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Abstract
Three species of aquatic plants (Scirpus validus, Phragmites australis and Acorus calamus) were
used as experimental materials to study their capacity to purify contaminated water and their effects on water pH and dissolved oxygen (DO). The water was contaminated with different concentrations of nitrate (5 mg/L, 15 mg/L and 25 mg/L). The results indicated that the concentration of
nitrate, species of aquatic plant and their interaction significantly impacted denitrification (P =
0.00). Under the same concentrations, the three species of aquatic plants provided varying degrees of purification. Acorus calamus provided effective purification under all three concentrations of nitrate wastewater, with removal percentages of 87.73%, 83.80% and 86.72% for nitrate
concentrations of 5 mg/L, 15 mg/L and 25 mg/L, respectively. In terms of the purification ability
by unit fresh weight, Acorus calamus exhibited the worst purification capacity, whereas the capacities of Scirpus validus and Phragmites australis were higher. The purification capacity of Scirpus
validus for the three concentrations was as follows: 0.08 mg/(L∙g FW), 0.29 mg/(L∙g FW), and 0.51
mg/(L∙g FW). The capacity of Phragmites australis was 0.07 mg/(L∙g FW), 0.25 mg/(L∙g FW), and
0.53 mg/(L∙g FW). The capacity of Acorus calamus was 0.04 mg/(L∙g FW), 0.12 mg/(L∙g FW), and
0.21 mg/(L∙g FW). Under increased concentrations of nitrate, the three species of aquatic plants
exhibited various degrees of increased purification capacity. Under the different concentrations of
nitrate, the three species exhibited the same trends with respect to water pH and DO, increasing
first and then falling. The pH remained at approximately 7.5, and the DO fell to 4.0 mg/L. A comprehensive analysis reveals that Acorus calamus provides excellent nitrate purification, although
by unit fresh weight, both Scirpus validus and Phragmites australis provide superior purification
capacity.
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1. Introduction
Water eutrophication results primarily from the massive introduction of nutritive salts, particularly ammonium
and nitrate [1]. In recent years, high levels of nitrogen fertilizer and an increasing intensity of human activities
(animal husbandry, atmospheric deposition and industrial waste water discharge) have caused considerable nitrate enrichment of surface waters [2]. This enrichment has led to several environment problems, such as an increase in the concentration of nitrate-nitrogen in underground and surface water [3] and possessed a serious
threat to human health and water security. The concentrations of different forms of inorganic nitrogen in wastewater can be particularly high. With respect to the sewage concentrations of nitrate, nitrogen levels can reach 99%
[4]. China’s environmental bulletin (2014) reported that the average groundwater nitrate content was 10.9 mg/L,
and even drinking water in some places had levels greater than 50 mg/L [5]. Furthermore, the average vegetable
growing areas had the highest groundwater nitrate content of approximately 15.6 mg/L. Currently, only 10.8%
of China’s water is considered high quality, with an increasing proportion of water eutrophication and other water pollution; consequently, the water shortage situation has become increasingly serious. A long-term study of
eutrophication focused mainly on responses to ammonium and its effects, and less on nitrate removal efficiency
[6]. In the nitrogen cycle, nitrate serves as a substrate for microbial activity, and it is also the most active nitrogen form [7]. Although nitrate is non-toxic, its microbial metabolites can cause cancer, and nitrate concentrations in drinking water exceeding 45 mg/L can be harmful to babies’ health, causing “blue baby” syndrome [2]
[8]. Thus, meaningful nitrate removal from water must be a priority.
Many methods exist to address water eutrophication, including physical methods, chemical methods, and biological methods. However, physical methods and chemical methods present certain disadvantages, such as high
cost, sophisticated operations, and causing secondary pollution. Biological methods, mainly involving the planting of aquatic plants to purify wastewater [1], are relatively low cost and provide considerable benefits. Especially in the south of China, these methods are widely applied to address eutrophication. We have studied many
purification efficiency methods in higher aquatic plants, such as Elodea nuttallii, Eichhornia crassipes, Potamogeton crispus, Acorus tatarinowii and other species [7] [9]-[11]. Temperatures in northern China are relatively lower than those in the south, and the growing season is shorter in the north [12]. Few aquatic plant species are suitable for sewage treatment. In the process of purifying water, several physical and chemical changes
occur, mainly to the water pH and dissolved oxygen (DO) [13]. These changes influence the growth of plants
and the activity of aquatic microorganisms [14] [15] and consequently affect nitrate removal efficiency; but
people pay less attention to the purification of nitrate nitrogen and the change of pH and DO. Therefore, changes
in the water pH and DO can be investigated to help understand eutrophication remediation efforts.
Based on the severity of nitrate pollution and water eutrophication and above problems of nitrate and pH and
DO, this study used nitrate as a single contaminant and selected three aquatic plants that were commonly considered effective purifiers of nitrogen and phosphorus for the experiment. The purification capacity of different
concentrations of nitrate was analyzed. The results can serve as a basis for the prevention and control of water
eutrophication. By analyzing the purification capabilities of different plants on specific nitrate concentrations,
we can provide a theoretical basis for the prevention and control of water eutrophication.

