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Abstract. This study was conducted to assess the removal of heavy metals from solutions by 

the combination of modified iron mine drainage sludge (sorbent column) and surface and 

subsurface flow constructed wetlands using the common reed (Phragmites australis) during 30 

days of experiment. The results of this study demonstrated that the average removal rates of 

Zn, Pb, Mn, and As by sorbent column were 59.0, 55.1, 38.7, and 42.4%, respectively. The 

decreasing trend of removal rates of metals by sorbent column was obtained during the 

experiment. The average removal rates of Zn, Pb, Mn, and As by sorbent column-surface 

constructed wetland were 78.9, 73.5, 91.2, and 80.5%, respectively; those by sorbent column-

subsurface flow constructed wetland were 81.7, 81.1, 94.1, and 83.1% which reflected that 

subsurface flow constructed wetland showed higher removal rate than the surface system. 

Concentrations of heavy metals in the outlet water were lower than the Vietnamese standard 

limits regulated for industrial wastewater. The results indicate the feasibility of integration of 

iron mine drainage sludge and constructed wetlands for wastewater treatment. 

Keywords: constructed wetland, heavy metal, iron mine drainage sludge, Phragmites 

australis, removal 

1.  Introduction 

Mining and smelting activities of metal ores have generated considerable amounts of waste materials 

to the surrounding environment [1]. Production of Cu, Pb, and Zn causes the greatest environmental 

degradation as the result of releasing large quantities of heavy metals such as Cu, Cd, Pb, and As [1]. 

A variety of chemical-physical technologies have been applied to deal with the removal of these 

metals from water, including precipitation [2], ion exchange [3], electrocoagulation [4], and biological 

processes [5]. Each treatment technology possesses both advantages and disadvantages. In low income 

countries, the remediation cost appears to be one of the most important criteria for choosing treatment 

technologies. 

Several natural sorbents have been reported for wastewater treatment, including kaolinite [6], 

sludge [7,8], diatomite [9,10], and laterite [11,12]. Adsorption of heavy metals is considered an 

effective and low cost method which offers flexible design and operation, rapid removal, and small 

space [2,13]. However, adsorption can be reversible, energy consumption and removal efficiency 

depends on the type of adsorbents and substances to be removed [13]. Therefore, the combination with 

other treatment technologies may be required for effective removal of water contaminated with 

multiple heavy metals. 

Phytoremediation have emerged as cost-effective, minimal energy consumption, and environment-

friendly technologies for metal removal from solutions [14]. Aquatic plant species (e.g., Lemna minor 
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L., Eichhornia crassipes, Polygonum amphibium L.) have been widely used [15]. A number of studies 

and applications of constructed wetlands have been conducted for wastewater treatment for more than 

five decades [16]. It involves biotechnological process in which plants are important part of the 

treatment system [16]. Common reed (Phragmites australis) is one of the most widely distributed 

species in the world [17]. In addition, this plant species is well adapted with contaminated 

environments and is a potential candidate for phytoremediation of heavy metals [16,18]. Different 

substrate materials in constructed wetlands for P. australis growth have been reported such as zeolite 

and series of limestone and cocopeat [19], blast furnace slag, caramsite, vermiculite, gravel, paddy 

soil, red soil, and turf [20], coke and gravel [21]. 

This study was conducted to assess the removal rates of heavy metals from solutions by the 

combination of modified iron mine drainage sludge and constructed wetland using the P. australis in a 

pilot greenhouse scale experiment. 

2.  Materials and methods 

2.1.  Preparation of plant, sorbent, and inlet water for experiment 

Iron mine drainage sludge from an iron processing mine in northern Vietnam was used for 

modification of sorbent in the experiment. Sorbent were prepared by addition of 10% sodium silicate 

solution with deionized water. The mixed samples were pressed using a machine to generate sorbent 

of 2-mm diameter and 1-2 cm length. Sorbent was then heated at 400 
0
C in 3 hours by an oven. The 

specific gravity of sodium silicate solution was 1.46 ± 0.01g/ml; the contents of Na2O and SiO2 were 

11.5% ~ 12.2%, and 27.5% ~ 29.5%, respectively. The percentage of quartz, muscovite, illite, 

kaolinite, hematite, talc, illite, goethite, and magnetite in the sorbent was 43, 13, 13, 12, 7, 7, 4, and 

1%, respectively.  

