevents environmental
pollution, and obtains the best benefit of sewage treatment and reuse. It is widely used in
urban and rural sewage treatment. Plants are the main component of constructed wetlands,
and radial oxygen loss is one of the essential functions of plants in a constructed wetland.
Wetland plants transport the oxygen produced by photosynthesis and the atmosphere’s
gases to the plant root system through aerenchyma via pressure gradient and diffusion.
Then, they adapt to the water environment and satisfy root respiration. Further, 30–40%
of the oxygen is released to the rhizosphere microenvironment through the root tip part
and lateral roots to provide oxygen for various REDOX reactions in the root microenvi-
ronment to reduce the damage from harmful substances to plant roots. This process is
called radial oxygen loss (ROL), which [1] plays an essential role in wastewater purification
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in constructed wetlands. On the one hand, aerobic, facultative anaerobic, and anaerobic
regions are formed in the root microenvironment. These provide suitable niches for various
physical and chemical reactions and biological processes. On the other hand, oxidizing
reductive substances in the root zone can promote the formation of iron and manganese
oxide films on the root surface, thus, affecting the existing form and bioavailability of toxic
substances and heavy metals in the medium [2].

As the central part of the wetland, studying the ROL of wetland plants is of great
significance in improving the removal ability of pollutants [3–5]. The main sources of
oxygen in root secretion are photosynthesis and oxygen exchange. Under light condi-
tions, oxygen produced by photosynthesis is transported to plant roots by diffusion and
barometric gradients within plant aerenchyma. Under dark conditions, oxygen from the
atmosphere enters the plant through stomata and is transported to plant roots. In this paper,
we select Acorus gramineus Aiton, Pistia stratiotes L., and Eichhornia crassipes (Mart.) Solms
as experimental plants because they are the most widely used and have good anti-fouling
effects. To explore the rule and mechanism of oxygen secretion, we use the titanium citrate
colorimetric method to monitor the three plants’ ROL under both light and dark conditions.
The effect of nitrogen, phosphorus, and organic matter in sewage purification was inves-
tigated at different temperatures by analyzing the vegetation in hydroponic conditions.
To a certain extent, screening out the advantage of sewage treatment by vegetation can
improve the conception of constructed wetlands and provide further information about
these ecosystems.

2. Material and Methods
2.1. Plants and Hydroponic Methods

Seedlings of Acorus gramineus Aiton, Pistia stratiotes L., and Eichhornia crassipes (Mart.)
Solms with the same biomass and individual size were selected. The plants were placed
under running water to clean the soil from them and rinsed three times with distilled
water. A 1L glass bottle filled with 800 mL of domestic sewage and nutrient solution
was used as a hydroponic device. Each small bottle was filled with one healthy seedling,
with three replicates of each plant, and cultivated under natural conditions. The main
pollutant concentrations of sewage were 312.3 ± 8.15 mg/L(COD), 29.1 ± 1.85 mg/L(NH3-
N), 31.29 ± 2.13 mg/L(TN), and 1.2 ± 0.3 mg/L(TP). The bottle and bottom were wrapped
in tin foil for shading treatment. The pH was set to 6, 6.5, 7, 7.5, and 8, respectively, and
the temperature was set to 10 ◦C, 15 ◦C, and 25 ◦C. Each beaker was established as a test
system. Three parallel systems were set, and the system without vegetation was set as
blank control. Samples were collected and analyzed every two days. The hydroponic
experiment was continued for two weeks.

2.2. Evaluation Method of Radial Oxygen Loss

Many methods measure the ROL rate [6]. Because the test period is short, the titanium
citrate colorimetric method is used to measure the oxygen release rate of roots [7–9]. The
operation is as follows: 500 mL nutrient solution is poured into a 1L opaque wide-mouth
bottle and then blown off for about 30 min with nitrogen to remove as much dissolved
oxygen in the nutrient solution as possible. After 14 days of culture, the plants are removed
from the hydroponic system and the roots are washed with deionized water to remove other
foreign substances. Liquid paraffin is applied to the plant’s root base and inserted into the
deoxygenated nutrient solution. Ten mL of the prepared titanium citrate solution (without
oxygen) is injected into the nutrient solution with a plastic syringe. Immediately after, 2 cm
of liquid paraffin wax is poured over the nutrient solution to seal it to prevent oxygen from
the air. To exclude the influence of other oxidizing substances in the culture substrate, a
blank control experiment (excluding plants) was set up. The system for measuring ROL
under light conditions is placed in a thermostatic water bath (25 ◦C), isolated from the
outside by shading cloth, and illuminated by fluorescent lamps, such as in Figures 1 and 2a.
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The system for measuring ROL under dark condition is placed in a dark environment, as
shown in Figure 2b.
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Figure 2. Diagram of Acorus gramineus Aiton root oxygenation.

