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Figure 3.2. 14- Correlation between pH and Al removal along the flow path in the wetlands. 

In this study (Fig. 3.2.14) it is seen that Al is removed at a steady and slow rate from 0 to 25 
cm in both the wetlands and then from 25 cm to outflow there was a rapid removal of Al from 
the wastewater. The pH at 25 cm was 4.5 but after 25 cm the pH range was between 5.5 to 7. 
According to Kadlec and Knight, 1996 aluminium hydroxide has the minimum solubility 
within this range of pH so the precipitation of aluminium hydroxide occurred more vigorously. 
A mean removal efficiency of > 89 was seen in all the three planted wetlands which is 
agreement with the studies conducted by Christensen et al. The removal rate of Al in more in 
CW2 as the pH of the pore water in Cw2 is slightly high than that of CW1. 

 

3.3. Results with Juncus effusus (from green house, without 
external electron donor) 

 

3.3.1. Dynamics of sulphur removal 
 
Dynamics of sulphate-sulphur removal and formation of sulphide within the wetland systems 
have a major influence on metal removal. 
 
 Under C-deficient high redox and high oxic condition (Fig. 3.3.1) in Unplanted HSSF CW, no 
significant removal in the SO4

2--S load was observed. The mean inflow SO4
2--S load was 3.2 

g/m².d (0.06 g/l) (Fig 3.3.1) and the mean SO4
2--S load in the outflow was 3 g/m2.d (0.056g/l) 

and this accounts for the 10% of the removal efficiency. Prevailing oxic condition, high redox 
potential and lack of electron donor inhibited microbial sulphate reduction and likely became 
concentrated with the formation of a S-pool in unplanted WC. 
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The main aim of the experiment was to relay on the rhizospheric carbon as electron so no 
external carbon sources were added to the artificial AMD. There was a marginal decrease in 
the SO4

2--S load in the outflow of the planted CWs. The mean inflow SO4
2--S load was 3.2 

g/m².d (in all planted wetlands) (Fig. 3.3.1) and the overall mean outflow load (g/m².d) was 
2.8, 2.9 and 2.88. There was no significant removal of SO4

2--S load seen in this experiment. 
The overall mean removal efficiency stands at 18.2%, 17.14% and 17.7% in corresponding 
HSSF CW, HSF CW and HHRMF respectively. Most of the removal was attained in the first 
eight months of the experiment as compared to the last eight months of the experiment.  
 
Furthermore, the limited removal of the SO4

2- -S load cannot completely be explained with 
reference to dissimilatory sulphate reduction, as in the last eight months, the non-detection of 
sulfide in the systems is consistent with the high oxic conditions and very high redox potential. 
DSR is expected to take place at a redox potential below -100 mV (Faulwetter et al. 2009). 
 
It can also be inferred that there was not much influx of rhizodeposits in the CWs in the last 
eight months of the experiment as there was a constant decrease in the number of healthy green 
shoots of J. effuses owing to the very low pH of the artificial AMD and high load of 
contaminants. As compared with P. Australis the influx of rhizodeposits was less in J. effuses 
(Zhai et al., 2013). 
 

 
 

Figure 3.3. 1- Mean SO4
2--S inflow and outflow load of the wetlands. 

The limited removal of the SO4
2--S load in the first few months of the experiment can be due 

to intake by plants, adsorption to the gravel matrix and marginally due to DSR due to the 
presence of multi gradient redox process (both micro- and macro) in constructed wetland 
conditions (Rahman, K.Z, 2008, Rahman et al., 2008, Rahman et al., 2011, Bezbaruah and 
Zhang, 2004; Wiessner et al., 2005b). This however does not exclude the possibility that some 
DSR occurred in anoxic niches of the J. effusus systems, and that subsequent reoxidation of 
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sulfide to sulfate took place (Wiessner et al. 2008b). In addition, in the presence of metals, 
sulfide can form a precipitate and be immobilized inside the CWs. Though sulphide was not 
detected in the last eight months of the experiment but in the initial months of the experiment 
there was occasional detection of sulphide in low concentration whereas elemental sulphur 
remained undetected. 
 