2. Materials and Methods
2.1. Materials
Three common plant species were collected from the Shuxi River in Taian for use in the experiment: Scirpus validus, Phragmites australis, and Acorus calamus. The test materials were collected in mid-April. Robust and
healthy plants were collected, 50 individuals of each species; the sediment and plankton were removed from the
surface of the roots with tap water in the laboratory, and the withered and yellow leaves were removed. Then,
the plants were transferred to 20 L buckets with 15 L tap water; after exposure to the sun for five days, the plants
underwent two weeks of cultivation and domestication in the artificial greenhouse of Shandong Agricultural

1260

K. Li et al.

University to become adapted to the greenhouse environment. After domestication, the plants were ready for the
simulation test.

2.2. Experimental Measurements and Calculations
The culture solution was based on the Hoagland culture solution, with KNO3 added; three nitrate concentrations
were established—5 mg/L, 15 mg/L and 25 mg/L—and the 20 L blue plastic bucket was used as the culture
container with the 15 L nutrient solution. Three individuals of the same species were fixed to the top with a
foam board and wrapped in a black plastic bag to keep the bucket in a dark state. Each treatment included three
repetitions; one plant was used as the control group, and Scirpus validus, Phragmites australis and Acorus calamus treatments were named S5, S15, S25; P5, P15, P25; and A5, A15, P25 in 5 mg/L, 15 mg/L and 25 mg/L
nitrate concentrations, respectively. Nitrate was the sole nitrogen source, and denitrification or mineralization in
water was the process of decomposition; the determination of the total nitrogen content of the water was used to
indicate the removal of nitrate. At the start, a portable water quality analyzer (HI9828 HANNA, US) was used to
determine the pH and DO; at the same time, water samples were taken and the total nitrogen content was determined with a TOC (N/C multi 3100, Germany) and the nitrogen content in plants was evaluated with an elemental analyzer (ECS4010 Costech, Italy). In all of the treatments, the experiment ended when the total nitrogen
concentration in the water was lower than 2.0 mg/L, and the experiment lasted for 35 days. The nitrate removal
percentage and plant purification capacity calculation formula is as follows:
% Nitrate Removal (W):
C0 − Ci
=
× 100%
W
C0
Purification ability of plants (M):
C − Ci
M = 0
FW
where C0 is the initial concentration of nitrate (mg/L), Ci is the concentration of nitrate after 1 week under plant
purification, and FW refers to the fresh weight of plants.

2.3. Statistical Analysis
The data were entered into Microsoft Excel 2013 and an Origin 9.0 spreadsheet. All of the representative values
were displayed as the mean value and standard deviation (S.D.). Significant differences among treatments were
determined with an analysis of variance (ANOVA) in SAS 9.0. A P-value of less than 0.05 was considered statistically significant.