Phragmites australis was collected along a riverside of the Red River in Hanoi, Vietnam and 

washed with tap water. Plant was transplanted in two constructed tanks filled with soil and 

gravel/pebbles/sand for growth stabilization during 3 months by clean water and fertilized in a certain 

time. Plant density was one clumps of 3 stems per 15 cm x 15 cm. Average temperature was 22 
0
C and 

daily sunlight hours were approximately 12 hours. 

Four metals (Pb, Zn, Mn, and As) were prepared as metal salts Mn(NO3)2·4H2O, Zn(NO3)2·4H2O, 

Pb(NO3)2, and Na2HAsO4 provided by Merck (Germany). The reagents were dissolved in Milli-Q 

water to obtain the desired contamination levels. Concentrations of Mn, Zn, Pb, and As in the inlet 

water in the experiment were 4.0, 1.5, 0.6, and 0.4 mg/L, respectively. Initial concentrations of heavy 

metals in water solutions were set the same as those in outlet wastewater of a processing ore area in 

the largest Pb-Zn mine in northern Vietnam after running through two settling reservoirs. The 

resulting solutions were adjusted to pH 7 with NaOH and HNO3 using the Horiba D54 pH meter. 

2.2.  Experiment design 

In the present experiment, pre-filtration column (sorbent column) and subsequent two types of 

constructed wetlands were set (Figure 1). After passing through sorbent column with constant water 

velocity of 100 L water per day, water was separated evenly into surface and subsurface constructed 

wetlands. Retention time of water in the sorbent column was approximately 30 minutes; that in 

constructed wetlands was 48 hours. The retention times were set based on optimal retention time for 

heavy metals removal at the previous laboratory experiments [22].  

Sorbent column: modified iron mine drainage sludge of 1400 g was kept in a 1.8 L transparent 

acrylic tube.  
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Figure 1. Experiment design of sorbent column and constructed wetland 

 

Surface flow constructed wetland: Natural soil was used as a substrate. Porosity of substrate was 

55% and safety factor was 2%. The height and length of constructed wetland system were designed to 

be 500 x 1500 mm, given the optimal conditions of anaerobic environment for bacteria activities and 

retention time of water in constructed wetland system. Design of surface flow constructed wetland was 

calculated by equations as follows:  
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×48 = 0.1 m

3
 

  
     

 
  

   

   
 = 0.175 m

3
 

    
     

   
 = 0.35 m

2 

   
    

   
 = 0.23 m 

where Vsfcw is active volume (m
3
), Q is water flow (m

3
/hour), t is retention time (hour), V is 

constructed volume (m
3
),   is porosity of substrate added with safety factor (%), S is surface area of 

constructed wetland, and W is width of constructed wetland. 

Subsurface flow CW: active volume, height and length of this system were set the same as that of 

the surface flow. Water ran in a horizontal pathway. Gravel of 2-4 cm grain size was used as a 

substrate. Pore volume of substrate was 45% and safety factor was 2%. Design of subsurface flow 

constructed wetland was calculated by equations as follows:  
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Additional length of 150 mm was constructed between sorbent column and constructed wetlands 

for evenly and constantly allocating input water. 

2.3.  Sampling 

Input and output water samples of sorbent column, surface and subsurface constructed wetland 

systems were collected before and at 1, 3, 5, 7, 10, 13, 16, 19, 22, 25, and 30 days of the experiment. 

Sorbent and plant samples were taken at the start and the end of the experiment. 

2.4.  Analytical methods 

Eh and pH parameters were measured by HORIBA pH/COND METER D-54 equipment. Biological 

Oxygen Demand (BOD5) was measured by Winkler titration and Chemical Oxygen Demand (COD) 
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was determined by dichromate reflux methods using potassium permanganate. The concentration of 

heavy metals in water was determined by Atomic Absorption Spectrometer (AAS; Agilent 240FS with 

hydride generation accessory VGA77) at VNU University of Science. 

3.  Result and Discussion 

3.1.  pH, BOD5 and COD in water environment 

pH of the water samples in the outlet of sorbent column, surface flow constructed wetland and 

subsurface flow constructed wetland varied within 7.03-7.85; 7.33-7.83 and 7.22-7.71, respectively. 

The results demonstrated that pH was stable during experiment. These pH values were within 

favourable ranges for P. australis growth [23, 24]. 

  
Figure 2. BOD5 and COD in surface flow wetland (left) and subsurface flow wetland (right). 