 
Figure 3.3. 2- Dynamic mean redox conditions in the pore water at different depths along the flow path of 

wetlands. 

 
The overall redox potential in all planted wetlands were very high for dissimilatory sulphate 
reduction. Redox potential, whose results are presented in Fig. 3.3.2 The unplanted HSSF CW 
was characterized by stable and very high redox conditions between ~527 mV (Inflow) ~493 
mV (75 cm, 30 cm depth). The least redox values recorded in the planted HSSF CW between 
8 mV (75 cm, 30 cm depth) followed by HHRMF CW ~ 20 mV (75 cm, 30 cm depth) and HSF 
CW ~ 14 mV (75 cm, 30 cm depth). These redox values were measured in the initial few 
months of the experiment. In the later part of the experimental phase the redox inside the 
wetlands we greater than 100mV.   Redox values in the HSF CW are more positive among the 
planted wetlands as this system has a free water surface above the gravel. Though, the HHRMF 
CW was thought to have higher redox potential among the planted CWs but it was not the case 
as it did not have any free water surface because it was a root mat filter CW not a free-floating 
root mat CW. 
 
As the experiment proceeded there was a decrease in healthy shoots (3.3.7 and 3.3.8) which 
resulted in increase in redox potential values. In this experiment consistent low redox potential 
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values were not maintained in all planted CWs throughout the experiments which affected the 
activity of anaerobic sulphate reducers and in turn the efficiency of sulphate and metal removal.  
 
In this study, mean inflow oxygen concentration value was always very high around 8 mg/l 
during the entire experimental period in all the wetlands, whose results are presented in Fig. 
3.3.3, varied dependent on system, distance from inflow, and depth 
 
The unplanted wetland was always very oxic in nature whereas the planted wetlands were 
slightly anoxic in nature. The highest concentration was seen in the inflow region of all planted 
wetlands but the inside of system it was less aerobic. During the initial part of the experiment 
the planted wetlands were less aerobic when compared with the latter half of the experimental 
phase. Of all the planted wetlands the HSSF CW was the most anoxic (2.91 mg/l at outflow) 
and the HSF CW to be more oxic (3.26 mg/l at outflow). This high DO level is reflected in the 
positive redox values (Fig. 3.3.2) 
 

  
Figure 3.3. 3- Dynamics of mean dissolved oxygen concentrations in the pore water at different depths along the 

flow path of wetlands. 

3.3.2. Dynamics of iron removal 
 
The values of mean inflow and outflow concentrations and the removal efficiency are 
represented in Figure 3.3.4. During the whole 16 months of operation, a continuous supply of 
synthetic wastewater provided a mean inflow load of 0.1166 g/m².d (2.18mg/l) of Fe in all four 
reactors. 
 
In the unplanted wetland there was an overall removal of 6% of Fe (outflow load 0.0264 
g/m2.d). The wetland was found to be oxic and there is a possibility of formation of 
oxyhydroxide. But for formation of iron oxyhydroxide, apart from oxygen the Fe should be 
present in ferrous form, since the iron used in this experiment is in ferric form so removal of 
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iron in this oxyhydroxide form is likely less. Moreover, persistent oxic condition and lack of 
sufficient electron donor inhibited dissimilatory sulphate-reduction despite the relatively 
higher sulphate-sulphur concentrations in this wetland. So, Under C-deficient aerobic 
condition and non-availability of ferrous form of Fe the removal process can be best explained 
by the process of adsorption by the gravel matrix of the wetland.  
 
The mean outflow loads (g/m2.d) are 0.093, 0.095 and 0.094 which makes the overall mean 
removal efficiency in all three planted wetlands as 20%, 18% and 19% in HSSF CW, HSF CW 
and HHRMF respectively.  Most of the removal was attained in the first eight months of the 
experiment as compared to the last eight months of the experiment. As the pH in the in the 
outflow was around 4.5 in the first eight months of the study, some of the Fe3+ ions may have 
precipitated as hydroxides as the solubility of Fe3+ ions decrease with the rise in pH (Kosolapov 
et al., 2004). 
  

  
Figure 3.3. 4- Dynamics of mean total Fe load in the pore water along the flow path of the wetlands. 