Ti3+ in titanium citrate has strong reducibility, can react with O2 rapidly in solution,
and has a visible absorption peak to light at 527 nm wavelength. After 6 hours of incubation,
the conical flasks were slightly shaken, and the nutrient solutions were collected with
a syringe and measured at 527 nm using a UV/VIS (TU-1810) immediately. Control
treatments did not contain any plants. ROL was calculated using Equation (1) [10]:

ROL amount = V (Y − Z) (1)

where V is the initial volume of Ti3+ (L); Y is Ti3+ concentration in the control solution (with-
out plants) (µmol/L); Z is Ti3+ concentration in solution after incubation for 6 h (µmol/L).
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2.3. Purification Effect of Plants on Sewage and Its Influencing Factors

In the process of hydroponic culture, the change in pollutant concentration in sewage
before and after culture was measured simultaneously, and the determination indexes
were ammonia nitrogen (spectrophotometry with Natronard reagent), total nitrogen (potas-
sium persulfate—ultraviolet spectrophotometry), total phosphorus (potassium persulfate
digestion—ammonium molybdate spectrophotometry), and COD (potassium dichromate
method). All testing methods follow the Water and Wastewater Monitoring and Analy-
sis Method compiled by the Ministry of Environmental Protection (State Environmental
Protection Administration et al., 2002), which adheres to international standards.

2.4. Statistical Analysis Technique

SPSS 19 and Origin 2016 were used to process and analyze data. Analysis of significant
differences was performed at 95% confidence intervals using analysis of variance (ANOVA)
and Duncan’s multiple range test.

3. Results and Discussion
3.1. Radial Root Oxygenation Capacity
3.1.1. The ROL of Wetland Vegetation

After five days of culture, there were significant differences in the capacity of root
oxygen secretion in different wetland plants under light conditions and under dark condi-
tions (p < 0.05) (Figure 3). The root oxygen secretion of the three wetland vegetation types
increased with time. The ROL under light conditions was higher than that under dark
conditions. As shown in Figure 3a, under light conditions, the Acorus gramineus Aiton’s
dissolved oxygen (DO) was 7.32 mg, followed by Pistia stratiotes L. (5.08 mg). Eichhornia
crassipes (Mart.) Solms root excreted oxygen was the lowest, 4.34 mg. As shown in Figure 3b,
under dark conditions, the ROL of Acorus gramineus Aiton reached 2.1 mg, that of Pistia
stratiotes L. was 1.72 mg, and that of Eichhornia crassipes (Mart.) Solms was 1.47 mg. All
of them were lower than the values obtained under light conditions. Plant internal struc-
ture [11] and external environment (such as light conditions, nutrient solution REDOX
strength, organic acids [12,13], and temperature [14]) have a particular impact on ROL. Wa-
ters et al. [15] and Inouc et al. [16] found that the ROL of Oryza sativa L. and Typha orientalis
Presl under light conditions was more than twice that under dark conditions. Christine
Laskov et al. [17] showed that aquatic plant roots had higher oxygen excretion under light
conditions and oxygen saturation in an aqueous solution. Under dark conditions, root
oxygen secretion decreased. This is consistent with the conclusion of this paper. This
is because plants will produce a large amount of oxygen during photosynthesis, part of
which will be transferred to the root through the aerenchyma in the stem for release, thus,
increasing the oxygen secretion in the root.
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3.1.2. The Root Oxygen Rate of Wetland Vegetation

