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Abstract

:

Acid Mine Drainage (AMD) has become an important issue due to its significant ecological pollution. In this paper, phytoremediation technology and mechanism for AMD were investigated by hydroponic experiments, using six wetland plants (Phragmites australis, Typha orientalis, Cyperus glomeratus, Scirpus validus, Iris wilsonii, Juncus effusus) as research objects. The results showed that (1) the removal of sulfate from AMD was highest for Juncus effusus (66.78%) and Iris wilsonii (40.74%) and the removal of Mn from AMD was highest for Typha orientalis (>99%) and Phragmites australis (>99%). In addition, considering the growth condition of the plants, Juncus effusus, Iris wilsonii, and Phragmites australis were finally selected as the dominant plants for the treatment of AMD. (2) The removal pathway of pollutants in AMD included two aspects: one part was absorbed by plants, and the other part was removed through hydrolysis and precipitation processes. Our findings provide a theoretical reference for phytoremediation technology for AMD.
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1. Introduction


Acid mine drainage (AMD) is formed when sulfide minerals are exposed to oxidizing conditions after mining and other excavation processes [1,2]. As AMD is highly acidic and contains a large number of heavy metals, sulfates, and other pollutants [3,4], when it is discharged to the ground, it will cause great pollution to the surrounding water bodies and soil, lower the pH value of surface water, inhibit the growth and reproduction of aquatic organisms, destroy the granular structure of the soil, make the soil caked, salinized, barren, which will lead to the withering and death of crops [5]. In addition, the contaminants in AMD can pose a risk to human health through the food chain [6,7]. Previous studies have shown that AMD has become a long-term source of pollution, as it can continue to be generated for hundreds of years even after mining activities have ceased [8,9]. Therefore, there is an urgent need to investigate economical and efficient treatment technologies to minimize the negative impacts of AMD in response to its serious pollution problem.



Various techniques which cut across physical, chemical, and biological processes have been used to remediate water, air, and soil contaminated by AMD. Traditionally, AMD has been treated by adding calcium carbonate, lime, hydrated lime, caustic soda, and soda ash to AMD to neutralize the acidity [10]. However, it was found that 107–640 g of limestone is required to neutralize 1 L of AMD, making the application of neutralization quite expensive and unsafe when treating large amounts of AMD produced in coal mines [11]. The use of constructed wetlands (CWs) for AMD treatment is a rapidly developing passive treatment technology that focuses mainly on metal and sulfate removal [12,13]. CW is a substrate-microbial-plant composite ecosystem with physical, chemical, and biological triple synergy [14], which is an economic, efficient, and environment-friendly AMD remediation technology.



Wetland plants are an important part of CWs, which can not only remove pollutants from water bodies, accelerate the recycling and reuse of nutrients, but also maintain and beautify the wetland environment, improve the regional climate and promote a virtuous cycle of the ecological environment [15,16]. Since the selection of wetland plants has a significant impact on pollutant removal efficiency, the ability to release oxygen, and the species and number of microorganisms in the wetland substrate [17], cultivating or selecting plants that meet the treatment requirements can enhance the purification capacity of CWs and achieve long-term stable operation of CWs.



Currently, phytoremediation technology for the treatment of heavy metals has been studied more extensively, including studies on the removal effect and removal mechanism of heavy metals by plants and the tolerance mechanism of plants to heavy metals. For example, Oyuela Leguizamo, et al. [18] studied the behavior of 41 native or endemic species towards heavy metal pollution and screened the plants of the dominant family in the process of heavy metal enrichment. Muthusaravanan, et al. [19] reviewed the methods, mechanisms, and enhancement processes of phytoremediation of heavy metals. Han, et al. [20] investigated the Pb tolerant mechanisms, plant physiological response, and Pb sub-cellular localization in the root cells of Iris halophila. Although relatively mature research results have been achieved in the phytoremediation technology of heavy metals, however, little research has been done on the phytoremediation technology of sulfate. Thus, the study of the mechanism of sulfate removal from AMD by wetland plants in this paper is necessary.



In this study, six acid-tolerant wetland plants commonly found in China were used as research objects. Using hydroponic experiments, the growth status of six plants under different concentrations of AMD stress, the removal effects of six plants on pollutants in AMD and the accumulation of pollutants in plants were studied, and the removal mechanism of pollutants in AMD was analyzed, while the optimal wetland plants suitable for treating AMD were screened, which provided a reference basis for the construction of CWs at a later stage.