In this study, mean inflow pH value was always in the range of 2.5 (Fig. 3.3.5) during the entire 
experimental period in all the wetlands. There was not much differences in pH values between 
the unplanted and planted wetlands. The highest pH was seen in the outflow of all the planted 
wetlands in the first phase of the experiment. The outflow pH value was around 4.5. The slight 
rise in the pH value is due to the removal of limited amount of sulphate. But towards the second 
part of the experimental phase the pH of outflow was ~ 3 in all planted wetlands.  The decrease 
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in the number of healthy shoots reduced the sulphate removal process resulting in the fall of 
pH in the planted wetlands (Tiedje et al., 1984; Küsel and Alewell, 2004. The pH value of 
outflow in unplanted HSSF CW was found to be relatively unchanged (Inflow pH value 3.70 
and Outflow pH value 3.72) with respect to inflow pH throughout the experiment. 

 
Figure 3.3. 5- Dynamics of mean pH at different depths along the flow path of wetlands. 

3.3.3. Dynamics of aluminium removal 
 
The values of mean inflow and outflow load and the removal efficiency are represented in Fig. 
3.3.6. During the whole 16 months of operation, a continuous supply of synthetic wastewater 
provided with a mean inflow load of 0.28 g/m².d (5.3 mg/l) of Al in all four reactors. 
 
In the unplanted wetland there is a decrease of 10% (outflow load 0.015 g/m2.d) in Al 
concentration from inflow to outflow. The wetland was found to be oxic and there is a 
possibility of formation of oxyhydroxide. But for formation of aluminium oxyhydroxide, apart 
from oxygen the pH should be in neutral to alkali, since the pH in unplanted wetland was in 
acidic range Al should occur as Al3+ form in aqueous form so removal of Al in this 
oxyhydroxide form is likely less. Moreover, persistent oxic condition and lack of sufficient 
electron donor inhibited dissimilatory sulphate-reduction despite the relatively higher sulphate-
sulphur concentrations in this wetland. So, Under C-deficient aerobic condition and acidic pH 
of Al the removal process can be best explained by the process of adsorption by the gravels of 
the wetland. 
 
The mean outflow loads (g/m2.d) are 0.0217, 0.232 and 0.233 which makes the overall mean 
removal efficiency in all three planted wetlands are 17%, 14% and 16% in HSSF CW, HSF 
CW and HHRMF respectively.  Most of the removal was attained in the first eight months of 
the experiment as compared to the last eight months of the experiment. In Fig. 3.3.5 it is seen 
that the overall mean pH was around 4.5. According to Kadlec and Knight, 1996, the minimum 
solubility of aluminium hydroxide falls within the range of 5.5 to 7, the removal of aluminium 
by hydroxide precipitate can be ruled out. So, the marginal removal of Al under this condition 
is perhaps best explained as adsorption by the gravel matrix of the wetland. 
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Figure 3.3. 6- Dynamics of mean Al load in the pore water along the flow path of the wetlands. 

3.3.4. Growth of plant biomass (shoot density) and water loss (EvT) 
 

Water loss from the wetlands as evapo-transpiration (EvT) was taken into consideration for the 
calculation of removal rates, which is the mass removal loading rates. This was particularly 
important to distinguish between planted and unplanted wetlands as because the rate of water 
loss due to the presence of plant biomass in planted wetlands hugely differed with the wetlands 
without plants (Rahman, K.Z, 2008, Rahman et al., 2008, Rahman et al., 2011). 
  

The growth status of the plant biomass in terms of total number of green and healthy shoots 
and therefore the variation in water loss via EvT is shown in Fig. 3.3.7. By the end of 
experiment, corresponding to 16 months of operation, there was constant decrease in overall 
green shoot density and by the end of the experiment there were no green shoots available in 
any of the planted wetlands which explains the decrease in efficiency in terms of sulphate and 
metals removal. 
 
From the start of the experiment the plants were under stress and the shoots started to turn 
yellow and as the experiment continued further, plants were more stressed by the low pH and 
perhaps damaged by high loading rate of metals.  
 