3. Results
3.1. Plant Growth
The three species of emergent plants with the same growth states were transplanted into different concentrations
of nitrate, cultured for five weeks, and then measured for the fresh weight. The results indicate that all three species exhibited normal growth. All three species produced new roots, gemmae and adventitious roots during the
test. At the end of the experiment, parts of the Phragmites australis leaves had withered and parts of the buds of
Scirpus validus had also withered. However, Acorus calamus’ growth status was normal. Figure 1 shows fresh
weight of the three species of macrophytes at the initial of test and the end of test. At the beginning of the experiment, the fresh weights of Scirpus validus, Phragmites australis and Acorus calamus were 38 g, 37 g and 101
g; after the test, the average weight gain was 21%, 8% and 26%, respectively. The weight gain of the emergent
plants increased along with the increase in nitrate.

3.2. Biometric Characteristics
Table 1 shows that the removal efficiency of aquatic plants on nitrate is influenced by the concentration and
plant species and the interaction between them (P = 0.000). Under different concentrations of nitrate, the removal efficiency of plants was significantly different (Table 2, P < 0.01); with increased concentrations of nitrate,
the removal percentage of plants increased and the nitrate removal percentage was 81.62% at a concentration of
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Figure 1. Change in hydrophyte biomass.
Table 1. Effect of nitrate concentration and plant type on nitrate removal.
df.

F

Sig.

Nitrate concentration

2

426.494

0.000

Plant type

2

874.821

0.000

Nitrate concentration × plant type

4

137.807

0.000

Table 2. The removal percentages of plants under different concentrations and comparison of the removal percentages of
different plant types.
Concentration (mg/L)

Final nitrate removal

Plants

Final nitrate removal

5

0.6473c

Scirpus validus

0.6234c

15

0.7118b

Phragmites australis

0.6874b

25

0.8162a

Acorus calamus

0.8616a

Note: different letters indicate significant difference (P<0.05) among the treatments.

25 mg/L. There was a highly significant difference among the three types of aquatic plants with respect to the
removal percentage of nitrate (Table 2, P < 0.01). The nitrate removal percentage of Acorus calamus was highest, reaching 86.16%, and the nitrate removal percentage of Phragmites australis was significantly lower than
the other two species, at only 62.34%.

3.3. Nitrate Removal Potential of the Tested Species
Statistically significant increases in N removal were observed under increasing N concentrations in Scirpus validus in treated water. Among the concentrations, the highest mean nitrate removal occurred at 25 mg/L, with a
total removal of 5.32 mg/L. At concentrations of 15 mg/L and 5 mg/L, the amounts removed were 4.44 mg/L
and 2.14 mg/L, respectively. The highest (5.86 mg/L) mean N removal was recorded in the first weekly interval.
However, removal during the 2nd, 3rd, 4th, and 5th weeks exhibited significant differences, other than the latter
three weeks (Table 3). The weekly reduction of nitrate N by Scirpus validus under different levels of nitrate in
water during the fourth week also exhibited a declining trend with increasing concentrations of nitrate in water.
The highest percentage (79%) reduction was recorded at a concentration of 25 mg/L, with a removal amount of
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Table 3. Nitrate removal of Scirpus validus and total N in tissues.
N level

Week

N mean
removal (mg/L)

N content end
of 5th week (mg/L)

% removal at the
end of the 5th week

Total nitrogen
(mg/g) in tissues

5 (mg/L)

1

5.86c

2.14a

57

21.03a

15 (mg/L)

2

3.67b

4.44b

70

21.77a

25 (mg/L)

3

0.5a

5.32c

79

22.27a

4

0.35a

5

0.65a

Note: different letters indicate significant differences (P < 0.05) among the treatments.