2. Materials and Methods


2.1. Synthetic AMD Composition


The chemical composition of AMD varies from site to site. In this study, the AMD was formulated manually based on the types and concentrations of the main pollutant ions in the AMD outflow from the Shandi River basin (38°1′32″ N, 113°31′37″ E) in Yangquan City, Shanxi Province, China. Since the constructed wetland investigated in this study was, actually, the final step of the AMD treatment technology, and the first stage was via permeable reaction barriers (PRB) when Fe was well removed, while Mn, Zn, and Cd were not [21], Fe was not considered in this study. Measured amounts of Na2SO4, MnCl2, Zn(NO3)2, and Cd(NO3)2 powders were added in distillate water to produce three sulfate concentrations of AMD shown in Table 1. Under acidic conditions, metals exist mainly in dissolved forms.




2.2. Wetland Plants


Phragmites australis (P. australis), Typha orientalis (T. orientalis), Cyperus glomeratus (C. glomeratus), Scirpus validus (S. validus), Iris wilsonii (I. wilsonii), Juncus effusus (J. effusus) were purchased from Anxin County, Baoding City, Hebei Province, China. As shown in Table 2, these six plants are all common acid-tolerant perennial wetland plants in China, which have some economic value and can therefore reduce the maintenance costs of CW systems.




2.3. Experimental Operation


Each of the six weighed plants was put into a measuring cup (150 g of each plant in each cup) with a capacity of 2 L, and then 1 L of experimental water was added to each measuring cup. There were four groups of experimental water (Table 3), including the control group with no contaminants and the AMD treatment group with three sulfate concentrations (low, medium, and high). The water level at this point was marked as the initial water level. Then, 5 mL of 1/5 strength Hoagland solution [23] was added to the measuring cup each day, and then distilled water was added to bring the water level to the initial level (water was consumed due to evaporation and plant transpiration). The experiment was carried out for 60 days.




2.4. Water Sample Analysis


The water samples were measured and analyzed for each indicator every 10 days. The pH value was measured using a pH meter (PHS-3C, Rex, Shanghai, China), while Ec was measured using a digital conductivity meter (DDS-307A, Rex). Concentrations of metals were determined by flame (acetylene) ionization using an atomic absorption spectrophotometer (TAS-990, Persee, Beijing, China) after sample filtration with 0.45 μm filter, and the concentration of SO42– in the water samples was determined by ion chromatography (883 Basic IC plus, Metrohm, Shanghai, China). All represented data are the average of three replicate values. The removal efficiency of pollutants (SO42−, Mn, Zn, Cd) was calculated (Equation (1)):


  Removal   rate   ( % ) =    C i  −  C e     C i    × 100  



(1)




where Ci and Ce represent the initial water and effluent pollutants concentrations, respectively.




2.5. Plant and Water Sediment Analysis


After the experiment, the plants were rinsed repeatedly with tap water and then with distilled water to remove surface impurities. The plants were dried in an oven at 8 °C for 24 h and weighed for dry biomass. The dried plants were ground to fine powder with a grinder and then one gram of the powder was digested using a tri-acid mixture (HNO3, HClO4, and H2SO4; 5:1:1) at 80 °C until the solution became clear. The obtained solution was filtered and its contaminant content was determined using the method of water sample analysis in the previous section.



The bioconcentration factor (BCF) is defined as the ratio of total metal content in plant tissues (Cp, mg·kg–1) to total metal content in the surrounding environment (Cw, mg·L–1). It is given by Equation (2) [24]:


  BCF =    C p     C w     



(2)







The experimental water was filtered at the end of the experiment and the precipitates were collected from the filter paper. The mineral composition of the precipitates was determined by X-ray diffraction (XRD) (Bruker D8-Advance X-ray polycrystalline powder diffractometer, Germany). XRD spectra were recorded over an angular range of 10–90° with Cu Kα anode (wavelength = 0.154 nm, 40 mA, 40 kV) with a step size of 0.01°.