Chapter 3 

112 

In general, higher plant shoot density contributed to an increment of water loss via plant 
transpirations. But since there was a decrease in the number of green shoots hence a decreasing 
tendency of water loss was seen throughout the experiment. Irrespective of the temperature 
there was a decreasing trend seen in the evapotranspiration rate in all planted wetlands (Fig. 
3.3.8).  
 
 

  
Figure 3.3. 7- Correlation between evapotranspiration (EvT) and temperature fluctuation during whole operation 

period in the wetlands. 

With no obvious changes or drastic fluctuations (between 4% to 9% EVT rate) (Fig. 3.3.7) in 
unplanted HSSF CW (control), where evaporation from the surface of the wetland bed to the 
atmosphere was the only way for water loss due to the absence of plants and subsequent plant 
transpirations. 
 
The effect of the plants on the removal efficiency of heavy metals and sulphate was studied in 
all experimental phases of planted HSSF CW, HSF CW and HHRMF CW as compared to 
unplanted HSSF CW (control) and in all cases, it was observed that in planted wetlands 
retention of metals was marginally higher than that of the unplanted HSSF CW. Likewise the 
presence of plants also marginally improved sulphate retention within the wetland beds 
because plant roots serve as carriers for attached microbial growth and release organic exudates 
into the root zone which leads to contaminant removal in planted CWs than in CWs without 
plants (Rahman, K.Z, 2008, Rahman et al., 2008, Rahman et al., 2011). 
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Figure 3.3. 8- Correlation between water loss by plant transpiration (EvT) and green shoot density during whole 

operation period in the planted wetlands. 

 

3.4. Results with Juncus effuses (from Phytotechnicum, with H2 
as external electron donor) 

 

3.4.1. Dynamics of sulphur removal 
 
In this experiment H2 gas was provided as external electron donor in CW2 and CW1 was kept 
as control without any H2 gas. No organic source of carbon is provided to both the wetlands, 
the only organic carbon source was the rhizodeposits from the root zone. 
 
The dynamics of sulphate-sulphur removal and formation of sulphide within the wetland 
systems have a major influence on metal removal.  
 
In the experiment it is seen that there was a marginal decrease in the SO4

2--S load in the outflow 
than the inflow. The mean inflow SO4

2--S load was 3.2 g/m².d (0.06g/l) (Fig. 3.4.1) and the 
overall mean outflow load (g/m².d) was 2.8 and 2.6. Though there was no significant removal 
of sulphate seen in this experiment owing to the bad health of the plants in the later part of the 
experiment but the overall mean removal efficiency stands at 20% and 23% in CW1 and CW2 
respectively. Most of the removal was attained in the first eight months of the experiment as 
compared to the last eight months of the experimental phase.  
 
In the first eight months of the experiment the removal efficiency was 19% and 25% but in the 
later part of the experiment the efficiency fell to 4% and 9% respectively in CW1 and CW2. It 
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can be stated that the deterioration of the health of plants resulted in the less efficient sulphate 
removal in the CWs. As the plant suffered from the high acidic conditions, the less carbon from 
the rhizodeposits were available from the plants which failed to maintain the reducing 
conditions needed for dissimilatory sulphate reduction. 
 
Furthermore, the limited removal of the SO4

2-- S load cannot completely be explained with 
reference to dissimilatory sulphate reduction, as in the last ten months, the non-detection of 
sulfide in the systems is consistent with the high oxic conditions and very high redox potential.  
 
It can also be inferred that there was not much influx of rhizodeposits in the CWs in the last 
eight months of the experiment as there was a constant decrease in the number of healthy green 
shoots of J. effuses owing to the very low pH of the artificial AMD and high load of 
contaminants. As compared with P. Australis the influx of rhizodeposits was less in J. effuses 
(Zhai et al., 2013). 
 

 
 

Figure 3.4. 1- Mean SO4
2--S inflow and outflow load of wetlands. 