19.68 mg/L. In comparison, 57% and 70% of N was removed from water under initial nitrate concentrations of 5
mg/L and 15 mg/L, respectively.
A comparison of the total nitrogen content of Scirpus validus obtained from different N concentrations in water indicate that plants growing under higher concentrations had a higher N content in their tissues (Table 3).
The total N content of Scirpus validus was 22.27 mg/g, 21.77 mg/g, and 21.03 mg/g in water with nitrate concentrations of 25 mg/L, 15 mg/L and 5 mg/L, respectively, and the difference was not statistically significant.
There was a major increase in nitrate removal with increasing nitrate concentration in water. On average, 2.54
mg/L, 6.12 mg/L and 5.14 mg/L were removed under nitrate concentrations of 5 mg/L, 15 mg/L, and 25 mg/L,
respectively. The results exhibited a decreasing trend in N mean removal per week over time, apart from the
fourth week. A higher (6.39 mg/L) mean nitrate removal percentage was observed in the first week, and the
amount removed was 2.56 mg/L and 0.5 mg/L in the second and third week, respectively. The percentage of nitrate removal by Phragmites australis was also studied under different water N concentrations. An obvious increase in N removal was observed with increasing water N concentrations. At the end of third week, 2.54 mg/L,
6.12 mg/L and 5.14 mg/L N were removed from the water under initial N concentrations of 5 mg/L, 15 mg/L
and 25 mg/L, respectively (Table 4). The total N content of Phragmites australis was observed at 21.67 mg/g,
20.40 mg/g, and 20.33 mg/g in tissues grown in water with N concentrations of 25 mg/L, 15 mg/L and 5 mg/L,
respectively. The highest (21.67 mg/g) total N content was recorded in plants grown in water with a nitrate concentration of 25 mg/L, but the difference was not statistically significant.
Table 5 shows the mean values of nitrate removal for the different levels of nitrate for a given week. The average mean N removals of 3.39 mg/L, 12.59 mg/L and 21.68 mg/L were recorded in water with initial concentrations of 5 mg/L, 15 mg/L and 25 mg/L, respectively. In the case of Acorus calamus, the highest (8.13 mg/L)
amount of nitrate was removed in the initial week, followed by the fifth week (2.15 mg/L) and the second week
(1.29 mg/L). The same removal pattern was exhibited by the other two species, for which the highest nitrate removal was recorded during the initial week. However, even in the final week, substantial removal was achieved
by Acorus calamus; this could be attributed to the high N requirements for developing the root system in this
species. Acorus calamus exhibited a general increasing trend of nitrate removal from water with increasing water nitrate concentrations. The total N content of Acorus calamus was observed at 21.67 mg/g, 20.40 mg/g, and
20.33 mg/g in tissues grown in water with N concentrations of 25 mg/L, 15 mg/L and 5 mg/L, respectively. The
highest percentage (87%) reduction occurred under a concentration of 25 mg/L, whereas the lowest percentage
(68%) reduction was recorded under a concentration of 5 mg/L.

3.4. Purification Ability of Tested Plants
The purification ability of different species under the same concentration of nitrate and the purification ability of
the same species under different concentrations of nitrate are illustrated in Figure 2. Under the same concentration of nitrate, the three species exhibited significant differences in nitrate purification capacity (except P25 and
S25). The purification ability of Acorus calamus was substantially lower than those of the other two species under an initial nitrate concentration of 15 mg/L, which was 49.60% for Scirpus validus and 43.28% for Phragmites australis, whereas these values were 39.75% and 41.29%, respectively, under a concentration of 25 mg/L.
The purification ability of the same species under different nitrate concentrations were significantly different (P <
0.05). With an increase in the concentration of nitrate, the purification capacity increased, and the purification
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Figure 2. The nitrate purification ability of different species. Note: a, b, and c denote differences in the
purification ability under different nitrate concentrations in the same species; A, B, and C show the
difference in the purification ability under the same nitrate concentration in different species.
Table 4. Nitrate removal by Phragmites australis and total N in tissues.
N level

Week

N mean
removal (mg/L)

N content at the end
of 5th week (mg/L)

% removal at the end
of 5th week

Total nitrogen
(mg/g) in tissues

5 (mg/L)

1

6.39d

2.54a

49

20.33a

15 (mg/L)

2

2.56c

6.12c

59

20.40a

25 (mg/L)

3

0.5ab

5.14b

79

21.67a

4

0.68b

5

0.27a

Table 5. Nitrate removal by Acorus calamus and total N in tissues.
N level

Week

N mean
removal (mg/L)

N removed at the end
of 5th week (mg/L)

% removal at the end
of 5th week

Total nitrogen
(mg/g) in tissues

5 (mg/L)

1

8.13e

1.61a

68

16.90a

15 (mg/L)

2

1.29c

2.41b

84

17.90a

25 (mg/L)

3

0.27a

3.32c

87

20.63b

4

0.71b

5

2.15d

abilities of Acorus calamus, Scirpus validus, Phragmites australis were 4.85-fold, 6.75-fold, 7.93-fold higher
under nitrate concentrations of 25 mg/L than under nitrate concentrations of 5 mg/L, respectively.