The root oxygen secretion rate of different wetland vegetation is shown in Figure 4. Un-
der light conditions, the root oxygenation rate of the Acorus gramineus Aiton was the highest
(2.03 µmol O2/h/plant), followed by that of Pistia stratiotes L. (1.68 µmol O2/h/plant), and
that of Eichhornia crassipes (Mart.) Solms was the lowest (1.15 µmol O2/h/plant). According
to the rate of oxygen secretion, the order was Acorus gramineus Aiton > Pistia stratiotes L.
> Eichhornia crassipes (Mart.) Solms. Under dark conditions, there was a slight difference
in the average oxygen release rate between Acorus gramineus Aiton and Pistia stratiotes L.
The average radial oxygen loss rate of Acorus gramineus Aiton was 0.55 µmol O2/h/plant,
and that of Pistia stratiotes L. was 0.57 µmol O2/h/plant. Under both light conditions and
dark conditions, the root oxygen rate of the Acorus gramineus Aiton was higher than that
of Eichhornia crassipes (Mart.) Solms and Pistia stratiotes L. For individual plant species,
the rate of oxygen secretion under light conditions is much higher than that under dark
conditions (p <0.05). Wu Zhenbin et al. [18] determined the ROL of Acorus gramineus Aiton,
Alternanthera philoxeroides, and Cyperus flabelliformis over a long period of time and found
that their root oxygen rate was significantly different. The rate of oxygen secretion under
light conditions is higher than that under dark conditions [19,20]. Because of the different
biomass and size of wetland vegetation’s roots, stems, and leaves, there are differences in
the rate of root oxygen secretion. Moreover, the arrangement of aerenchyma and cortical
cells in different wetland vegetation is significantly different. Therefore, the rate of oxygen
release from the roots of different wetland vegetation is different. The results showed that
in the three kinds of wetland vegetation, the root oxygen secretion and the rate of oxygen
secretion of the Acorus gramineus Aiton were better under light conditions.
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3.2. Decontamination and Purification Effect of Plants

The removal effects of COD, TN, ammonia nitrogen, and TP were all higher than
those in the blank experiment (Figure 5). After the beginning of hydroponics, plants must
undergo an adaptation process, and the removal rate of all kinds of substances is not high
in the first two days. With the extension of time, the removal effect of the three plants on
pollutants began to enhance, as shown in Figure 5.
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3.2.1. The Removal of COD

As shown in Figure 5a, with an increase in time, COD concentration in the three types
of wetland vegetation and the blank group gradually decreased, and the removal rate
steadily increased. The initial COD concentration was 312.3 mg/L. It can be seen from the
figure that, on the fourth day of hydroponics of wetland vegetation, the COD removal effect
of the three types of wetland vegetation increased rapidly, which was significantly better
than that of the blank group without vegetation. The COD concentration in S. Officinalis
decreased to 200.28 mg/L and the removal rate reached 35.87%. The COD removal rates of
Eichhornia crassipes (Mart.) Solms and Pistia stratiotes L. were 30.83% and 31.97%, respectively.
With time, the COD concentration in three wetland plants and the blank control group’s
water still decreased rapidly. At the end of the experiment, the COD removal rates of the
blank control group, Acorus gramineus Aiton, Eichhornia crassipes (Mart.) Solms, and Pistia
stratiotes L. were 60.38%, 100%, 97.35%, and 100%, respectively.

3.2.2. The Removal of TN

The TN removal rate of the three wetland vegetation types and the blank group
without vegetation is shown in Figure 5b. All TN concentrations decreased with time.
The removal rates of TN in the water bodies of the three wetland plants increased rapidly
after two days of hydroponics. The removal rates of TN in the blank control group, Acorus
gramineus Aiton, Eichhornia crassipes (Mart.) Solms, and Pistia stratiotes L. reached 10.16%,
26.73%, 21.52%, and 22.81%, respectively. The main reason may be that the initial biological
residue sedimentation, deposition, and migration to the bottom resulted in a rapid decrease
in TN concentration in water. The TN removal rate gradually increased with time, but the
decrease rate of TN concentration was slower than that in the previous two days. There
were apparent differences in TN removal among the three wetland vegetation types. Under
the conditions of this experiment, the TN removal effect of the Acorus gramineus Aiton was
the best. After 14 days of hydroponics, the TN concentration in the Acorus gramineus Aiton’s
water was 6.80 mg/L and the removal rate reached 78.27%. The residual TN concentration
in Eichhornia crassipes (Mart.) Solms’ water was 11.50 mg/L and the TN removal rate was
63.34%. The residual TN concentration in Pistia stratiotes L.’s water was 12.13 mg/L and
the TN removal rate was 61.23%.
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In the sewage purification of constructed wetlands, the role of vegetation is vital. Only
by providing a favorable alternating aerobic and anaerobic environment around the roots
of vegetation can microorganisms carry out nitrification and denitrification reactions to
remove nitrogen effectively [21–23]. The root characteristics and development of differ-
ent vegetation are different, and the developed roots provide a strong guarantee for the
absorption of pollutants in water [24].