The limited removal of the SO4
2--S load in the first few months of the experiment can be due 

to intake by plants, adsorption to the gravel matrix and DSR due to the presence of multi 
gradient redox process (both micro- and macro) in constructed wetland conditions (Rahman, 
K.Z, 2008, Rahman et al., 2008, Rahman et al., 2011, Bezbaruah and Zhang, 2004; Wiessner 
et al., 2005b). This however does not exclude the possibility that some DSR occurred in anoxic 
niches of the J. effusus systems, and that subsequent reoxidation of sulfide to sulfate took place 
(Wiessner et al. 2008b). In addition, in the presence of metals, sulfide can form a precipitate 
and be immobilized inside the CWs. Though sulphide was not detected in the last ten months 
of the experiment but in the initial months of the experiment there was occasional detection of 
sulphide in low concentration whereas elemental sulphur remained undetected. 
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In fact, the removal mechanisms of metals and sulphate are dependent on the pH and redox 
potential of the environment. The overall redox potential in all planted wetlands were very high 
for dissimilatory sulphate reduction. 
 

  
Figure 3.4. 2- Dynamic mean redox conditions in the pore water at different depths along the flow path of 

wetlands. 

 
The value for the redox potential are presented in Fig. 3.4.2. The least redox values recorded 
in the CW2 ~ 5 mV (75 cm, 30 cm depth) and in CW1 between ~ 12 mV (75 cm, 30 cm depth) 
in the initial phase of the experiment. As the experiment proceeded and the decrease in healthy 
shoots resulted in increase in redox potential values. In this experiment consistent low redox 
potential values were not maintained in both the CWs throughout the experiments which 
affected the activity of anaerobic sulphate reducers and in turn the efficiency of sulphate and 
metal removal process.  
 
In this study, mean inflow oxygen concentration value was always very high around 8 mg/l 
during the entire experimental period in both the wetlands, whose results are presented in Fig. 
3.4.3, varied dependent on system, distance from inflow and depth. 
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Both the wetlands were always oxic in nature. The highest concentration was seen in the inflow 
of both the wetlands but the inside of system it was less aerobic as compared to inflow. During 
the initial part of the experiment the planted wetlands were less aerobic when compared with 
the latter half of the experimental phase. Of all the planted wetlands the CW2 was the most 
anoxic (.5 mg/l at 75cm, 30 cm depth) and CW1 to be more oxic (1 mg/l at 75cm, 30 cm depth). 
This high DO level is reflected in the positive redox values (Fig. 3.4.2). 
 

 
Figure 3.4. 3- Dynamics of mean dissolved oxygen concentrations in the pore water at different depths along the 

flow path of wetlands. 

 
3.4.2. Dynamics of iron removal 
 
The values of mean inflow and outflow loads and the removal efficiency are represented in 
Fig. 3.4.4. During the whole 16 months of operation, a continuous supply of synthetic 
wastewater provided a mean inflow load of 0.1166 g/m².d (2.18 mg/l) of Fe in all four reactors. 
 
The mean outflow load were 0.096 and 0.093 g/m2.d which makes the overall mean removal 
efficiency as 18% and 20% in CW1 and CW2 respectively.  Most of the removal was attained 
in the first eight months of the experiment as compared to the last experimental phase. As the 
pH in the in the outflow was around 4.5 in the first eight months of the study, some of the Fe3+ 
ions may have precipitated as hydroxides as the solubility of Fe3+ ions decrease with the rise 
in pH (Kosolapov et al., 2004). 
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Figure 3.4. 4- Dynamics of mean Fe load in the pore water along the flow path of the wetlands. 

In this study, mean inflow pH value was always in the range of 2.5 (Fig. 3.4.5) during the entire 
experimental period in both the wetlands. There was not much differences in pH values 
between the wetlands. The highest pH was seen in the outflow of both the wetlands in the  

 
Figure 3.4. 5- Dynamics of mean pH at different depths along the flow path of wetlands. 
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first phase of the experiment. The outflow pH value was around 4.5. The rise in the pH value 
is due to the removal of limited amount of sulphate. But towards the second part of the 
experimental phase the pH of outflow was ~ 3 in all planted wetlands.  The decrease in the 
number of healthy shoots reduced the sulphate removal process resulting in the fall of pH in 
the planted wetlands (Tiedje et al., 1984; Küsel and Alewell, 2004.  