Biochemical oxygen demand (BOD5) and chemical oxygen demand (COD) in outlet water of 

surface flow constructed wetland ranged within 0.2-3.2 and 3.1-8.2 (Figure 2). Those values of 

subsurface flow constructed wetland ranged within 0.2-0.9 and 1.6-3.2. Higher values of COD and 

BOD5 of surface flow constructed wetland than those in the subsurface system were possibly due to 

higher amount of organic materials leaching from soil substrate. Variation of COD and BOD5 values 

during the first 13 days of experiment may reflect the residue of organic fertilizer supply for plant 

growth before the experiment (Figure 2). 

3.2.  Concentration of heavy metals in water 

The concentrations of heavy metals in outlet water of sorbent column and constructed wetlands 

decreased during the experiment in comparison with the inlet flow (Figure 3). The average removal 

rates of Zn, Pb, Mn, and As by sorbent column were 59.0, 55.1, 38.7, and 42.4%, respectively. The 

average removal rates of Zn, Pb, Mn, and As by sorbent column-surface flow constructed wetland 

were 78.9, 73.5, 91.2, and 80.5%, respectively; those by sorbent column-subsurface flow constructed 

wetland were 81.7, 81.1, 94.1, and 83.1%. These results demonstrated that the removal rates of heavy 

metals in subsurface flow constructed wetland were higher than those in the surface flow system. The 

removal rate of Pb by sorbent column was higher than that of As, Mn, and Zn. Subsurface and surface 

flow constructed wetlands demonstrated better removal of Mn than the other metals (Figures 3 and 4). 

Concentration of Mn in outlet of sorbent column decreased dramatically during the first 10 days 

and remained almost constantly other days (Figure 3). Concentration of Mn in inlet of sorbent column 

was 4 mg/l which decreased to 0.92 mg/L on the first day and 2.78 mg/L on the 30th day of the 

experiment. Concentration of Mn in outlet of sorbent column exceeded the allowable limits on 

national technical regulation for industrial wastewater type A (QCVN40/2011-A: water source for 

domestic water supply) and type B (QCVN40/2011-B: water source not for domestic water supply) 

[25] (Figure 3). The removal rate of Mn was 77.1% on the first day, which decreased to 30.6% at the 
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last day of the experiment. Removal rates of Mn in sorbent column-surface flow constructed wetland 

and sorbent column-subsurface flow constructed wetland were 96.0 and 99.6%, respectively after 3 

days, which decreased to 81.2 and 84.8% on the last day (Figure 4). Mn concentration in outlet water 

of constructed wetlands met the regulation QCVN40/2011-A during 19-25 days and QCVN40/2011-B 

[25] during the experiment. However, the decreasing trend of removal rate reflected treatment limit of 

Mn by the system which highlights the need for further setting of constructed wetlands for longer 

remediation.  

Concentration of Zn was steadily decreased during 30 days of the experiment by sorbent column 

(Figure 3). The removal rate of Zn was 74.6% during the first day which decreased to 51.1% after 30 

days of the experiment (Figure 4). However, the removal rates of constructed wetlands were relatively 

stable, indicating the long term remediation of Zn by these systems. Concentrations of Zn in both inlet 

and outlet water of 3 systems were lower than the allowable limit which was set to be 3 mg/L [25] 

(Figure 3). This fact required studies to assess the possibility of wastewater treatment with higher 

concentrations of Zn by constructed wetlands using P. australis. 

Concentration of Pb in outflow of sorbent column gradually decreased during 30 days of the 

experiment (Figure 3). The removal rate of Pb was higher than that of other metals. The removal rate 

of Pb was 96.7% at the 1st day which decreased to 22.8% after 30 days of the experiment (Figure 4). 

The removal rate of Pb by sorbent column-surface flow constructed wetland and sorbent column-

subsurface flow constructed wetland was 93.1 and 98.4%, respectively after 3 days which decreased to 

54.7 and 64% after 30 days of the experiment. Concentrations of Pb in outlet water of sorbent column, 

sorbent column-surface flow constructed wetland and sorbent column-subsurface flow system at the 

3rd day were 0.06, 0.03, and 0.01 mg/L, respectively which increased to 0.46, 0.27, and 0.22 mg/L 

after 30 days. Pb concentrations in outlet of 3 systems were lower than the regulation QCVN40/2011-

B [25] which was set to be 0.5 mg/L (Figure 3). However, it is noted that concentrations of Pb in inlet 

water was slightly higher than values regulated at QCVN40/2011-B [25]. Pb concentrations in outlet 

water of constructed wetlands after 10 days of experiment met the QCVN40/2011-B limit [25]. 