3.5. Variation in pH and DO in Nitrate-Contaminated Water
At the beginning of the experiment, the pH of the water was 6.8, which changed over time; the pH in the treatment of different nitrate exhibited a trend of first increasing and then decreasing, finally returning to close to the
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initial pH (Table 6). Early in the experiment, the water pH increased dramatically. In the second week, the pH
appeared to be at a maximum; in the Acorus calamus system, the pH was lower than that in the reed and bulrush
systems: the pH of the reed and bulrush system was between 9.22 and 9.77, whereas that of the Acorus calamus
system was between 8.56 and 8.71, both of which were significantly different from the pH in the control treatment. After two weeks, all of the treatments decreased in pH. The pH decreased to the lowest value in the fourth
week, but a slight increase occurred in the 5th week. Overall, at the end of the experiment, the pH was higher
than the initial level, and the pH was significantly higher than in the control group.
Table 6 shows that DO peaked in the water at two weeks and four weeks. At the beginning of the experiment,
the DO in each treatment increased, reaching a maximum value at two weeks, and the DO content in each treatment was higher than in the control. The DO content was highest in the reed system, at 12.18 mg/L DO, which
gradually decreased with time. Among the treatments without significant changes, at two weeks before the test,
the DO content in the water was significantly lower than in the control, but three weeks later, the DO content
began to decrease. At the end of the experiment, the content of DO in all three plant systems was lower than in
the control, indicating that none of the three aquatic species resulted in a notable increase in oxygen containing
nitrate in water.

4. Discussion
This study found that three species of emergent plants have a significant effect on nitrate removal, and the nitrate removal percentage varies with the plant species and the initial concentration. The removal of nitrate primarily depends on its absorption by plants (5%-23%) and microbial assimilation [16]-[18]. Plant roots form the
aerophilic zone, and the anaerobiotic zone is away from the roots. The anaerobiotic zone varies depending on
the available carbon source and can exhibit aerophilic, anoxic and anaerobic conditions [19]. The roots of aquatic plants form a variety of micro-environments around them, which can be conducive to the growth of nitrifying
bacteria or denitrifying bacteria [20]. A previous study showed that the removal of nitrate by aquatic plants involved both absorption by plants and the effect of microorganisms [21]. Denitrification plays a major role [6]. In
previous experiments, in the presence of only nitrate, plants released OH− or HCO3− via the rhizosphere and
maintained a balance of ions [22], higher pH and DO inhibited denitrification [6], and the water pH and DO increased over time; therefore, early steep nitrate declines were mainly the result of plant uptake. After two weeks,
the water pH and DO began to gradually decline, which may resulted from denitrification by microorganisms in
Table 6. Final pH and DO under different treatments.
1W