 

3.4.3. Dynamics of aluminium removal 
 
The dynamics of total aluminium with the values of mean inflow and outflow loads and the 
removal efficiency are represented in Fig. 3.4.6. During the whole 16 months of operation, a 
continuous supply of synthetic wastewater provided a mean inflow load of 0.28 g/m².d (5.3 
mg/l) of Al in both the wetlands. 
 

  
Figure 3.4. 6- Dynamics of mean Al load in the pore water along the flow path of the wetlands. 

 
The mean outflow loads are 0.024 and 0.023 g/m2.d which makes the overall mean removal 
efficiency in all three planted wetlands are 14% and 17% in CW1 and CW2 respectively.  Most 
of the removal was attained in the first eight months of the experiment as compared to the last 
phase of the experiment. 
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The wetland was found to be oxic and there is a possibility of formation of oxyhydroxide. But 
for formation of aluminium oxyhydroxide, apart from oxygen the pH should be in neutral to 
alkali, since the pH in unplanted wetland was in acidic range Al should occur as Al3+ form in 
aqueous form so removal of Al in this oxyhydroxide form is likely less. 
  
In Fig.3.4.5 it is seen that the overall mean pH was around 4.5. According to Kadlec and 
Knight, 1996, the minimum solubility of aluminium hydroxide falls within the range of 5.5 to 
7, the removal of aluminium by hydroxide precipitate can be ruled out. So the marginal removal 
of Al under this condition is perhaps best explained as adsorption by the gravel matrix of the 
wetland. 
 
3.4.4. Growth of plant biomass (shoot density) and water loss (EvT) 
 

Water loss from the wetlands as evapo-transpiration (EvT) was taken into consideration for the 
calculation of removal rates, which is the mass removal loading rates.  

The growth status of the plant biomass in terms of total number of green and healthy shoots 
and therefore the variation in water loss via EvT is shown in Fig.3.4.7. By the end of 
experiment, corresponding to 16 months of operation, there was constant decrease in overall 
green shoot density and by the end of the experiment there were no green shoots available in 
any of the planted wetlands which explains the decrease in efficiency in terms of sulphate and 
metals removal. 
 
From the start of the experiment the plants were under stress and the shoots started to turn 
yellow and as the experiment continued further, plants were more stressed by the low pH and 
perhaps damaged by high loading rates of metals. In general, higher plant shoot density 
contributed to an increment of water loss via plant transpirations. But since there was a decrease 
in the number of green shoots hence a decreasing tendency of water loss was seen throughout 
the experiment. Irrespective of the temperature there was a decreasing trend seen in the 
evapotranspiration rate in all planted wetlands (Fig. 3.4.8).  
 
 

  
Figure 3.4. 7- Correlation between evapotranspiration (EvT) and 

temperature fluctuation during whole operation period in the wetlands. 
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Figure 3.4. 8- Correlation between water loss by plant transpiration (EvT) 

and green shoot density during whole operation period in the planted 
wetlands. 

  



Results and Discussion 

121 

3.5. Outcomes and general remarks 
 
Based on the results of this study the important observations and interpretations can be 
summarized as follows: 
 

• In greenhouse, without external electron donor, the above data suggest that HSSF CW 
has the highest efficiency in the removal of total sulphur (80%) followed by HHRMF 
(66%) and HSF CW (61%) in the experiment with P. australis but in the experiment 
with J. Effusus, HSSF CW shows an efficiency of 18% followed by HHRMF and HSF 
CW at 17 each. The sulfate removal rates were 3.5 to 4 times higher in the P. australis 
as compared to the J. effuses. DSR was estimated to be the main process of sulfate 
removal and was proved by the detected sulfide in the P. australis CWs. 

 
• In case of Fe removal, a high mean removal efficiency of >98% is obtained in all the 

three wetlands planted with P. australis which is in accordance with previous research 
(Luca et al., 2011 and Xu et al., 2009) where more than 50% of total Fe is removed at 
one-third length of the wetlands. In case of Al a mean removal efficiency of >89% is 
seen in all the three wetlands planted with P. australis which is in accordance with 
previous research (Wood and McAtamney, 1996) whereas in the experiment with J. 
effuses the efficiency for Fe removal is around 4% and for Al removal is 17%. 