3.2.3. The Removal of NH3-N

The NH3-N removal rate of the three wetland vegetation types is shown in Figure 5c.
Compared with the blank group without vegetation, the three wetland vegetation types all
have specific purifying effects on NH3-N. Consistent with TN, the removal rate of NH3-N
was in the order of Acorus gramineus Aiton, Eichhornia crassipes (Mart.) Solms, and Pistia
stratiotes L. In the first four days of the experiment, the concentration of NH3-N (29.1 mg/L)
in the three types of wetland plant’s water decreased rapidly. On the fourth day, the
removal rates of NH3-N in the blank control group, Acorus gramineus Aiton, Eichhornia
crassipes (Mart.) Solms, and Pistia stratiotes L. reached 18.58%, 65.11%, 46.57%, and 42.12%.
The decrease rate of NH3-N concentration gradually slowed down with time. However,
compared with the blank control group, the concentration of NH3-N in the three-wetland-
plant water decreased faster.

After 14 days of the experiment, the concentration of NH3-N in the three-wetland-
plant water significantly decreased. The NH3-N removal rates of Acorus gramineus Aiton,
Eichhornia crassipes (Mart.) Solms, and Pistia stratiotes L. reached 81.24%, 66.78%, and
64.92%, respectively. Compared with the blank control group without plants (38.8%), the
NH3-N removal rates by the three wetland plants were increased by 42.44%, 27.98%, and
26.12%, respectively. There was no significant difference in NH3-N removal ability between
Eichhornia crassipes (Mart.) Solms and Pistia stratiotes L.

3.2.4. The Removal of TP

Vegetation adsorption is a promising way to remove phosphorus, followed by sed-
iment as substrate adsorption. The difference in root characteristics of vegetation will
directly affect the removal of phosphorus [25,26]. It can be seen from Figure 5d that com-
pared with the blank group, the three plants had apparent removal effects on TP in water,
and the average removal rate was significantly higher than that of the blank control group
(p < 0.05). Consistent with other pollutants, the rapid decrease in TP concentration in the
water after two days was mainly caused by sedimentation. After four days of hydroponics,
the change in TP concentration in the water of the blank group gradually decreased. On the
contrary, the removal rate of TP by three kinds of wetland vegetation gradually increased
with time. The TP removal rate of Acorus gramineus Aiton, Eichhornia crassipes (Mart.) Solms,
and Pistia stratiotes L. was in descending order. Acorus gramineus Aiton had a strong phos-
phorus absorption capacity and the final removal rate reached 77.56%. The phosphorus
removal rates of Eichhornia crassipes (Mart.) Solms and Pistia stratiotes L. were 68.8% and
58.1%, respectively, indicating that plants also played a significant role in the removal of
phosphorus in the wetland.

The results showed that the pollutant removal rate was in the order of Acorus gramineus
Aiton, Eichhornia crassipes (Mart.) Solms, and Pistia stratiotes L., from large to small, which
was consistent with the oxygen secretion ability of the root system. Allen et al. [27] studied
the removal effects of different plants on COD and SO4

2− and found that the difference in
pollutant removal rate of wetlands was related to oxygen secretion of plant roots, which is
consistent with the results of this paper. However, there was little difference in the removal
rate of COD. Oxygen secretion of Acorus gramineus Aiton was significantly higher than that
of Eichhornia crassipes (Mart.) Solms and Pistia stratiotes L., which could not be explained
from the perspective of plant oxygen secretion ability alone. Gong et al [28]. believe that
the removal effect of a wetland system is affected by the comprehensive effects of external



Water 2023, 15, 532 8 of 11

environmental factors, plants, and microorganisms. Microorganisms are also the main
factors affecting the removal of pollutants.