2.6. Statistical Analysis


A one-way ANOVA was performed to identify significant differences among treatments, and, when detected, a post hoc Duncan’s Multiple Range Test was performed using the SPSS 26.0 statistical software. Differences between the two treatments were analyzed using a t-test (SPSS 26.0). The differences were considered significant when p < 0.05.





3. Results and Discussion


3.1. The Growth State of Plants


Figure 1 shows the comparison of the growth status of the six plants before and after the experiment. It could be seen that the plants grew well at the beginning of the experiment, however, the growth status of the six plants showed a large difference after 60 days. which was partly due to the impact of AMD and partly due to the addition of sodium in the configuration of AMD, and the high concentration of sodium would cause a series of osmotic and metabolic problems to the plants thus inhibiting their growth [25,26]. In this paper, the growth status of six plants at the end of the experiment was evaluated based on four indicators (Table 4): the number of new shoots, the state of old branches, the phenomenon of roots rotted, and pest infestation.



The growth of J. effusus and P. australis was in good condition due to the high number of new shoots of J. effusus and the good condition of old shoots of P. australis, and both were free from the phenomenon of roots rotted and pest infestation. I. wilsonii and C. glomeratus both passed two indicators; however, observation of Figure 1 shows that although C. glomeratus had more new shoots, its overall growth status was not as good as I. wilsonii due to its thinner branches and poor condition of old branches. The growth status of T. orientalis and S. validus was poor and both were infected with pests during the experiment, which were found to be difficult to eradicate after many repellent measures. Therefore, based on the overall growth of the plants under AMD stress, the plants with better growth were selected as J. effusus, P. australis and I. wilsonii.




3.2. Removal of Contaminants in AMD


Figure 2 shows the variation of metals removal rates in AMD with different sulfate concentrations over time. As shown in Figure 2a, the removal rate of Mn from AMD was the highest for both P. australis and T. orientalis, with the removal rate reaching more than 99% at 20 days of the experiment and remaining stable afterward. In addition, the removal rate of Mn by J. effusus was basically above 90%. However, the removal rates of Mn from AMD by C. glomeratus, S. validus and I. wilsonii were relatively low and decreased in the later stages of the experiment. This was mainly since some of the roots of these three plants had decayed in the later stages of the experiment, leading to the release of the Mn absorbed by the plants. Moreover, the release of Mn in C3 water samples was stronger than that in C1 and C2 water samples, which may be due to the saline stress on plants in C3 water samples. Studies have shown that high concentrations of soluble salts in the environment can cause damage to plant cells and affect the normal nutrient uptake of plants, which may eventually cause the stomata of plants to close and plants to wilt or even die [27], so the wilting and root rot of plants in C3 water samples were more serious.



As shown in Figure 2b,c, the trends of Zn and Cd removal rates in AMD by the six plants were all rising first and then stable, and the Zn and Cd removal rates reached more than 97% and 90%, respectively, at 60 days of the experiment. From the figure, it could be seen that the differences in the removal rates of Mn from AMD were greater among the different plants, while there were no significant differences in the removal rates of Zn and Cd, indicating that Zn and Cd in the water samples were more stable than Mn and not easily released by dissolution. Many earlier pieces of literature also reported the difficult removal of Mn [28,29], because, under anoxic conditions, Mn is often present in the form of Mn2+, which is more soluble. Therefore, before treating AMD through CW systems, it needs to be pretreated to oxidize manganese to insoluble manganese dioxide or manganese hydroxide.



Figure 3 shows that sulfate concentrations in AMD decreased continuously with time. Among the six plants, the highest SO42− removal was achieved by J. effusus. The removal of SO42− from all three concentrations of AMD by J. effusus reached more than 50% after 60 days of the experiment with the highest removal rate of 66.78% (C1). The plant with the next highest SO42− removal was I. wilsonii, which removed more than 35% of SO42– from all three concentrations of AMD after 60 days of the experiment, with the highest removal rate of 40.74% (C2). This result is closely related to the growth status of the six plants because sulfur is an indispensable element for the growth and development of all plants, as well as a structural component element of plants, which is involved in many important biochemical reactions in plants [30]. Among the six plants, J. effusus had the highest number of new shoots and I. wilsonii had the best state of old branches, so they needed more water and nutrients, which explains the higher removal of SO42− from AMD by J. effusus and I. wilsonii.