 
• Since acid mine drainage is characterized by very low pH and high concentration of 

heavy metals and sulphate, choice of plants plays a major role in the treatment. In the 
experiment with J. effuses, even under controlled environment, it is seen that the plants 
could not withstand the harsh conditions and started to suffer immediately as the AMD 
is fed into the wetlands due to which the performances of the wetlands were very poor. 
But on the other hand, in the experiment with P. australis shows a much-improved 
performances in the planted wetlands. P. australis proved to be more robust than J. 
effuses as P. australis could withstand the acidic conditions till the end of the 
experimental period whereas J. effuses started to die few days after the start of the 
experiment. 

 
• The results in this study indicated that there were significant differences between the 

unplanted and planted experimental wetlands in terms of removal rates. In planted CWs 
the sulphate removal efficiency is >60% whereas in unplanted CW the sulphate 
removal efficiency is ~8%.  

 
• The simultaneous changes in redox potential proved to be one of the important factors 

for the sulphate and Fe removal efficiency in constructed wetlands. In the planted 
wetlands (P. Australis) throughout the experiment a negative redox potential is 
maintained inside the wetlands. Redox potential was in turn the main indicator for 
which sulfur transformations occur in a CW. At low redox potential, the available 
sulphate was utilized as a terminal electron acceptor for the oxidation of organic matter 
(rhizodeposits). Where as in unplanted wetland the redox potential was always in the 
positive scale which shows that no sulphate reduction took place. The results 
highlighted the importance of plant and their biochemical and physical processes for 
the removal process of the contaminants despite the adverse effect of metals, pH and 
sulphide toxicity on the plants. 
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• pH plays an important factor in the removal of metals like Fe and Al. When the pH 
raises from acidic towards neutral metals like Fe and Al precipitates as hydroxides and 
oxyhydroxides. The rise in pH is associated with removal of sulphate from the water. 
Due to high intensity of DSR in the planted wetlands the sulphate was removed from 
the artificial AMD which resulted in the increase in pH towards neutral range which in 
turn helped in the precipitation of Al and Fe. 

 
• It is very necessary to optimize the design of CWs by selecting a more suitable species 

of helophytes for an intended treatment objective. For example, application of J. effusus 
CWs can be advantageous when the wastewaters intended for treatment are not low in 
organic carbon and/or when the removal of carbon is intended, since J. effusus releases 
considerable oxygen (Wiessner et al. 2002b) that can stimulate the oxidation of organic 
matter and at the same time does not release large amount of organic carbon in form of 
rhizodeposits that may pose extra treatment requirement. 
 

• On the other hand, P. australis can be a suitable helophyte for treatment of 
contaminated waters when organic carbon is limited for e.g. to promote sulfate 
reduction; or for the treatment of acid mine drainage. This would provide economic 
savings as well as environmental benefits since the current practice in these cases is to 
add external organic carbon to stimulate the required processes (Henze 1991). 
 

• The overall experimental results suggested the practicability of applying horizontal 
subsurface-flow wetlands planted with P. australis in pilot-scale basis for a long-term 
investigation and afterwards full-scale operation units to treat acid mine drainage prior 
to disposal to the nearby water body (rivers, lakes etc.)  

 

• In phytotechnicum, with H2 as electron donor, the mean removal efficiency of sulphate 
in CW1 (without H2 as electron donor) was 61% whereas the mean removal efficiency 
of CW2 (with H2 as electron donor) was 73%. With hydrogen as electron donor the 
performance efficiency was increased by almost 12% for sulphate removal and almost 
6% increase in Al removal efficiency. The removal efficiency for total Fe for both the 
wetlands is > 98%. 

 
• From this experiment it is seen that hydrogen has proved to be an efficient, cost 

effective and clean (can be produced by electrolysis of water by using green energy) 
electron donor, further research-based investigation must be performed into using 
hydrogen in pilot- scale plants in future. 