2W

3W

4W

5W

Treatment
pH

DO

pH

DO

pH

DO

pH

DO

pH

DO

S5

7.40c

6.53b

9.22c

9.70b

7.58b

4.05c

7.21b

4.37a

7.34b

4.07c

P5

7.45d

6.54b

9.40d

11.78c

7.66b

3.86b

7.30a

5.12ab

7.79c

4.39b

A5

7.33b

6.19a

8.56b

9.90c

7.14a

3.45a

7.25b

5.70bc

7.38b

3.62a

CK5

7.21a

6.18a

8.13a

8.53a

7.15a

6.05d

7.09a

6.23d

7.16a

5.23d

S15

7.37b

6.17b

9.29c

10.34b

7.73c

4.02b

7.30b

4.42a

7.44c

3.67a

P15

7.49c

6.42b

9.77d

12.88d

7.98d

4.21c

7.35c

6.21b

7.48c

4.12b

A15

7.28a

6.49c

8.71b

11.26c

7.34b

3.94a

7.33c

4.86a

7.39b

4.15b

CK15

7.25a

6.23a

8.24a

8.64a

7.09a

5.39d

7.14a

6.65b

7.24a

5.49c

S25

7.41bc

7.42d

9.66c

11.68c

7.59b

4.34c

7.37c

3.26a

7.68c

3.67a

P25

7.46c

6.83c

9.63c

11.87d

7.81c

3.38a

7.37c

6.38c

7.62c

4.14c

A25

7.34b

6.52b

8.66b

9.68b

7.25a

3.92b

7.20b

4.24b

7.35b

3.98b

CK25

7.19a

6.32a

8.30a

9.01a

7.23a

5.38d

7.06a

6.93d

7.13a

5.53d

Note: a, b, and c show the differences in pH and DO under the same nitrate concentration in different plants (P < 0.05).
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the water that enhanced the release of alkaline substances [15]; in addition, plant exudates for mineralization,
root turnover, and the assimilatory nitrate reduction process will produce some ammonium [23] [24], leading to
declines in plant nitrate absorption and an increase in denitrification.
In this study, three emergent macrophytes provided substantial purification effects in terms of nitrate removal
(with nitrate removal percentages exceeding 50%): Acorus calamus had a nitrate median removal percentage of
79%, whereas Scirpus validus and Phragmites australis exhibited average removal percentages of 69% and 63%,
respectively. Acorus calamus exhibited rapid growth, which was conducive to nitrate uptake. In addition, the
thick roots and extensive root zone of Acorus calamus release oxygen, provide attachment sites and indirectly
promote root microbe activity [16], which improves the purification efficiency in water. Xu [6] and Ran [25]
showed that reeds and Acorus calamus exhibited slightly different nitrate removal percentages under different
concentrations of nitrate in the water; the present study found that three aquatic species had increased nitrate
removal percentages with increased concentrations of nitrate in water and consistent increases in the plant fresh
weight This study also found that the three species of plants under the same concentrations of nitrate exhibited
significant differences in purification ability (P < 0.05) and that Acorus calamus’ purification ability was significantly lower than those of Scirpus validus and Phragmites australis. This difference exists because emergent
plants have high nitrate purification abilities and the capacity for nitrate removal was determined according to
the fresh weight (Equation (2)). In all three species and under all three concentrations, the nitrate content exhibited a sharp decline in the early stages and later decreased more slowly; this pattern may have occurred because
at the beginning of the experiment, the plants used a large amount of nitrate, and in the latter stages, the plants’
nutrient requirements were reduced. Element redistribution may also have been a factor, causing the plants’ nitrate absorption from water and utilization rate to gradually slow down [5]. After 4 weeks of treatment, a small
peak in nitrate content began to decrease in the Acorus calamus treatment, and the Scirpus validus and Phragmites australis treatments also exhibited a significant decrease in nitrate (Table 3). In this case of Acorus calamus, the nitrate removal percentages may have been affected by nitrate serving as a direct substrate for bacteria
in the roots, which are the most active plant organ [7], and the Acorus calamus system pH and DO were significantly lower than those in the Scirpus validus and Phragmites australis systems as a result of the increased microbial denitrification capacity, which may also be related to the growth characteristics of the plants. Therefore,
under the same number of plants, Acorus calamus’ nitrate nitrogen removal efficiency per unit fresh weight was
significantly the lowest, mainly because Acorus calamus has a large and active root system.

5. Conclusion
The results in this paper demonstrated that the concentration of nitrate, species of aquatic plant and their interaction significantly impacted the effect of nitrate removal. Acorus calamus provided the most effective purification
of nitrate wastewater under the same number of plants in all three concentrations of nitrate wastewater, but in
terms of the purification ability by unit fresh weight, Scirpus validus and Phragmites australis had a stronger
purification capacity than Acorus calamus.
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