Studies have shown that water quality changes, plant growth, and microbial reproduction are all affected by the pH of the water [31], so continuous monitoring of pH in water is necessary. Figure 4 shows the variation profiles of pH of the experimental water over the operation time. It can be seen that the pH of the experimental water increased from 4 to more than 7 after 20 days of planting the plants in water, which means that the water changed from acidic to weakly alkaline, and the pH of the water was stabilized at 7–8 in the later stages of the experiment. This may be partly due to the ability of plants to regulate the pH of the water during growth, and partly due to the presence of microorganisms, such as sulfate-reducing bacteria, which can use organic matter in the water as electron donors to produce bicarbonate while reducing sulfate, leading to an increase in pH [32], which is important for the removal of metals from the water because the acidity of the solution allows the metals to be transported in the most soluble form.



The electrical conductivity (Ec) of the solution is an important indicator of its salt content, ionic content, impurity content, etc. Figure 5 shows the variation profiles of Ec of the experimental water over the operation time. In CK (control group), the Ec of the water samples of J. effusus decreased more and the Ec of the water samples of P. australis changed very little, while the Ec of the water samples of the remaining four plants increased to different degrees, which was mainly due to some root rot of these four plants in the late stage of the experiment, resulting in the dissolution and release of internal plant components. In C1 (low sulfate concentration AMD), the Ec of the water samples of P. australis, T. orientalis and J. effusus decreased, the Ec of the water samples of S. validus and I. wilsonii decreased and then increased slightly, while the Ec of the water samples of C. glomeratus increased more, which was caused by the combination of its growth status and weaker purification effect on AMD. In C2 and C3 (medium and high sulfate concentration AMD), the Ec of the water samples of all six plants decreased, because the removal of pollutants from the water samples had a more significant effect on the Ec than the release of the internal plant components, with the largest decrease in the Ec of water samples of J. effusus, indicating that J. effusus had a greater effect on the removal of pollutants from the water samples, which was consistent with the previous experimental findings.




3.3. Removal Mechanism of Pollutants in AMD


Table 5 shows the metal concentrations and bioconcentration factors (BCFs) of six plants in C3 water samples. The BCF indicates the ability of plants to enrich heavy metals from their surroundings [33], and it could be seen that the BCFs of six plants for each metal were greater than one, indicating that the accumulation of metals in plant tissues was greater than that in the growth medium, so all six plants could be used for phytoextraction of Mn, Zn, and Cd [34]. The order of BCF for most of the plants (except P. australis) was Mn > Cd > Zn, which indicated that Mn was more readily absorbed by plants, thus explaining the decrease in Mn removal in AMD due to the poor growth state of plants at the later stages of the experiment. In addition, the BCFs of plants for Mn followed the order: I. wilsonii > S. validus > C. glomeratus > J. effusus > T. orientalis > P. australis, the BCFs of plants for Zn followed the order: I. wilsonii > J. effusus > S. validus> T. orientalis > C. glomeratus > P. australis, the BCFs of plants for Cd followed the order: I. wilsonii > J. effusus > S. validus> C. glomeratus > P. australis> T. orientalis. This showed that I. wilsonii had the highest metal enrichment capacity, followed by J. effusus and S. validus.



In this paper, the removal mechanism of pollutants in AMD was analyzed by taking the C3 treatment group as an example. The sulfur, Mn, Zn, and Cd contents of six plants in CK and C3 water samples at the end of the experiment were detected, the difference was taken as the sulfur, Mn, Zn, and Cd contents absorbed by each plant in C3 water samples, and the ratio of the difference to the initial content of pollutants in C3 water samples was taken as the proportion of sulfur, Mn, Zn, and Cd absorbed by plants in C3 water samples, as shown in Figure 6.



Bars and error bars represent the mean ± SD of three replicates. The same letter in the histogram of a certain plant represents no significant difference at the level of 0.05 (Duncan’s Multiple Range Test). From Figure 6a, it can be seen that J. effusus absorbed the highest amount of sulfur, which accounted for 18.23% of sulfur in AMD, while the other five species absorbed a small percentage of sulfur, ranging from 6% to 8%. This is also the reason for the highest SO42– removal rate in AMD by J. effusus. However, compared with Figure 3, it can be found that the proportion of sulfur absorbed by plants is smaller than the sulfur removal rate in AMD, indicating that only a part of sulfur in AMD is absorbed by plants. In addition, white crystals were observed to precipitate from the plant surface during the experiment, and the higher the sulfate concentration in AMD and the longer the experiment, the more white crystals were precipitated from the plant. Examination of the composition of the white crystals using X-ray diffraction (XRD) revealed that the main component was sodium sulfate (Figure 7), suggesting that the plant first absorbed the sodium sulfate into its body and then excreted the portion that could not be absorbed and used by its own tissues, thus allowing the removal of sulfate by harvesting.