Concentration of As in water decreased dramatically by sorbent column during 30 days of the 

experiment (Figure 3). Removal rates of As by surface and subsurface flow constructed wetlands were 

almost the same. The removal rates of As by sorbent column was 75% at the 1st day which decreased 

steadily (average 42.4 %) at the end of the experiment (Figure 4). Average of removal rates of As in 

sorbent column-surface flow and sorbent column-subsurface flow constructed wetlands were 80.5 and 

83.1%, respectively. Concentrations of As in outlet water of sorbent column, sorbent column-surface 

flow constructed wetland and sorbent column-subsurface flow system varied within 0.10-0.28, 0.06-

0.09, and 0.05-0.08 mg/l, respectively. Concentration of As in outlet of sorbent column exceeded the 

allowable limits regulated at QCVN40/2011-B [25]; however, those of sorbent column-constructed 

wetland were lower than the regulation QCVN40/2011-B during the experiment. Constant 

concentrations of As in outlet water indicated the stability of As removal by the systems; however, the 

near-allowable limit required longer contact duration of water with sorbent or constructed wetlands, 

higher volume of sorbent or larger scale of constructed wetlands.  

Using the same sorbent as that in the present study, Chinh et al. [26] conducted the laboratory 

column experiment in which initial concentrations of Mn, Pb, Zn, and As in water solutions were 20, 

20, 6, and 1 mg/L, respectively. The removal rates of Mn, Pb, Zn, and As during 25 days of the 

experiment were 27.9-97.6, 73.9-97.4, 51.0-53.0, and 96.4-98.2%, respectively [26]. In the present 

study, removal rates of Mn, Pb, Zn, and As by sorbent column varied within 30.0-77.1, 22.8-96.7, 

51.1-74.6, and 31.2-75.0%, respectively. It is noted that concentrations of heavy metals in inlet water 

conducted by Chinh et al. [26] were higher than those in the present study; however, reverse trend of 

removal rates of Mn, Pb, and As was obtained. It is possibly due to different experimental conditions 

(e.g., temperature, sunlight) and initial metal concentrations. This is in agreement with the effects of 

temperature and metal concentrations on metal adsorption by sorbents [27, 28]. 
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Figure 3. Concentrations of Mn, Zn, Pb, and As 

in outlet water from sorbent column, surface 

flow and subsurface flow constructed wetland 

systems. 

Figure 4. Removal rates of Mn, Zn, Pb, and As by 

sorbent column, surface flow and subsurface flow 

constructed wetland systems. 

In sorbent column, heavy metals were possibly removed from water by both sorption and 

precipitation processes [26]. In constructed wetlands, heavy metals were removed or retained by both 

aerobic and anoxic/anaerobic processes [16]. Under anaerobic conditions, highly insoluble metal 
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sulphides are formed; under anoxic conditions, metals can also be removed from water due to 

formation of carbonates which are less stable than sulphides and co-precipitation to roots. Other 

amount of metal removal from constructed wetlands may be adsorbed to substrates and organic 

matters and could be retained by filtration and deposition in the rhizosphere [29]. Phragmites autralis 

roots can also uptake and accumulate heavy metals in roots or aboveground part of the plant 

[16,22,30,31]. Highest concentrations of Mn, Zn, Pb, and As in the plant roots were 3920, 1020, 1350, 

and 183 mg/kg-DW, respectively; those in the stems were 465, 108, 227, and 74.0 mg/kg-DW; and 

those in the leaves were 716, 150, 157, and 88.3 mg/kg-DW [22]. Concentrations of Zn and Pb in in 

the frond biomass of P. autralis were reported to be 217 and 264 mg/m
2
, respectively [16]. 

4.  Conclusions 

The integration of modified iron mine drainage sludge and surface flow or subsurface flow constructed 

wetlands showed potential of heavy metals treatment in the water. Concentrations of Mn, Zn, Pb, and 

As in the outlet of sorbent column-surface flow constructed wetland and sorbent column-subsurface 

flow constructed wetland were within Vietnamese regulation for industrial wastewater with the 

exception of Pb after 10 days of experiment. Sorbent column-subsurface flow constructed wetland 

demonstrated better heavy metals removal rate than sorbent column-surface flow system. Further 

studies need to be conducted for higher initial concentrations of inflow, longer experimental duration, 

and larger pilot scales of these integration systems before it can be applied in field conditions. 
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