3.3. Correlation Analysis of ROL and Water Quality Indexes

The correlation analysis of ROL, temperature, and removal rate of TN, TP, COD, and
NH3-N was carried out by SPSS software, and the results are shown in Table 1. ROL is
positively correlated with temperature (p < 0.01). However, some studies have shown a
negative correlation of ROL with temperature. The decrease in temperature weakens the
respiration of plant roots, and the ROL increases. This experiment showed that under
light conditions, the temperature was high (25 ◦C) and the root oxygen rate (2.03 µmol
O2/h/plant) was higher. Under dark conditions, the temperature was low (10 ◦C) and the
root oxygen rate (0.55 µmol O2/h/plant) was low. The main reasons were as follows: In this
experiment, under dark conditions, the temperature was low (10 ◦C), and the plant roots
only secreted oxygen through oxygen exchange. At this time, the transmission capacity of
the plant’s aerenchyma was weakened, so the oxygen exchange capacity of the plant was
reduced. Finally, the root oxygen rate was low. Under light conditions, oxygen production
of photosynthetic increased. The plants and microorganisms maintained good activity at
an appropriate temperature (25 ◦C). Both oxygen demand and oxygen gradient increased,
the transport capacity of aerenchyma was enhanced, and radial oxygen loss was higher.

Table 1. Correlation analysis of ROL and water quality indexes.

ROL T (◦C) TN TP NH3-N COD

ROL 1 0.742 ** 0.772 ** 0.770 ** 0.768 ** 0.788 **

T (◦C) 0.742 ** 1 0.655 ** 0.605 ** 0.674 ** 0.925 **
Note: ** Significant correlation at 0.01 level.

Table 1 shows significant correlation of ROL with the removal rate of pollutants
(p < 0.01). Pollutants are mainly removed through the aerobic action of microorganisms,
indicating that the ROL plays an important role in the removal of aerobic pollutants. This
is consistent with the research results of Gilbert B et al. [29], in that plant root oxygen can
change the oxygen status in the root microenvironment and form a micro-oxygen environ-
ment, which can provide a suitable habitat for aerobic microorganisms. At the same time,
Gagnon’s experimental [30] results also showed that plant root oxygen secretion could
significantly increase the population density of aerobic bacteria and facultative aerobic
bacteria in the root microenvironment, especially that attached to the root surface. Cheng
Shuiping et al. [31] also further verified this role of root oxygen secretion. Under the condi-
tions of flooding and sufficient ammonia nitrogen, plant root oxygen secretion can maintain
the process of root microbial nitrification. It can be seen that plant root oxygen secretion
provides favorable conditions for the biological process of aerobic microorganisms.

Table 1 shows that the removal rate of pollutants was positively correlated with
temperature, and both increased with an increase in temperature, as shown in Figure 6.
The removal effect of nitrogen, phosphorus, and COD by the three plants is gradually
enhanced, and the removal rate is also gradually increased with the increase in temperature.
When the temperature was 25 ◦C, the removal rates of TN, NH3-N, TP, and COD by Acorus
gramineus Aiton reached 78.27%, 81.24%, 77.56%, and 100% respectively; the removal rates
of the above pollutants by Eichhornia crassipes (Mart.) Solms were 63.34%, 66.79%, 68.80%,
and 98.12%, respectively, and the removal rates of the above pollutants by Pistia stratiotes
L. were 61.65%, 65.29%, 58.09%, and 100%, respectively. Compared with T = 10 ◦C and
15 ◦C, the removal rate of nitrogen and phosphorus is greatly improved. Inoue et al. [32]
found that the high temperature in summer resulted in a high pollutant removal rate, while
the low temperature in winter resulted in a low pollutant removal rate, indicating that the
removal rate of wetland pollutants is affected by temperature and season. This is because,
under the appropriate temperature, the ROL of plant roots is improved. At the same time,
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with an increase in temperature, the activity of microorganisms is continuously enhanced,
thus, enhancing the decontamination ability [33–35].
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stratiotes L. is 100%. The removal rates of nitrogen and phosphorus were also good, and the
order from high to low was as follows: Acorus gramineus Aiton, Eichhornia crassipes (Mart.)
Solms, and Pistia stratiotes L. The removal of COD, nitrogen, and phosphorus by aquatic
plants mainly depends on the attachment of microorganisms growing on and near the
surface of the root zone. The above three kinds of plants have developed roots and a strong
ability to withstand sewage, so their decontamination ability is better.

Temperature is an important factor affecting the effect of sewage treatment. The
optimum temperature for microorganisms in sewage treatment is 20 ◦C to 30 ◦C. The
removal efficiencies of pollutants at 25 ◦C were higher than those at 10 ◦C and 15 ◦C.
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