As seen in Figure 6b–d, among the six plants, the metal uptake by J. effusus and I. wilsonii was higher than the other four plants. J. effusus absorbed 52.44%, 32.37%, and 41.02% of the Mn, Zn, and Cd contents in AMD, respectively, and I. wilsonii absorbed 38.89%, 43.47%, and 49.27% of the Mn, Zn, and Cd contents in AMD, respectively. However, compared with Figure 2a–c, it can be found that the proportion of metals absorbed by plants is smaller than the metal removal rate in AMD, which means that only part of the metals in AMD are absorbed by plants. Therefore, the precipitates in the water samples were examined for composition using an X-ray diffractometer (XRD) (Figure 8), and it was found that the precipitates could be Mn(OH)2, Zn(OH)2, Cd(OH)2, CdSO4, etc., indicating the existence of other ways (hydrolysis, precipitation, etc.) for the removal of heavy metals from AMD, which could be related to the change of pH in AMD.





4. Conclusions


In this paper, six wetland plants (Phragmites australis, Typha orientalis, Cyperus glomeratus, Scirpus validus, Iris wilsonii, Juncus effusus) were used as research objects to conduct an experimental hydroponic study of phytoremediation of AMD, and the following main conclusions were obtained:



	(1)

	
There was no significant difference in the removal rates of Zn and Cd in AMD among the six plants, while the removal rates of SO42– and Mn in AMD varied greatly. Therefore, the six wetland plants were screened in terms of their growth status and the removal effects of the plants on pollutants in AMD, and Juncus effusus, Iris wilsonii and Phragmites australis were preferably finally selected as the dominant plants for the treatment of AMD.




	(2)

	
The analysis of the uptake of pollutants in plants and the precipitates in AMD showed that the removal pathway of pollutants in AMD consisted of two aspects: one part was absorbed by the plants, and the other part was removed by means of hydrolysis, precipitation, etc. It was noteworthy that the plants first absorbed sodium sulfate into their bodies and then excreted the part that could not be absorbed and utilized by their own tissues, which precipitated as white crystals on the plant surface; hence, sulfate could be removed by harvesting.
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Figure 1. Comparison of the growth status of each plant before and after the experiment. 
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Figure 2. The removal rates of (a) Mn; (b) Zn; (c) Cd in AMD with three sulfate concentrations vs. time. C1, C2 and C3 represent AMD with different sulfate concentrations (Table 3). 
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Figure 3. Sulfate concentrations in three concentrations of AMD vs. time. C1, C2 and C3 represent AMD with different sulfate concentrations (Table 3). 
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Figure 4. Variation profiles of pH of the experimental water over the operation time. CK represents distilled water, and C1, C2 and C3 represent AMD with different sulfate concentrations (Table 3). 
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Figure 5. Variation profiles of electrical conductivity (Ec) of the experimental water over the operation time. 
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Figure 6. The content and proportion of (a) sulfur; (b) Mn; (c) Zn; (d) Cd absorbed by the plant in C3 water samples. 
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Figure 7. Images and XRD patterns of precipitates on the plant surface. 
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Figure 8. XRD patterns of precipitates in water samples. 






Figure 8. XRD patterns of precipitates in water samples.



[image: Sustainability 14 02148 g008]







[image: Table] 





Table 1. Chemical composition and target pollutant concentrations in AMD.
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Theoretical Concentration (mg/L)

	
Reagent Used

	
Amount (mg) Per L Water






	
SO42−

	
500 (C1)

	
Na2SO4

	
739.5833




	
2000 (C2)

	
2958.3333




	
4000 (C3)

	
5916.6667




	
Mn

	
18

	
MnCl2

	
41.1853




	
Zn

	
10

	
Zn (NO3)2·6H2O

	
45.7677




	
Cd

	
0.5

	
Cd (NO3)2·4H2O

	
1.3721




	
pH

	
4

	
HCl
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Table 2. Ecological habits and economic value of tested plants [22].
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	The Plant
	Ecological Habits
	Economic Value





	P. australis
	The perennial aquatic herb that grows along irrigation ditches, riverbank marshes, etc. It is found throughout the world and often forms contiguous reed colonies due to its rapidly expanding reproductive capacity.
	It can be used for making medicine, paper, weaving, and construction, and has ornamental value.