 
• Metals tends to be retained in wetland vegetation and sediments, this waste may be 

localized in the environment but this sediment deposits may have adverse effects on 
wetland vegetation and its efficiency (Rahman, K.Z, 2008, Rahman et al., 2008, 
Rahman et al., 2011). So, for wetland systems to function as efficient and effective 
manner, a practical and viable waste disposal mechanism for the heavy metal 
contaminated biomass and sediments must be developed. 

 
• Further studies should focus on understanding i) the effects and mechanisms of sulphur 

transformation processes on the removal efficiencies in constructed wetlands, ii) 
microbial pathways for various chemical transformation processes, iii) effect of metals 
and sulphur toxicity on plants and microbes.  
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• The above experimental data suggests that constructed wetlands can be effective in 
removing sulphate and Fe from Acid Mine Drainage under carbon limited and anoxic 
conditions (as discussed in details in chapter 3) before their disposal into the water 
bodies. These results encourage the construction of a pilot-scale wetland coupled with 
H2 as electron donor to further investigate the effectiveness of constructed wetlands (in 
large scale) for the treatment of wastewater from mine drainage.  
 

• In general, we can conclude that the design parameters in terms of flow 
direction/path/type, aeration scheme and choice of plants affect directly the sulfur cycle 
processes in the system. Therefore, of all the parameters that influence DSR (e.g. 
availability of electron donors/acceptors, temperature, etc.), should be taken into 
consideration as they are the most influencing factor needed for setting up CWs.  
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4. Conclusions 
Cost effectiveness and energy efficient technologies for the treatment of wastewater are the 
need of the hour in developing as well as in industrialized countries. Among all the treatment 
processes, the anaerobic treatment process technology for wastewater stands out in terms of its 
capability of high energy saving potential. In general, constructed wetlands are increasingly 
used, especially for the treatment of AMD as they have the advantages of using the nature-
based process or nature’s energy to perform various physical, chemical and biological 
processes.  
 
The performances of wetlands are determined by various factors/processes occurring in the 
general environment and as well as in the wetlands which in turn influence the final 
outcome/efficiency of the system. Of the several processes occurring in the wetlands, the 
oxidation and reduction process occurring at the root zone in the system is the key factor for 
the removal process of the contaminants like sulphur and Fe. The other factors which play 
decisive role for the contaminant removal are pH, temperature, choice of plants, loading rate 
of wastewater and retention time. For efficient removal of contaminants and smooth 
functioning of the wetland systems, a deep knowledge of the interactions between various key 
elements needs to be analyzed and understood in all possible ways. 
 
It was shown that the planted horizontal subsurface-flow constructed wetland (with 
Phragmites) had the highest treatment performance for sulphate and heavy metals removal  
than the unplanted horizontal subsurface-flow constructed wetland which has the lowest 
efficiency, under C-deficient (absence of external electron donor) and this illustrates the 
importance of the presence of plants in the treatment system as process like dissimilatory 
sulphate reduction and co-precipitation can occur simultaneously in the root zone of treatment 
wetlands due to simultaneous change in redox (aerobic-anaerobic) conditions. 
 
Furthermore, it is seen from the experiment that the choice of proper plants for the treatment 
process in constructed wetlands is as important as any other factor. Phragmites australis 
proved to be more robust and effective in treating AMD as it can withstand the extreme low 
pH as unlike Juncus effuses which are very sensitive to low pH which in turn decreases the 
efficiency of the system. 
 
Moreover, the choice and effect of external electron donor on the final outcome/efficiency of 
the treatment process is immense. Organic electron donor like methanol and propionic acid has 
high impact on the treatment process with increased efficiency but their further metabolites 
could result in tertiary contaminants. But, H2 gas on other hand acts as much cleaner, efficient 
and cost-effective electron donor in terms of its production (Khotari et al., 2008)  
 
Further, it has been a huge challenge dealing with the toxic waste sediments and bio solids 
(dead plants from the wetlands) especially generated after the treatment of AMD. So proper 
approach and technologies should be researched and implemented for proper post treatment 
waste management for the betterment of the environment.  
 
In future better understanding and knowledge of these above-mentioned aspects would help us 
to widen the treatment process of constructed wetlands and provide better working knowledge 
for the construction of highly modified constructed wetlands which can prove to be much more 
efficient in comparison to various other available technologies.
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