	T. orientalis
	Perennial aquatic or marsh herb grows in lakes, ponds, ditches, rivers in slow-flowing shallow water, also seen in wetlands and swamps, can withstand low temperatures of −30 °C.
	It is a weaving material, can be used for making medicine, paper, food, and has ornamental value



	C. glomeratus
	A perennial herb of the Cyperaceae family, growing mostly in wet places or swamps.
	It can be used for weaving and making medicinal



	S. validus
	Perennial emergent aquatic herb, produced in many provinces in China, growing in lakesides or shallow ponds, and can tolerate low temperatures.
	It can be used for weaving and has ornamental value.



	I. wilsonii
	Perennial herb, with fibers of old leaves remaining at the base of the plant, born on mountain slopes, forest margins, and wetlands along riverside ditches, light-loving, also more shade-tolerant, cold-hardy.
	It has great ornamental value and can also be used to make medicine.



	J. effusus
	Perennial herbaceous aquatic plants, suitable for growing by rivers, ponds, ditches, rice fields, grasslands, marshes.
	It can be used to weave utensils and make medicines, and the pith of the stem can be used to make lamp wicks and pillow wicks, etc.
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Table 3. Schemes for hydroponic experiments.
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Code

	
Experimental Water

	
pH

	
SO42−

	
Mn

	
Zn

	
Cd




	
mg/L






	
CK

	
Control group (distillate water)

	
4

	
0

	
0

	
0

	
0




	
C1

	
Low sulfate concentration AMD

	
500

	
18

	
10

	
0.5




	
C2

	
Medium sulfate concentration AMD

	
2000

	
18

	
10

	
0.5




	
C3

	
High sulfate concentration AMD

	
4000

	
18

	
10

	
0.5
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Table 4. The growth state of each plant at the end of the experiment.
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	The Plant
	Large Number of New Shoots
	Old Branches in Good Condition
	No Root Rotted
	No Pest Infestation
	Aggregate





	P. australis
	×
	√
	√
	√
	3√ 1×



	T. orientalis
	×
	×
	×
	×
	0√ 4×



	C. glomeratus
	√
	×
	×
	√
	2√ 2×



	S. validus
	×
	√
	×
	×
	1√ 3×



	I. wilsonii
	×
	√
	×
	√
	2√ 2×



	J. effusus
	√
	×
	√
	√
	3√ 1×







The “√” indicates that the plant meets the growth status described in the table header, while the “×” does the opposite.
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Table 5. Metal concentrations and bioconcentration factors (BCFs) of six plants in C3 water samples.
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Parameters

	
The Plant

	
Mn

	
Zn

	
Cd






	
Concentration(mg/kg)

	
P. australis

	
171.75 ± 11.24

	
71.01 ± 5.68

	
5.67 ± 0.96




	
T. orientalis

	
210.55 ± 16.69

	
101.76 ± 10.57

	
5.54 ± 0.57




	
C. glomeratus

	
406.12 ± 20.25

	
86.32 ± 8.98

	
6.03 ± 0.84




	
S. validus

	
450.23 ± 15.55

	
111.83 ± 13.54

	
7.12 ± 1.11




	
I. wilsonii

	
503.89 ± 23.57

	
171.00 ± 15.14

	
11.48 ± 1.21




	
J. effusus

	
393.27 ± 8.89

	
121.38 ± 9.63

	
9.11 ± 0.98




	
BCF

	
P. australis

	
9.54

	
7.10

	
11.35




	
T. orientalis

	
11.70

	
10.18

	
11.08




	
C. glomeratus

	
22.56

	
8.63

	
12.06




	
S. validus

	
25.01

	
11.18

	
14.24




	
I. wilsonii

	
27.99

	
17.10

	
22.96




	
J. effusus

	
21.85

	
12.14

	
18.23
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